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GENERAL OUTLINE.

Although aqueous Polyethyleneoxyde |H0-(CH2-CH2-0)n-H) solutions have
been subject to many studies, the dynamic properties of both the polymer and
the solvent were seldom investigated. In the present thesis , the aqueous PEO
solution is studied by nuclear magnetic relaxation. This technique i s an
excellent tool to study molecular dynamics and microscopic structures. The
dynamics of water molecules, PEO segments and ions are obtained from 1H, H,
1 3 C > 17Of

 7Li + . 2 3 Na\ 25Mg2 + , 35C 1-, 8 iB r - f 87RB + > 1 2 7 r md 133Cs
+

relaxation r a t e s . The time scale of the molecular motions is in the range of
picoseconds for the water reorientation to nanoseconds for the polymer segment
mobility. The aim of this work i s to gain more insight in the PEO-water and
PEO-ion interaction by a detailed study of the different molecular motions in
an aqueous sa l t solution.

The polymer PEO was chosen for a number of reasons: PEO is soluble in
water in every proportion, PEO samples are commercially available from very a
low degree of polymerization (DP) to very high degree of polymerization, the
preparation of aqueous PEO solutions is relat ively easy and aqueous PEO
solutions can be investigated by NMR (nuclear magnetic resonance) experiments
to a great deal of deta i l . At room temperature the PEO chain is in an extended
form, which causes a large PEO-solvent interaction and detectable changes in
water and ion relaxation ra tes . The strong influence of PEO on the ion
relaxation rate provides a mean to studj the PEO-ion interaction more
expl ic i t ly .

The water-PEO interaction is of importance for the industrial
applications of PEO. The water binding properties of PEO are used in
Pharmaceuticals, cosmetics, sizings and humectants. The friction reduction of
water in turbulent flows by high molecular weight PEO is explored to decrease
the pumping of water s lu r r i es . Further PEO films are used as water soluble
package materials. Copolymers of PEO and alkyl chains (nonionio surfactants)
yield micelles in aqueous solutions and are used in detergents. The shape of
the micelles is important for possible applications. Again the hydrophilic
properties of the PEO chain are responsible. A detailed understanding of the
PEO-water interaction will be an advantage for these applications.

The water-PEO interaction is explained by a variety of models. The
amphiphillc character of PEO due to ethylene groups and ether oxygen atoms
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excluded simple interpretations. The "bound water" or "iceberg" interpretation
s ta r t s from a number of different orientations for the "bound water
molecules". A hydrophobi c-hydrophil ic balance together with interactions among
bulk water molecules and PEO disturbed water molecules provides a more
rea l i s t i c description. The la t t e r model is preferred to explain the inverse
solubil i ty temperature relationship of PEO in water. This inverse solubil i ty
temperature relationship of PEO indicates that the solvent water becomes
poorer at higher temperatures. If the temperature of an aqueous PEO solution
is raised continuously, the solution becomes cloudy and the solute
precipitates ultimately. At the cloud point temperature a phase transition
occurs, the PEO chains aggregate. The cloud point temperature depends on the
composition of the sample. The presence of sa l ts perturbs the PEO-water
interactions and reduces the cloud point temperature.

The origin of the ion-PEO interaction is not understood. The ion may
interact directly or indirectly with the PEO chain. In the f i r s t case, the
ion-water complex is destroyed and an ion-PEO complex may occur. Indirect ion-
PEO interaction will be caused by hydrodynamic effects, in which one or more
solvent layers are involved. Qualitative information about the PEO interaction
is obtained from ion relaxation r a t e s .

However to elucidate the ion quadrupolar relaxation mechanism, the
polymer dynamics, the ion hydration and water dynamics have to be studied.
Those subjects are treated in th is thesis .

The polymer dynamics are investigated by H-PEO and 1^C-PEO nuclear
relaxation experiments. As a resul t of the field dependence of the proton
relaxation rate, the local polymer mobility can be analysed in greater de ta i l .
The large chemical shif ts , observed in carbon-13 NMR, provide a mean to study
endgroups dynamics.

The dynamics of the Mn(II) hydr at ion-com pi ex is studied by 'h-water, 1H-
PEO and 1 ̂ C-PEO nuclear magnetic relaxation. The paramagnetic ion Mn2+

provides a mean to study both the translational and rotational diffusion of
the Mn(II) complex. Further, information is obtained about the perturbation of
symmetry in the Mn(II) hexaaquacomplex by the presence ot PEO.

Deuterium and oxygen-17 enriched water is used to investigate the water
dynamics. The water mobility of water molecules in the proximity of PEO is
retarded by a factor in the range of 2 to 5. An anisotropy in the water
reorientation is also observed.

The ion relaxation rates are presented in the las t chapter. Both cation
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and anion, relaxing by a quadrupolar relaxation mechanism, are studied. The

increase of the ion relaxation rate in the presence of PEO is dependent on the

ion charge density. The lower the charge density the larger the influence of

PEO on the ion relaxation rate.
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CHAPTER I

INTRODUCTION.

1. General.
The technique NMR (nuclear magnetic resonance) u t i l izes the magnetic

properties of nuclei. A large number of nuclei possess a magnetic moment and
an angular momentum. The interaction between a s t a t i c magnetic field and the
nuclear magnetic moment results in a precession and a preferential
orientation. The orientation of the magnetic moment with respect to the s t a t i c
field is quantized. In the quantum theory, the magnetic moments and the
angular momentum are represented by a nuclear spin. The macroscopic
magnetization is composed of an ensemble of nuclear spins. The equilibrium
magnetization is along the applied magnetic f ie ld . The classical equation of
motion of the magnetization M is an external field B is given by1 ' :

with Y the gyromagnetic r a t i o . The magnetization precesses around the B -
field with an angular velocity oi =YB (a>=<?7rv) > the Larmor frequency.

The detection of the magnetization is relatively simple. The precession
of the magnetization produces an emf in a coi l . This emf id amplified and
analysed by a phase sensitive detector. Only the component of the
magnetization perpendicular to the magnetic field can be detected as a result
of the geometry of the coi l . Hence, the equilibrium magnetization parallel to
the magnetic field cannot be observed directly. To study the nuclear spins,
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the magnetization vector has to be rotated into the plane perpendicular to the

applied magnetic field. From the equation of motion, i t is noted that the

equilibrium magnetization can be rotated by a temporarily additional magnetic

field B-j perpendicular to the equilibrium magnetization. This temporary field,

a radiof requency field with frequency v , is produced by the spectrometer.

When the radiof requency field is switched on, the magnetization precesses with

a frequency u.=TB, around B.. . The magnetization is rotated over an angle ^ ,

if YB it = ~ . During the time At , the radi^ frequency field is applied. A

rotation of the magnetization about 90° is called a — -pulse in the NMR

jargon. The other pulse often used in nuclear magnetic relaxation experiments

is the Tr-pulse, which rotates the magnetization about 180° in a direction

opposite to its previous one.

By the application of pulses, a non-equilibrium system is created. The

spin system absorbs energy from the radiofrequency field during the pulses.

After a pulse (sequence), the spin system relaxes back towards i t equilibrium

state by exchange of energy with i ts surroundings. Two different relaxation

rates describe the return of the magnetization: The longitudinal relaxation

rate defined for the relaxation process parallel to the magnetic field and the

transverse relaxation rate defined for the relaxation process perpendicular to

the magnetic field. The difference in the relaxation processes follows from

physical arguments. After a pulse, the spin system is in a non-equilibrium

situation with respect to both energy and entropy. An increase in entropy of

the spin system is not necessarily accompanied by a change in energy. Both the

changes in entropy and energy affect the transverse relaxation, whereas the

longitudinal relaxation is affected by energy changes only. In conseouence the

transverse relaxation rate equals or surpasses the longitudinal relaxation

rate. The relaxation processes are often described by the phenomenological

Bloch equations '

d M | / d t - - (M,(t) - Meq) R,

and (2)

where R̂  and R2 are the longitudinal and transverse relaxation rate

respectively. Here the Bloch equations are defined in the interaction frame,

therefore the time dependence due to the precession around B is vanished. The
o

Bloch equations are sometimes violated: the relaxation theory predicts
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.tiexponential relaxation behaviour for a spin-system with I>1^ ' .

Nuclear magnetic relaxation.

The return of the magnetization from a non-equilibrium state to the

jilibrium s ta te is characterized by two relaxation ra tes . In the previous

3tion, the relaxation processes are introduced by the phenomenological Bloch

nations. Relaxation rates are experimental quantities, which are related to

oroscopic dynamics. E.g. the longitudinal relaxation rate describes the

ansfer of energy from the spin system to other degrees of freedom of the

lecules in the sample. Instead of the spin system, i t is legitimate to

nsider the indiv 1ual spins, because in liquids the interactions among

clear spins are small as a result of rapid, random molecular motions.

The energy spectrum of a spin is preponderantly determined by the Zeetnan

miltonian, the interaction of the nuclear spin with the s t a t i c

gnetic f ield. Only a number of energies are allowed as a consequence of the

antization of the 1^

I, 1-1 -I (3)

is the spin quantum number. Transition between energy levels are induced by

me depeadent terms in the hamiltonian. Besides the perturbation by a

diofrequency pulse, time dependent perturbations are caused by molecular

t ions. The modulations of local nuclear interactions, e.g. 1H-1H dipolar

upling and 2H quadrupolar coupling, are responsible for the nuclear r -jgnetic

laxation.

The microscopic perturbation hamiltonian can be written as a product of a

in operator T and a time dependent l a t t i c e function R ' .

H = C J 2 T ( 2 ) R ( 2 ) ( t ) (K)
p m-2 m m

th C a coupling constant. The la t t i ce function describes the reorientation

the dipole-dipole tensor for the dipolar coupling and the reorientation of
e e lect r ic field gradient experienced by the nuclear quadrupole moment in
se of quadrupolar coupling. Diffusion equations are used for the description
molecular motions.

The Redfield theory i s used for the derivation of the spin relaxation



rates for a l iquid. The spin system, e.g. the distribution over- the allowed

spin s t a t e s , is described by the density operator p . The mean value of a

physical spin quantity, represented by th3 operator A, equals TrfpAJ. Trj J

means the trace over a l l spin s ta tes . In the Heisenberg representation, the

time dependence of the operator is given by^':

i f i ^ = [H.p] (5)

dpi
Tr | ;; } correponds to the time dependence of the magnetization parallel to

the magnetic f ie ld , the longitudinal relaxation. The evaluation of eq.(5) i s
performed in the interaction frame to exclude the time dependent precession of
the magnetization around the s t a t i c magnetic f ie ld . The operators in the
interaction frame are indicated by an asterisk. After some maniDulations with
eq.(5), the equation of motion for the density operator in the interaction
frame is derived:^'

* CO

St = ~lk i < C H J ( t ) - CH*(t-T), p*(t) - P Q ] > dt (6)

where <...> indicates average over an ensemble of spin systems and p the
equilibrium density operator. Evaluation of eq.(6) in terms of spin operator
and l a t t i ce functions yields products of spin commutators and correlation
functions. The time dependence of the la t t i ce autocorrelation functions is
determined by microscopic mobilities. The associated correlation times are
directly related to the molecular dynamics of the nucleus under study. This
relationship makes nuclear magnetic relaxation an excellent tool to study
molecular motions.

3. Experimental.

Most of the relaxation rate experiments were performed on non-standard
spectrometers. Those spectrometers were developed by Dr. J. de Bleijser. The
relaxation measurements were carried out in time space instead of the more
usual frequency space. The inversion-recovery and spin-echo experiments were
performed by pulsing on resonance and integrating a part of the free induction
decay by a gated integrator. After accumulation the digitized signal was
stored in a "boxcar" f i l e . A completed "boxcar" f i le consisted of 128 data



points, each data point corresponds with a defined delay.
Two spectrometers were modified, one was equipped with a low field 2.1 T

Bruker MW 90 electromagnet and the other was equipped with a high field 6.3 T
super conducting magnet from Oxford Instruments. Beside the magnet, the
spectrometer consisted of a LSI-11/23 microcomputer, a synthesizer (HP
Synthesizer type 3335 A or Schomandl ND 100 M), a timing simulator (Interface
Technology RS 648E), an ENI 3100 L broad band power amplifier, a probe, a
preamplifier (Bruker Z 20 G) and a homebuilt detection device. The pulse
programming, data acquisition and manipulations were controlled by the
mi croeomputer.

The Bruker 2.1 T electromagnet was used for field dependent measurements

in the range 0.13 - 2.1 T. This spectrometer was equipped with an external
ft

lock. At the highest f ie ld , the lock used the 'Li resonance of LiCl, doped
with MnCl2, in DMF. At fields < H i , the 19F resonance of CF3COOH doped with
MnCl2 was used as lock frequency. The superconducting magnet was not locked.

The Bruker inserts used in the electromagnet were modified for liquid
thermostating with Fluor inert type FC 43 (3M, Minnesota). The temperature of
the sample remained constant within 0.5°C. Bruker probes, equipped with a
Bruker VT 1000 thermostat, were used in the superconducting magnet. Air
thermostating was used for T £ 298 K and nitrogen for T < 298 K. The accuracy
of the Bruker thermostat is 1°C.

Three relaxation experiments were performed: inversion recovery, spin-
echo and Carr Purcell Gill Meiboom. The longitudinal relaxation rate i s
obtained from an inversion recovery experiment. The pulse sequence of the
inversion recovery experiment i s : IT -NT - •? (phase alternating) .
After accumulation, the FID (free induction decay) was partly integrated and
stored in a boxcar f i l e . Then the delay was increased by the constant time
spacing T and the pulse sequence was repeated for th is delay. Usually 100 data
points were obtained in this way. The transverse relaxation rate was obtained
from a spin-echo ' or CPGM experiment'' ' . The pulse sequence of a spin-echo
experiment is ^ - NT - n - NT (echo). The FID of the echo is stored. The
exorcycle method was applied to minimize pulse and phase errors . The data
acquisition is analogous to the inversion recovery experiment. The CPGM pulse
sequence is preferred if the transverse relaxation rate is not exceeding
10 s~^. This method minimizes the effect of phase incoherence by diffusion in
inhomogenous f ie lds . The CPGM sequence i s : i - [T-ir-T-echo]N . The echos
produced at a time T after the ir-pulse are sampled. In one run 1024 echos can
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be sampled. Each data point represents an echo. Accumulation is obtained by
repeating the experiment and adding the resu l t s . All data f i les were analyzed
by means of a non-linear least-square procedure based on the Marquardt-
Levenberg algorithm10^.
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CHAPTER I I

POLYETHYLENEOXIDE-DYNAMICS IN AQUEOUS

SOLUTIONS STUDIED BY NUCLEAR MAGNETIC RELAXATION

(Ber. Bunsenges. Phys. Chem., 90, 1112 (1986))

Introduction.
Molecular motions on a time scale in the range between ps and ms can be

investigated by nuclear magnetic relaxation. The dynamic tahaviour of
macromolecules in solution is characterized by correlation times in th i s
range.

Nuclear magnetic relaxation is driven by the modulations of local nuclear
interactions, e.g. ^ - " c dipolar coupling and C-D quadrupolar coupling. The
chain segment mobility, responsible for the modulation of the coupling,
depends on the f lexibi l i ty of the polymer chain. From previous studies in
wnich correlation times were determined, i t is clear that single monomer units
are not free to reorient. The problem is then to determine the average size of
the chain segment reorientating independently.

In previous work1 '2 ' we have represented the average segmental
reorientational motion by axially symmetric rotation diffusion characterized
with diffusion tensor elements D« and Di . For locally s t i f f polymers such as
poly(methacrylic acid) the mathematical description of the motion with a
diffusion tensor was supplemented in a tentative manner by a physical
interpretation in terms of the reorientatior. of a prolate ellipsoid of
revolution with a long axis equal to twice the persistence length of the
polymer. For a very flexible polymer such as PEO the qualitative correctness
of th i s interpretation is not a priori convincing. As will be discussed more
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fully below, the persistence length of PEO is of the same order of magnitude
as i t s bare thickness. However, as pointed out before1 ' , the correlation
functions .obtained for the rxially symmetric diffusion process are congruent
with the correlation functions for the combined process of a spherical overall
rotation and an internal rotation. In the former model Di and T>. are the
elements of the anisotropic diffusion tensor while in the la t te r DQ and D̂  are
the overall and the internal diffusion coefficients. In the last case the
reorienting sphere may be tentatively identified with a Kuhn segment.
Comparison of the present NMR results with data from viscosity and light
scattering studies shows that the la t te r interpretation is preferable for
consistency reasons.

From field dependent relaxation measurements, D. and D. (or equivalently,
D̂  and DQ) are evaluated. Next the dimensions of the eJiipsoid and the sphere
car * 9 calculated if the value of the effective viscosity is known. The
dynamic lengths obtained in this way may be compared with the characterist ic
lengths obtained from viscosity - and light scattering - experiments.

The MW- and concentration-dependences of the relaxation rates should also
provide information about the dynamic length. The MW-dependence will vanish if
the end group effects become of minor importance with regard co the polymer
behaviour represented by the dynamic length. Further, an important increase in
the relaxation rate i s expected as soon as the polymer concentration exceeds
the value at which the dynamic unit is not free to reorientate anymore. If the
interchain correlation length, Lc, decreases below the Kuhn length, ak , the
reorientational mobility of the chain segments will diminish drastically-^ .
Other influences on the local reorientaticoal mobilities and therefore on the
measured relaxation rates are excluded volume effects, polymer-solvent
interaction and solvent viscosity.

In th is report, relaxation ra te measurements of PEO-nuclei are analyzed.
A characterization of the dynamical behaviour of PEO is obtained from the
magnetic field dependence of the relaxation ra tes . The MW-dependence, the
dynamic length, the concentration - and solvent dependence are evaluated. As
far as possible our experiments are compared with previously published results
of Liu, Benko and Jones "'.

Theory.

1. Nuclear Magnetic Relaxation.
The relaxation of the PEO-protons is approximately determined by a single
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relaxation mechanism, the dipole coupling between the two protons in the same
methylene group. Contributions of dipole coup1 ings between protons of
different methylene groups will exist although these are difficult to
estimate. These contributions will be indicated by AR. and AR . Cross
relaxation contributions are omitted .The expressions for the proton dipole
relaxation rates are given by3 / :

H 2 Y H 2

( V H
 = 10 (iT) ~V~

(R2)H = | Q (jp)^ — — | 3 J(0) + 5 J(u>) + 2 J(2a))f + AR2 (2)

_7
with p the permeability of vacuum (i)ir x 10 MKS uni t s ) , Y the proton
gyromagnetic ra t io (2.675 x 108), "n the Dirac constant (1.055 x lO'^1*), r the

geminal proton-proton distance and J(OJ) the reduced spectral density defined

by:

J U ) = 2G?0T I G(T) ^ ^ dT (3)

•"00

The AR., ARp contain the intermethylene proton-proton contribution t o the 1H-

relaxat ion r a t e and are d i f f i cu l t to c a l c u l a t e 1 0 ' 1 1 ^ . The intermethylene

proton-proton distance is time dependent and the associated corre la t ion time

will differ from the geminal proton part in general . Exact calculat ions

of AR and AR_ can be given, if the ethylem* group i s supposed to be r ig id or

if the internal ro ta t ions are about the CO- and CC-bonds.

The corre la t ion function G(T) i? the autocorrela t ion function of the time

dependent or ienta t ion of the internuclear proton-proton dipole tensor in the

laboratory system.

w
Gm ( T ) = < B m 2 ) ( 0 ) B m 2 ) ( T ) > l ab m = 0 ' * ' • * 2 (H)

With B a random function of time describing the or ienta t ion of the dipole

tensor . The transformation law of second rank spheric harmonics i s applicable
(2)to the B -functions. This transformation i s simplified using Wigner
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rotation matrices . Two transformations nave to be performed: the f i r s t one

is the time dependent transformation from the laboratory system (LAB) to the

principal axes system of the diffusion tensor (DIF); the second is the

transformation from DIF to the principal axes systems of the dipole tensor

(DIP).

In the la t ter frame: B.= S.n(h
 Vz r~3 1 3 ) . Thus for the anisotropic

K KU c nrl

rotational diffusion model with axial symmetry, the correlationfunction

r e a d s 1 4 ' 1 5 ) :

G(t) = 1 Z |B Q | 2 < D ^ U J D ^ («)>DIF exp(-[6D^ K2(D|- D^)]T) (5)

The isotropic case results from eq.(5) by Di = Di = D . The angle n denotes
the orientation of the DIF-frame relat ive to the DIP-frame. D. and D. are
diffusion coefficients in the anisotropic case, which can be related to the
molecular shape of the polymer segment ' . Woessner derived expressions for
the diffusion coefficients in case of a prolate ellipsoid (Dj > Di) 1^ ' :

"1

D I 1

3kT

32nna
3kT

2

/ 1 -p 2

3

2-P

1-p4

S(2-p2

P

2 g

)-2

- P 2
(8)

/1-p" "

with p = — , a the length of the long semi-axis, b the length of the short
serai-axis and n the viscosity of the solvent.

I t should be noted here that the general shape of the correlation function(5)
represents at least three different motional models . These models are:
a) axially symmetric overall rotation diffusion:
TQ = (6D|)~\ T., = (5D.+ D . r \ T2 = (2D, + 4D.f1

b) axially symmetric overall rotation diffusion combined with an internal
rotation diffusion D.- about an axis parallel with i :

o = ( 6 D | ) 1 , T 1 - ( 5 D , + D . + D ^ 1 . T 2 = ( 2 D , + I D . +

and

c) spherical overall rotation diffusion DQ combined with an internal rotation
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diffusion

Therefore, in making the transition from the experimental quantities
-to>-r and x2 to a mechanical model representing the average segmental motion,
several possibi l i t ies are open. The choice that is finally made will in
general be the result of considerations rega-ding the chemical structure of
the polymer and experimental data on i t s f lexibi l i ty ( i . e . i t s persistence
length).

For a relat ively rigid polymer suoh as charged poly(methacrylic acid) i t
would be reasonable to interpret the methylene proton (or deuteron) relaxation
in terms of model a ' . For a highly flexible polymer such as PEO, where
spherical symmetry is expected to be reached on a length scale of only a few
chemical bonds according to data discussed in section local polymer dynamics,
model c may be more appropriate.

The carbon-13 relaxation mechanism is the dipole coupling between 1 ^ ^ d
H in a methylene group. The spin-lat t ice relaxation rate of 3C is given

by1 8) :

2 u0 2 YH Y C^ 2

(R1 )p = Tn (liz) —Z. {j(uu~uP) + 3J((0_) + 6<J(u> +tou)f (9)
I L I U 4 T T b ri 0 L LM

The p ro ton -ca rbon-13 Nuclear-Overhauser-Enhancement f a c t o r i s def ined by:

Yu 6 J(u) +!!)„) - J(u> -us,,)
NOE = 1 + rP- ' H C H C

The spectral densities and correlation functions are defined in the same way
as above. The only difference arises from a different angle a .

2. Concepts from Polymer Statistics.3.T9.20)

In the conformational s t a t i s t i c s of linear polymers, chains with hindered
internal rotations are treated according to the so-called rotational-isomeric
approximations. In this approximation, the rotation angle can adopt only three
available s ta tes : T(trans), G(gauche) and G'(another gauche). The distribution
among these states is given by s t a t i s t i ca l weight matrices. Mean square chain
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dimensions, e.g. end-to-end distance, can be calculated from these
matrices21 <22'23-2J»>.

The mean-square end-to-end distance of a linear polymer chain is defined
by:

<R2> = Zn <?2> + 2 Z t <r . r.> (11)
i=1 1£i<jSn J

with r . the i t h bond vector. Random-flight chains, having no correlation

between any two bonds, satisfy the condition: <r. .r .> = 0 for i * j
2 2 l ^

and <R> = nil , with £ the mean bond length. In case of random-flight chains
<R2>0

with correlation among neighbouring bonds, the ra t io 5- becomes an
n«.

important quantity in the analysis of short-range interferences. The index 0
indicates, that the chain is unperturbed by long-range interactions
(9-condition), in the sense that segment-solvent interaction and excluded
volume effects compensate.

Important concepts in polymer theory are the Kuhn s t a t i s t i ca l segment
length, the persistence length and the correlation length. The Kuhn
s ta t i s t i ca l length is given by:

<R>0
\ - -5T- (12)

The persistence length, defined as the average sum of projections of all

bonds j S i on bond i in an indefinitely long chain, i s :

Lp = 1 (ak • I) (13)

The correlation length i s a measure of the length, below which long-range
interaction is absent. The correlation length may be thought of as the length
of the largest freely reorientable segment in the solution. The more
concentrated the solution, the shorter the correlation length. In the
transition from dilute to concentrated solutions, there will be a range in
which the correlation length equals the persistence length and in which the
polymer segment mobility i s reduced significantly.
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Experimental.

1. Chemicals.

The chemicals used (except the PEO-fractions) were of the highest purity

commercially available. The PEO-fraetions were obtained from Merck (PEG U00,

PEG 1000, PEG 4000 and PEG 20000; zur Analyse products) and from Union Carbide

(WSRN 3000; a gift from Union Carbide, Belgium). The Merck products were

characterized by osmotic pressure measurements. A Hitachi vapour pressure

Qsmometer and Knauer membrane osmometer were used. From GPC-experiments, the
M

~ ra t io was obtained. The GPC was performed on a Waters Model 150C ALC/GPC
nwith Toya Soda type TSK-PW columns (G 3000 PW (MW < 20000); G 3000 PW, G U000

PW and G 5000 PW (MW > 20000)). The polymer-fractions were dissolved in an

aqueous 0.1 N KNOg solution for the GPC experiments. The weight average MW of

the higher fractions were calculated from low angle laser light scattering

experiments on a KMX-6 apparatus. The results of the characterizations are

presented in Table I . Notice the extreme polydispersity of the high molecular

weight PEO sample. This phenomenon is a characteristic of almost every PEO-

fraction with Mw>10̂  available in large quantit ies.

2. Degradation of PEO in aqueous solutions.

The degradation of PEO in aqueous solution is frequently mentioned in

literature25"30)_ T n e r e a c t i o n mechanism responsible for the degradation is

s t i l l not known precisely. The creation of hydroxyl- and carbonyl-groups was

proposed. Nuzhdina observed an increase in absorption strength at the

characterist ic carbonyl- and carboxyl-frequencies in IR- and UV-spectroscopy

in an aging aqueous PEO-solution. In th i s report, some results are presented

suggesting the creation of a carboxyl- and a hydroxyl-group for every cleavage

of the PEO-ehain.
Solutions of PEO 10000 (Merck; M = LixiO4) were kept at room

temperature in air atmosphere for five months. The occurrence of carboxylic
groups in these samples was observed from the UV- and IR-spectra. For the IR-
spectra, the original solution was evaporated to dryness and the polymer was
redissolved in deuterium-oxide to remove the water absorption at 1640 cm"1.
Some NaOD was added to ionize the carboxylic-group (the absorption at
1700 cm"1 vanished and an absorption at 1570 cm"1 appeared).

The concentration of acid groups was determined by an acid-base
t i t r a t ion . The number-average MW was calculated from vapour pressure osmotic
measurement. Corrections were performed for the presence of protons and the
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Table I

Characterization of PEO-fractions.

Fraction

PEG 400

PEG 1000

PEG 4000

PEG 20000

WSRN 3000

DP

9

22

84

360

800

( 3 .

(9 .

( 3 .

( 1 .

9±.

5±.

7±.

6±.

"n

2)x102

5)x102

2)x103

DxiO4

-

a

a

a

b ( 2 .

(7 .

1±

0±.

Sw

_

-

-

DxiO4 c

5)x105 c

1.1±

1 . U

1.1±

1.4±

20 ±

d)

. ,

.1

.1

.1

5

a: vapour pressure; b: membrane; c: Low Angle Laser Light Scattering;
d:Gel Permeation Chromatography

Table II
Degradation of PEO 10000

c (m)

0.23
0.48

0.71
0.89
fresh

V

(2.5±.
(3.9±.
(4.1±.
(5.2±.

(1.0±.

2)x103

2)x103

2)x103

5)x103

Dxio"

fin°

(3.0±

(4.0±

(4.0±

(4 .7±

.5)x1O3

.5)x1O3

• 5)x103

.5)x103

-

PH

3.4±.

3.3±.
3.3±.

3.3±.

5.0±.

1

1

1

1

1

(5

(1

M

-

-

-

• 3+

.1±

d
n

.2)x103

.DxiO^

Mw/M

-

-

-

1.7±

1.1 +

n

.1

.1

a. m: monomol/kg solvent; b . : vapour pressure; c: t i t ra t ion ; d: Gel Permeation

Chromatography.
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second virial coefficient in the la t ter experiment.

The most concentrated aged solution and a fresh solution of PEO 10000

(DP=250) were studied by GPC. A broadening of the MW-distribution and a

decrease in M with regard to ,he fresh solution were observed, suggesting

degradation to occor randomly in the PEO-chain.

The results are shown in the Table I I . The assumption made in calculating

Mn ( t i t ra t ion) is the following: one caboxyl-group is created per cleavage.

Comparison with the vapour pressure results confirms the correctness of this

assumption.

3. Preparative procedures.

The Merck products were used without further purification. The aqueous
solutions were degassed in a vacuum desiccator by evacuation. Afterwards
nitrogen or argon was let into the desiccator and the solutions were stored in
nitrogen or argon atmosphere at 4°C to prevent degradation of PEO. No
carboxylic groups were observed in these solutions after several months.

Cloudy solutions were obtained from the original PEO fraction WSRN-3000.
The pH was in the range of 9-10. Bailey suggested that these properties were
due to impurities from the synthesis. The cloudiness was suggested to be
caused by the presence of SiO2 .

To purify thsse solutions, the following procedure was followed: The
aqueous PEO solution was f i l tered a number of times (minimum pore size:
0.3 ym ; Millipore f i l t e r ) . Then the clear solution was dialysed until the pH
was within the range 7-8. The dialyses had to be performed in nitrogen
atmosphere. If the dialysis took place in air atmosphere, a strong decrease in
the pH was observed after some days. Acid groups had been created. The
dialysis was supposed to be one of the processes stimulating the degradation
of PEO in solution ' . However the difference between dialysis in nitrogen-
and air-atmosphere suggests influence of oxygen on the degradation mechanism.
After the dialysis , the solution was freeze dried and redissolved in deuterium
oxide

t . HMR-Spectrometers.
The ^H field dependent NMR experiments were performed on pulse

spectrometers at fields of 2.1, 6.3, 7.0 and 11.7 T (Table I I I ) . The three
high field super-conducting magnets are equipped with a Bruker VT 1000
thermostat. The temperature was maintained at 25±1°C by air thermostating. At
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Table III

NMR-spectrometers.

jpecif i ca t ion

Sruker WM 90

Jeol JNM-FX-200

5T Oxford I n s t r .

3ruker WM 300

iruker WM 500

Field(T)

2.1

1.7

6.3

7.0

11.7

Equipment

home-built

standard

home-built

standard

standard

Thermostating

fluid

a i r

a i r

a i r

a i r

:he lowest field, the temperature was maintained at 25.0±0.5°C by fluid

;hermostating, with Fluor inert (grade FC 13; Minnesota; U.S.A.).

fhe Bruker WM 300 and WM 500 spectrometer, suited for high resolution

jxperiments, possesed limited faci l i t ies for relaxation experiments. As

consequence, a relaxation-measurement consisted of only 20-25 data points. The

lome-built equipment was especially modified for relaxation rate measurements,

'he T-|-experiment consisted of 100 data points, whereas the T2-experiment

insisted of 1000 data points. Phase alternating inversion recovery

sxperiments were performed to obtain the spin-lattice relaxation ra te . Carr-

'urcell-Gill-Meiboom sequences were performed to obtain the spin-spin

•elaxation rates .

The Ĉ relaxation rate and NOE experiments were performed on the Jeol

ipectrometer and the WM 300 (see Table I I I ) . The 13C-spin-lattice relaxation

•ates were obtained from proton-decoupled inversion recovery experiments.
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Results.
1. Polymer Proton Relaxation; MW and concentration dependence.

In Figures 1 and 2, the observed relaxation rates of PEO protons are

plotted as a function of the raolality for frequencies of 90 and 270 MHz

respectively. A small field dependence is observed. The relaxation rates R1

and f?2 approach each other closely in the low concentration region. These

features suggest a preponderance of contributions with short correlation times

(< 100 ps) to the relaxation mechanism. This in accordance with the flexible

nature of this polymer.

The MW-dependence is best studied by the relaxation rates in dilute

solution. In this region, the effect of polymer-polymer interaction is

minimized and there is no measurable concentration-dependence. The in t r ins ic

polymer properties and the solvent-solute interaction are expected to

determine the polymer structure and dynamics. A decrease of these relaxation

rates is observed in going from high MW- to very low MW-fractions. The

relaxation rates in dilute solutions remain almost constant for PEO molecules

containing a hundred monomers and more. Thus the MW-dependence of the proton

relaxation rates in dilute solution is not determined by overall polymer

tumbling but by the motion of a smaller dynamic unit . In the lower MW region,

there i s a decrease in relaxation rates notwithstanding the fact that the

contourlength is larger than one Kuhn segment. The mobility of the chain ends

seems to propagate into the chain over a number of Kuhn lengths.

?. Carbon-13; end-group effects .

In Figure 3, the proton decoupled 'c-spectrum of PEO 100 i s shown. The

spectrum consists of three peaks. The assigment of the peaks is given in the

following molecular structure^ :

H0-CH?-CH2-0-CH?-CH2- . . . O-CH2-CH2"OH

a 8 Y Tf 8 a

0 11 9 9 11 0 A ppm

Here 0 ppm is arbi t rar i ly assigned to the a -carbon. End group peaks are not
detectable for high ( i . e . DP > 100) MW-PEO 13C spectra.

As a result of the large spl i t t ings in ^ c spectra, the relaxation rates
of endgroups and central groups can be measured separately for low MW-samples.
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\o 10

0.1 1.0 10
molalify, moleq/kg solvent

F i g . 1 .

I?1 and R2 (s ) of polymer protons versus the polymer concentrat ion (mol EO/kg

D20) a t 90 MHz and 25°C; + : PEO 100 (DP=9); $ : PE0 1000 (DP=22);

X : PEO 1000 (DP=8t); • : PEO 20000 (DP=360); ^ : WSRN 3000 (DP=800).



- 2 9 -

i.o id
molality, moleq/kg solvent

F i g . 2 .

R-, and R2 of polymer-protons versus the polymer concentrat ion (mol EO/kg D20)

at 270 MHz and 25°C; + : PEO 400 (DP=9); $ : PEO 1000 (DP=22);

X : PEO M000 (DP=84);B PEO 20000 (DP=360); A : WSRN 3000 (DP=800) .
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0 iPPM

Fig . 3 .

The 3C-spectrum of PEO 400 (DP=9) proton decoupled. A 1.4 monomol/kg D?0

solu t ion at 25°C.
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Comparative 1 \ : relaxation rates are presented in Table IV.
The mobility of a monomeric unit decreases naturally from an endgroup to the
central part of the polymer. The s ter ical constraints for the mobility of the
endgroups is less important. The motions of the central units are also
constrained due to solvent viscosity effects but they are largely influenced
by the conformation of neighbouring u n i t s " . A central bond cannot change i t s
conformation without changing the conformation of i ts neighbour bonds as well.
The mobility of polymer segments will become position independent at some
distance from the end-point along the chain- At this point the polymer
properties determine the monomer mobility.

In Table IV, the polymer behaviour is represented by the relat ive
relaxation rate re lat ive to the value R.,=1.8 s"1 for PEO 20000. The difference
between endgroup and polymer dynamics is remarkable. Even between the two
different endgroup carbons a,8. a distinction in relaxation rate may exis t .
Because of the less restricted mobility of the endgroups, the characteristic
correlation times are shortened and the relaxation ra te is reduced.

The NOE (=2.8±0.2; 75 MHz; c=C7 monomol/kg; DP=36O) provide l i t t l e
additional information in consequence of the limited accuracy and the slight
difference from i ts maximum value of 3.0. The 1^C relaxation rates can be used
as additional data to estimate the correlation times, characterizing the
polymer dynamics, beside the field dependent proton relaxation r a t e s .

3. Proton relaxation, field dependence.

The field dependent experiments were performed with a PEO ?0000 DpO
solution at a temperature of 25+1 °C and a concentration of 0.5 monomol/kg.
This concentration is well within the range where the relaxation rates are

concentration independent. The experimental errrors were mainly a result of
temperature difference among the four spectrometers. In Table V the proton

relaxation rates are presented. The ratio •=— never exceeds the value 1.3. The
R1field dependence is moderate.

1. Proton relaxation, Solvent dependence.
The proton relaxation rates as a function of the sa l t concentration (NaBr

and KgSOjj) are shown in Figure H. The influence of added sal t on the NM-
relaxation is moderate. A small increase is observed with increasing sa l t
concentration indicating a reduction of the polymer segment mobility. The
increased viscosity of the solvent is probably responsible for this phenomenon
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Table IV

Endgroups-effects studied by 1^c relat ive relaxation

rates (compared to PEO 20000).

DP a

4-5

9

22

360

e(m)

1.6

1.4

1.6

0.7

R
a

.36+.05

.4l±.05

-

-

.34±.05

.37±.05

-

-

RY

.61+.05

.85±.05

.96±.O5

1.00±.05

Ra,8,Y= Rexp / R1
20000).

-1a: from M values of Table I ; R-,(PEG 20000)=1.8±0.1 s" ' ,

Table V

H-field dependence.

v(MHz)

90

270

300

500

R^s"1)

1.90±0.05

1.75+0.05

1.65±0.05

1.35+0.05

R^s" 1 5

1.95±0.05

1.90+0.05

1.85 ±0.05

1.65+0.05
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0,01 0,1

salt molaritv

0,0

Fig.4.

The polymer proton relaxation rates of a PEO 20000 (c=0.6 monomol/kg) solution

as function of the added sal t concentration; 90 MHz:

J^: R2, I^SO,,; • :R, , KjSOi,; -f :R2, NaBr; X : ^ . NaBr.
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(eq.6,7). The viscosities of these sa l t solution increase about 5-10 percent,
about the same order in which R-| increases. The increase of the Rg value is
more important, suggesting a more retarded mobility due to local increase of
intramolecular interactions.

The proton rates as a function of the polymer concentration (D̂ O and
0.39 M MgS0j,/D20-solutions) at two temperatures (25°C and 55°O are presented
in the Figures 5 and 6. The 0.39 M MgSCfy solution was chosen because this i s
a 6-solvent at 1t5°C. However i t is doubtful if the 6-conditions can exist in
the concentrated solutions examined. In dilute PEO solutions the cloudpoint
temperature is higher than the 6-temperature"). in more concentrated PEO sal t
solutions, these two temperatures become equal and the 9-conditions cannot be
established before phase separation occurs. Phase separation is observed in
the MgSOi,-PEO solution with c > 3-t moncmol/kg. The viscous polymer phase
floats on the water sa l t phase. Thus the polymer relaxation ra tes , measured in
this two phase system, have to be assigned to higher polymer concentration.

No frequency dependence is observed for the relaxation rates in the range
from 90 to ?70 MHz at the highest temperature. The shortest correlation time
is shifted out of the experimenally accesible range at th is temperature.
However the difference between the R-j and R2~values s t i l l remains, indicating
the presence of very slow overall motions in concentrated solutions. These
concentrated solutions are characterized by a Kuhn length exceeding the
correlation length.

5. Solvent deuteron relaxation.

The solvent relaxation rate R1 versus the PEO 400 concentration is
presented in Figure 7. I t is observed that an important increase in the
solvent deuteron relaxation rate occurs in the same concentration region where
the polymer proton Rg increases sharply. This suggests that the solvent
relaxation reflects the changing polymer dynamics at higher concentrations.
The mobility of solvent and polymer segments are slowed down considerably in
concentrated solutions. In the next report extended measurements of polymer-
solvent interaction will be presented.
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1,0 2.0 4,0 8.0
molality, moleq/kg solvent

Fig. 5.

The proton polymer (PEO 20000) relaxation rates is" ) at two temperature? and

at two fields versus the concentration (D20 solution);

X : R1 t 90 MHz, 25°Cj : R?, 90 MHz; 25°C.
1

• ; R1? 270 MHz, 25°C ; A : R2 . 2 7 ° M H z ; 2 5 ° C l

Q : RT ; 90 MHz and ?70 MHz; 55°C; * : R 2 ; 90 MHz and 270 MHz, 55°C.
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i.o to 4.0 ef.o
molality.moleq/kg solvent

Fig. 6.

The proton-polymer (PEO 20000) re laxa t ion r a t e s at two temperatures and a t two

f i e l d s versus the concentrat ion (0.39 M MgSOjj D20 s o l u t i o n ) ;

90 MHz, 25°C;

270 MHz, 25°C;

-f. : R2, 90 MHz; 25 C.

A : R2> 270 MHz; 25°C.

90 MHz and 270 MHz, 55°C; R2; 90 MHz and 270 MHz, 55 C.
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10
molality.moleq/kg solvent

Fig. 7.
The deuteron-water relaxation rate (s~1) versus the PEO 100 concentration at

25°C.
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Discusslon.
1. Local polymer mobility.

The .dynamic properties of a polymer depend on the probable polymer
conformations and the transition probabili t ies. The presence of bulky groups
attached to the backbone will introduce s te r ic hindrances and reduce the
mobility of polymer segments. The r igidi ty of a pol yele ctr olyte will be
effected by electrostat ic repulsion as consequence of not completely
compensated charges on the part ial ly neutralized chain. An example with both
s te r i c and electrosta t ic hindrances is part ial ly neutralized polymethacrylic
acid (PMA). Mulder studied local dynamics of part ial ly deuterated PMA by
deuteron re laxat ion 2 ' . The results will be compared with the results obtained
from H relaxation of PEO. FEO, an uncharged polymer without bulky groups, is
known to be very f lexible.

From the dispersion of the 1H relaxation rates (Table V), the correlation
times were determined for the axially symmetric rotation diffusion model,
using eqns .(1 ,? ,4 ,5 ,9) . The experiments were performed at a temperature of
25±1°C. The concentration of the PEO 20000 (DP=36O) solution used, was 0.5
monomol/kg D20. The H data were f i t ted by a t r i a l and error method: From
lower field experiments, i t was found that the relaxation rate for u+0 was
equal to 1.95 s~1. The dipole coupling constants were calculated using d (C-
H)=0.109 nm, d(C-C)=0.154 nm and tetrahedral symmetry^. To account for the
time dependence of the intermethylene proton-proton distance, two gauche
states and one trans s ta te were considered and the ethylene group was assumed
to be r ig id . The data were then f i t ted as function of the angles
ct'.fi representing the orientation of D|(D.) , figure 8, and the
parameters DI/DI (D./D.) . If the sum of the squares of the differences of
calculated and experimental relaxation rates did not exceed the sum of the
squares of the experimental errors, a possible solution was obtained. The
solutions, obtained in th is way, were checked with the ^ c effective
correlation time.

I * f ( 3 + h + 6 12 ± 1 PSleff- 10 ^ Q " i ' i v
1 + ( u _ a J 2 T 2 1 + ( J 2 T 2 1 + ^ + u ^ 2 - - = • • » »

The data were evaluated in two different ways. In the f i r s t one, one methylene
group and i t s intermethylens contribution was considered (model 1). In
calculating the intermethylene contribution, the ethylene group was supposed
to be r ig id . Thus the positions of the proton-and carbon-atoms of both
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0

Fig. 8.
A schematic 3-dimensional representation of a PEO segment. The intrame.thylene
proton-proton vector is along the z-axis and the methylene group in the yz-
plaie. The orientation of the diffusion axes frame relat ive to th i s molecular
frame is given by the angles a and g .
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methylene groups are fixed in the molecular frame. In model 2, the different
orientations of the second geminal proton-proton vector with respect to the
f i r s t were incorporated in the f i t .

The mean square of the intermethylene proton-proton coupling constant
relat ive to the square of the geminal proton-proton coupling constant is 21
percent. The expressions for the proton relaxation rates given in eq.(1,2) can
therefore be rewritten:

(R1 ) H = C {0.2 J(w) + 0.8 J(2co) + 0.21 (0.2 J'U) + 0.8 J'(2o>))}

(R 2) H = C {0.3 J(0)+0.5 JU)+0.2 J(2u)+0.21(0.3 J'(0)+0.5 J'(u)+0.2 J'(2a>)}

, ,u0 2 y*M
2

where C = ̂  [T—) g — and J(w) and J'(u>) are defined in eq.(3). However

g

0.21 J'(us) is already an average of the possible intermethylene proton-proton

interactions. As a result of different angular dependence, the spectral

densities representing the geminal proton dipolar interaction and the

intermethylene proton dipolar interaction are not identical for anisotropio

reorientation, eq.(5). The spectral densities at zero frequency are defined by

lisiii and J'(0) = ^ b ^

with I a. = I b. = 1. The J(u) and J'(u>) terms can thus be summed to one
spectral density with coefficients defined by aj + 0.21 b j .

The correlation times given in Table VI yield the rotational diffusion
coefficient: D.=(1.0-1.5)x1010s"1 and D>=(6.7-9.8)x108 s" 1 .

I 1 pi
These are a factor 30 larger than found for PMA ', i l lus t ra t ing the
flexibi l i ty of the PEO chain. The angle of the proton-proton vector and the
principal diffusion axis is given by a,6 (see figure 8). For model 1, two
orientations of the principal diffusion axis are possible 23°<B <45° and
6=90 , whereas model 2 only leads to one solution g=90. The B=90 solutions
are limited to a narrow range of 90+5°. Within th is range the correlation
times hardly change, in consequence only the 90° solution is presented in
Table VI. The orientations found do not coincide with a chain bond, suggesting
a more complicated internal reorientation model. The correlation times,
T. and x? , describe the internal polymer segment motion, in consequence
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Table VI
Fits to the relaxation data of Table V

Model

1

1

1

1

2

TO(PS)

250

170

130

170

200

T1 (ps)

39

48

~0

60

37

t2 (ps)

18

16

" 0

20

18

B

H 5°
38°

23°
90°

90°

a

0°
0-10°
50-60°

50-70°
80-90°

i. < 15 ps and the solutions 23°<g<38° are highly improbable.

Even for a flexible polymer such as PEO, two widely different time scales
appear in the characterization of the local reorientational mobility. These
resu l t s , obtained well inside the range of both concentration and DP
independence refer to the intr insic reorientational mobility of PEO in D?0 at
?5°C.

As pointed out in earlier sections, several motional models may be
represented by the correlation function used to derive the spectral densit ies.
If the dynamical unit is represented by a prolate ellipsoid of revolution,
eqns.(6)-(8) may be used to calculate the axial rat io p of the ellipsoid
from D./D• . The result i s then p=0.11-0.15 = b/a. Estimating the diameter of
the PEO chain at 0.3 nm ( i . e . b=0.15 nm) one has a=1.2±0.2 nm and
n =1.4±0.2 cP; The viscosity of the solvent at the experimental temperature of
25°C is 1.10 cP. Using th is value the dynamical unit in th is model has a
length of 2 nm which may tentatively be taken to correspond with the Kuhn
length ak .

If motional model c ) , i . e . spherical overall rotation combined with an
internal rotation, is used to interpret the correlation times one has
D0=(6.7-9.8)x108 s"1 and D t-(1.0-1.5)x1010 s"1 . With T0"«Tma3/3kT and
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n =1.1 cP the hydrodynamieal radius is a=0.56±0.05 nra. Tentatively
interpreting the reorienting sphere in this model to represent a Kuhn element,
one has a ^ i . 1 nm and for the persistence length L_=0.6 nrn. Interpretation of
the NMR results with model b) will not be discussed here, as the results will
be in between the models a) and c ) .

At this stage i t is interesting to compare the NMR results on PEO with
the Kuhn length determined from other experimental techniques. Viscosity
experiments35 '36) under e-conditions (0.39 M MgSOi,, 45°C; 0.45 M K2S0i,, 35°C)
yield values of 5.5 and 4.8 for the characteristic ra t io <R > /nd " ,, where 1

is the average bond length of 0.146 nm. With a =<R > /nK. and Lp = J4(ak+ I )

one finds ak=0.75 nm (average) and LD=0.5 nm. Kato et a l . 3 ' ' characterized a
set of PEO samples with molecular masses between ?0000 and 1.3x10°. From the
radii of gyration (in aqeuous solutions at ?5°C) the K-'hn length may be
calculated to be 1.2 nm by extrapolation to zero eontourlength to eliminate
excluded volume effects.

From these results i t is concluded that the interpretation of the NMR
results with an overall spherical reorientation of a Kuhn segment together
with an internal rotation in th i s segment (model c) i s consistent with data
obtained by other experimental techniques: the value for ak (1.1 nm) is inside
the range of l i te ra ture values (0.75-1.2 ran).

The evaluation of the dynamic unit at 8 -temperature directly from NM-
measurements i s almost impossible for two reasons: A lower field dependence
at 6-temperature; Phase separation above 6-temperature and in concentrated
s o l u t i o n s 3 3 ' 3 8 l 3 9 ) .

In a previous investigation of the PEO proton relaxation in solution, a
rotameric jump model was used by Liu and Ullman. Combined overall rotation
diffusion and fast rotameric jumps about the CC axis were allowed.

In the appendix to the present report i t is shown that our more extensive
data cannot be explained by th is model. The part of the dipolar interaction
that is preaveraged by the rotameric jumps is too small and th is leads to a
correlation time for the overall motion which is too small to explain the
observed dispersion in the relaxation rates at high f ield. Extension of the
model to allow also for independent fast rotameric jumps about the CO axis
leads to a correlation time for the overall motion that is too large for the
experimental dispersion. Introduction of small transition probabilities for
the jumps and/or correlation of the rotational jumps around the CC and the CO
axes could probably improve the agreement with experiments. However, the
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Table VII
DP-Dependent Relaxation Rates at 270 MHz.

DP

9

22

8H

360

800

1.20

1.50

1.70

1.75

1.80

+

+

+

±

+

0.05

0.05

0.05

0.05

0.05

R2(s

1.20

1.60

1.85

1.90

1.90

-1

±

±

±

±

±

)

0.05

0.05

0.05

0.05

0.05

transition rates and coefficients introduced in th i s way cannot be obtained

from the present nuclear relaxation data. Therefore the simple reorientational

diffusion model is preferred.

2. MW Dependence.
The MW-dependence of the relaxation rates of the polymer nuclei was

studied in dilute solution to avoid polymer-polymer interactions. The
relaxation rates are presented for the different MW's in dilute solution in
the Figures 1 and 2 and in Table VII. The MW-dependence is caused by endgroup
contributions and in addition by overall tumbling (small molecules). The
experimental relaxation rate is composed of a distribution of relaxation rates
belonging to polymer segments with different mobilit ies. The position
dependence of the relaxation rates along the chain will disappear after some
distance from the end. Then the relaxation rate becomes the polymer relaxation
ra te . For large polymers, the contribution of endgroup dynamics in the
relaxation rate will be insignif leant and the experimental relaxation rate
equals the polymer relaxation ra te . For aqueous PEO solutions no MW dependence
is observed in 1H-relaxation rates if DP>100. An estimate of the relaxation
rate of the end monomer is given in Table IV. A smaller MW-dependence of the
non-endgroup monomers i s noticed from the Ĉ relative relaxation rates (R ;
Table IV). From these data, i t is concluded that the f i r s t 3 monomer units
from each chain end will have a smaller relaxation rate than the polymer. The



mobility of these groups is less restricted relat ive to the polymer segments.
From the tables IV and VII, i t is seen that earbon-13 and 1H relaxation

rates show roughly the same DP -de pen den ce. Thus the correlation times
representing the polymer segment dynamics will a l l be reduced similarly. A
detailed analysis of the endgroup dynamics is not possible because of the
small field dependence of the carbon relaxation rates as a result of small
correlation times (< 100 ps) .

The endgroup dynamics of the flexible PEO chain compared with the more
rigid glucose oligomers ' shows some interesting features. A glucose molecule
is r igid, therefore the correlation times are determined by the overall
tumbling of the molecule (T =± 30 ps). The longer the oligomer the less
important the overall rotation and the more important the internal mobilities
become. The internal mobilities within a glucose unit are strongly restr ic ted
because of the ring structure and the overall motion of a glucose unit in an
oligomer is restr icted by the 1,^- or 1,6-linkage. From the relaxation rates
and NOE, correlation times of ns are observed. The difference in mobility of
endgroups compared with that of central groups i s less than in the case of PEO
again i l lus t ra t ing the less r igidi ty of PEO.

3. Concentration Dependence.

Benko studied concentrated PEO-tOO water solutions by H re l axa t ion" .
The relaxation rates were explained by a cross relaxation between polymer
protons and water protons. Cross relaxation was indicated to become effective
from a concentration of about 50J (w/w). The H solvent relaxation rate
increases enormously in th i s region as is shown in Fig.VII and a similar
increase of the H-solvent relaxation should be expected independent of
possible cross relaxation. Although a cross-relaxation contribution cannot be

h i ho)

excluded completely due to water-polymer interactions I » ^ t / , the larger part
has to be assigned to a decrease of the water mobility as can be concluded
from the H relaxation experiments.

The concv. tration dependence of the relaxation rates of polymer protons
are presented in the Figs. 1,2,5 and 6. The relaxation rates remain almost
constant towards a concentration of about 2.3 monomol/kg solvent. Increasing
the polymer concentration further an increase in the relaxation rates is
observed, especially in R2- The difference between R-j and R2 suggests the
occurrence of slow motions. Slow motions can be assigned to the presence of

polymer-polymer interactions (e.g. entanglements, crosslinks), the increased



importance of interactions between protons from different monomers and the
reduced polymer segment mobility as consequence of the changing viscosity of
the solvent. The measurements at several fields and temperatures (Fig. 5) , in
which no frequency dependence is observed at 55°C, suggest the presence of a
long correlation time with only a contribution to the J(0) term in R2. This
long correlation time may be assigned to polymer-polymer interaction. The
small increase in R1 at 55°C is probably due to the reduced polymer segment
mobility and the presence of "long" range proton-proton interaction.

Polymer-polymer interactions showed an importent increase in R2 when the
dynamic length becomes equal to the correlation length 3 ' . From the present
results this should occur in the concentration range around 2.3 monomol/kg.
Then a simple calculation gives an estimate of the correlation length: the
polymer is thought of as being constructed of dynamical units having the size
of the dynamic length and these units are jus t interfering at a concentration
of 2.3 monomol/kg. Evaluation gives a correlation length of 1.3 nm at
2.3 monomol/kg, which is in reasonable agreement with the previously found
value of the dynamic length.

H. Solvent dependence.
Solvent effects on the H relaxation rate of PEO were studied by Liu and

Jones^' • ' Investigation of several solvents on the relaxation rate showed a
relation between solvent viscosity and relaxation rate ' . The relaxation rate
increases with increasing solvent viscoscity. However, the relaxation rate is
also dependent on the structure of the solvent (aromatic, al iphatic or water).
The effective correlation time in benzene ' is one third of that in water,
whereas the viscosity of benzene is larger than one half of water. Thus the
PEO solvent interaction is important in the local polymer dynamics.

In the present study the addition of sal ts to an aqueous PEO solution
caused minor effects on the relaxation rate (Fig.4). A change in the water
structure around the polymer segments will be responsible. A perturbation of
the PEO water layer is ion and temperature dependent and resul ts in a decrease
of the cloud point temperature33 ' 35,38,39) _ T h e i n o r e a s e i n t n e 1H relaxation
ra t e , indicating slower polymer dynamics, can be caused by the increase of the
solvent viscosity, however a continuous transition to a more folded polymer
conformation cannot be excluded. As a result of the small increase of the
relaxation ra te , no large changes in the polymer conformation are expected. In



- 4 6 -

consequence, ion-PEO complexes are highly improbable.

5. Conclusions.

The local PEO dynamics investigated by nuclear magnetic relaxation are
described by the reorientation of a small segment with a dynamic length of 1.1
nm and additional internal motions within th i s segment. Influencing the
dynamic length by adding sal t or PEO resul ts in a more restr ic ted mobility of
the dynamic unit . The less restr icted motions of endgroups cause an increase
in the average chain mobility and as a result the MW-dependence of the
relaxation rates.
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Appendix.

In the model used by Liu and Ullman ' , an internal motion and an overall

diffusion motion are used to describe the polymer dynamics. The internal

motion consisted of fast jumps about the CC-bond only. Here an extension is

given for two fast internal motions. The overall isotropic rotational

diffusion can be substituted into the correlation function G (T) eq.(4):

G(T) " 5 S-2 l " ^ ^ ^ ^ B*2)" (T> ^ " t e r n a l ^ " • »
i

B i s the dipole tensor in a molecular axes system (principal axis along

the CO-bond). Next the jumps about the CO-bond are incorporated.

-6D T " * " *

^ - i * ° * * , . , „ < B i 2 ) ( 0 ) B n 2 > ^ D l 2 ) < B < P D J ? <«;> > ( A - 2 >
in which n' represents the jumps about CO-bond. In the molecular axes system

chosen, the jumps about the CO-bond are represented by the angle

a' = o1, 0, 0. Thus the time dependence due to the rotameric jump about the

CO-bond is determined by a' . The time dependence of B"(T) is due to the

rotameric jumps about the CC-bond involving r~3(i ) . The jumps about the CC-

and CO-bond are assumed to be independent, so that these motions can be

averaged separately.

-6D T " * " *
G < ^ = F e ° ^ , m , n ̂  ( 0 > B f <*> >CC< D i 2 ) %> ̂ ^ >C0

=h ° ^p,q ,m<Bp2 ) <°> B
q

2) " >CC ^ (""> Dj?Cfl»)<. \ 0
(A.3)

In eq.(A.3) a time independent transformation from the CO-bond to the CC-bond

is performed, ft". This transformation is performed to simplify the

incorporation of jumps about the CC-bond. These jumps can hardly be described j

in the molecular axes frame in which the principal axis is along the CO-bond. \
$

Further the relation V
i-

i2 ) 2) ° *
i s used.
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I I I _O

The time dependence of B ( T ) i s s t i l l a r e s u l t of CC jumps and r ( T ) . The

f ina l transformation from the CC-bond t o the pr inc ipa l ax i s of the dipole

i n t e r a c t i o n t enso r , H, leads t o :

\ e ~ 6 V * <!sSt ^ p ^ S o ^ t f ^ x ^ C C ^ ^ " ^ ^ ^ " ^ 6 ^
"1»P,Q>S , t

*
, -6D.T , D< 2 ) ( iL) <>n2) <« > to\ <?\* - imAa'

- e ° 1 Y < °P ° _ 2 a _ _ l _ > ni2) (o") n ( } (W'Ke T>
5 e 2 Zm,p,q< 3 ,,3 ?CC pm ( ! ! ' Dqm l a ; < e >C0

r0 rx
(A.4)

The jumps about the CO- and CC-bond are taken to be dependent on the

conformation of the EO-group. E.g. a preferential G-state is found for

O-C-C-0 •>'. incorporation of this effect into the correlation function is

performed by using the following probability functions derived by Liu and

Ullman ' (some corrections were necessary):

-(2A+1)p
6 6

-(2A+1)p

-(2A*1)p T

e J

with

P P
^ J e RT , (A.6)
Kt t

AE « E.-E ; g and g' indicate the gauche states and t the trans s ta te . pso, ,
t g oS

P-̂ . are the transition rates for g -*• g' and g -»• t1 respectively.

The average in eq.CA.1)) consists of product of a priori probabilities and

transition probability functions
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<Dik)(v Dnf ( v> - ^I.II pipi,n (T) D S } ( v D S } ( w (A-7)

where I , I I = g ,g ' , t . The A-ooefficients for the CC- and CO-jumps are

represented by Acc and Aco respectively. Substituting (A.7) into (A.M) leads

to the following correlation times.

x(i J . k . l ) = (6D0+i(2pggI+ P g t ) c c • J(1*2Acc)(pgfc)cc •

k(2 P g g t + P g t ) C 0 * i M ^ H p ^ f 1 (A.8)

with i , j ,k and 5, equal 0 or 1. The correlation time of interest is

T (0,0,0,0) = (6D0)~
1 because all other t ' s reflect fast jumps that do not

contribute to the experimental frequency dependent. The coefficient associated

with T (0,0,0,0) is aQ. The aQ coefficient is related to the part of the

dipolar interactions, that decays by the overall reorientation of the dynamic

unit. The other coefficients are related to the internal jumps. Only the sum

of the latter coefficients are given in table VIII, for the NMR data do not

allow such detailed models to be evaluated.

As an example the aQ coefficient for ^ c in case of CC-bond jumps only

(A ĝ=O) is calculated from eq.(A.!|). Substituting rQ=r =r
CH» Aa'=0 leads to

"6 V #

Performing the average according to (A.7), with Q = (0°, 109.5, T~) and

AY = 0,±120° results in:

To evaluate this jump model an effective correlation time is introduced.

The effective correlation time equals the spectral density at zero frequency

The T . - can be calculated from the relaxation rates under narrowing
er t

conditions, J(iu) = J(0) , if the interaction constant is known. Complication

arises for the proton relaxation rates, because the geminal and intermethylene

proton-proton interaction have different coupling constants. Here the
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Table VIII
Coefficients using the rotameric jimp model,

Acc

1

2

1

2

1

2

AC0

0

0

1

1

K

13C

ao

.111

.147

.012

.021

.014

.024

i*0 x

.889

.853

.988

.979

.986

.976

1H

a 0

.362

.416

.043

.055

.054

.093

i*0 1

.850

.806

1.179

1.167

1.168

1.129

From the results given by Abe et al ' : = 1.6, ACQ = 0.64.

additional intermethylene contribution is found in the a t coefficients and
the x . . ( H) is calculated by dividing the experimental relaxation rate byerf
the geminal coupling constant. In consequence for protons J.a. = 1.22 . In
(A. 11) the short correlation times x. (i*0) will be represented by a mean
correlation time x1m with coefficient a lm: x e f f = aQT + a ^ x ^ .1 m

1

T +

From the x f f and aQ values for 1H (a1m=1. 22-aQ) and '^c (a1m=1-a0)
respectively the correlation times TQ and x may be evaluated. The
relaxation rates at higher field strengths may be calculated with these
correlation times.

The results given in Table VIII are not in agreement with the results
found by Liu, CC-bond jumps here yield an a^ coefficient of 0.4, whereas from
Liu's results an aQ coefficient of 0.014 can be calculated. In the present
model small values of aQ are obtained, if rotameric jumps are allowed about
the CO-bond too. Both the small and the large a0 values calculated are not
able to describe to 1H relaxation data within the experimental error: using
the effective correlation times T( 1H)=73 ps, T ( 1 3 C) =42 ps, aQ(1H)=0.06 (0.4),
aQ( 'c)=0.02 (0.1) and a mean correlation time x. for the ernal motions
associated with L a<"an t n e following correlation times ar evaluated:
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T Q = 630 ps (115 ps) x l m = 30 ps ( 3 t ps)

leading to R-^H; 500 MHz)=1.03 s"1 (1.59 s"1) and R2(
1H; 500 MHz)=1.36 s"1 ,

(1.80 s~1) whereas the experimental values are 1.35 s and 1.65 s
respectively. Neither t . = 630 ps nor T- = 115 ps explains the experimental
field dependence.

The rotameric jump model, in which preferential states and correlation
among CO and CO-jump states are considered will lead to larger aQ values,
which are in better agreement with the experimental data. The correlation
among the different jumps are difficult to incorporate explici t ly in a dynamic
model. Even simplified three-bond and four-bond transit ions ' ' lead to
complicated intermethylene proton-proton interactions.
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CHAPTER H I

Mn2+ INDUCED RELAXATION IN AQUEOUS

POLYETHYLENE OXIDE SOLUTIONS.

1 . I n t r o d u c t i o n .

The uncharged polymer PEO is of interest due to i t s excellent solubil i ty
in water and the wide range of i t s applications. The polar part of many
nonionic amphiphiles is a PEO chain. Although the micelles of nonionic
surfactants are studied frequently, the PEO-water interaction is not
completely e lucidated 1 ' 2>3' . The cloud point temperature is sensitive to the
presence of Ions ' . This paper and the forthcoming paper on ion relaxation
in aqueous PEO-salt solutions deal with the PEO-ion interaction. The Mn
induced relaxation of water and polymer protons provides a means to
investigate the interaction of PEO with a bivalent ion and the possibili ty of
Mn2+-PEO complex formation"'.

Since the elucidation of the dipolar relaxation due to paramagnetic ions
by Solomon, Bloembergen and Morgan'1 ', th is mechanism has been used to study
various of systems'1 " I > > ^ . Especially biological systems have been
investigated as a consequence of the Influence of bivalent ions in important
biological processes. (E.g. the Mn -ion may serve as a model for the Mg -
ion).

The enhancement of the nuclear magnetic relaxation due to paramagnetic
ions or radicals is caused by the nuclear-electron spin-spin interaction .
The large coupling constant is responsible for the enormous effect observed in
nuclear magnetic relaxation experiments. The increase of the relaxation rate
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is related to interesting quantities, e .g. the distance of closest approach
between the paramagnetic nucleus and the nucleus under study. Much information
is obtained from the NMRD (nuclear magnetic relaxation dispersion) curves, for
these show both the dispersions of the nuclear and the electron part. Detailed
models can be evaluated then, and associated correlation times are obtained.

Two relaxation mechanisms have to be considered: intramolecular and
intermolecular15). intramolecular relaxation is determined by the rotational
diffusion whereas intermolecular relaxation is determined by the translational
diffusion. The former mechanism is found for the water protons in the
hydration complex of the paramagnetic ion because the residence time of water
molecules in the complex exceeds the reorientation time of the complex. Then
the nuclear spin l a t t i c e relaxation ra te i s proportional to th is reorientation
time. In the intermolecular relaxation, the interaction between the
paramagnetic ion and the nucleus of interest is a function of the distance.
The correlation time for th i s mechanism is determined by the translational
diffusion coefficient. The intermolecular spin-spin interaction is dominant if
no binding between the paramagnetic ion and the nucleus under study ex is t s .

In addition the scalar relaxation mechanism, modulated by chemical
exchange, i s important. The chemical exchange of water protons between the
bulk phase and the Mn(II) hydration complex i s fast re la t ive to the proton
relaxation r a t e . A line broadening results due to the modulation of the scalar

coupling. The line broadening is a function of the residence time of the
1 u\

nucleus at the paramagnetic s i t e and of the electron spin relaxation time .
In consequence the electron spin relaxation is of in te res t .

A large number of ESR-experiments have been performed. However those
experiments are limited to low magnetic fields and are preponderantly
evaluations of spectra. As a resul t of the low field strengths used in ESR,
the narrowing condition, u T<1 , i s met and the electron spin relaxation is
approximated adequately by a single exponential decay, instead of the multi-
exponential decay predicted from the spin quantum number, S>1 **'. The electron
spin relaxation of the Mn(II) he xaa qua com pi ex (S = ^) i s caused by transient
fluctuations in the symmetry of the complex . The correlation time
associated with this transient zero field spl i t t ing (zfs) is of the order of
magnitude of picoseconds. The evaluation of an ESR-spectrum of Mn(H2O)g2+,
complicated by the electron-nuclear hyperfine spl i t t ing 1 ^'1 ®'1 ̂  , leads to
results which are in agreement with electron spin la t t i ce relaxation
experiments performed by Gumerov et a l . 2 0 ' .
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Although the electron spin relaxation rates are not known exactly at
higher field strenghts, the MMRD results provide enough information to obtain
interesting dynamic quantit ies. In th i s report, 1H-water relaxation rates are
presented as function of the PEO concentration. An increase in the
reorientation correlation time of the Mn(II) he xaa qua com pi ex is observed. The
changes in exchange rate and electron spin relaxation rates versus the
concentration are less pronounced. Also H, ^C-PEO relaxation rates versus
the Mn2+ concentration are presented. From those data, tha diffusion constant
of the he xaa qua complex and the Mn -PEO distance of closest approach are
estimated. The existence of a Mn -PEO complex is not very probable.

2. Theory.

2.1 Proton-relaxation in the Mn(HgO)̂ ,2+ complex.
The H-relaxation in the Mn(II) he xaa qua com pi ex is caused by the time

dependent proton-electron dipole interaction and by scalar coupling. The
general equations for these longitudinal and transverse relaxation rates
are : 1 4 )

(2)

Toll i = TR1 + 'M1 + T I I i e
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V £ + T

-1 _ -1 T-1
T e l l i TM + I I i e

—7 1with ]iQ the permeability of vacuum (uQ = lir 10 Hm ' ) , S the electron spin

quantum number (S= ^ ) , t the Dirac constant (ii=1.055x10"^ J s ) , Yu the proton
8 - 1 — 1 > • - 1

magnetogyric ra t io (Y =2.675x10 T s ) , Y =g 0 "n the electron magnetic
11 i - i e e e

ra t io (Y =1.761X10 T S ) , r the distance between the nuclear spin and the
e
 A

electron spin.j^- the scalar coupling constant, a^ and b̂  normalized
( i .e . E.a. = 1) weights of the contributions of the three electron spin

1 -1 -1
relaxation rates Tj, and T . respectively, J((O,T) the spectral

density, tD the isotropic rotational correlation time of the Mn(II) complex

and x the residence time of a water molecule in the hydration sphere.

The correlation times x _. and i __. can be modified by the introduction
cli c l l i

of restricted water reorient at ional motions in the Mn(II) complex ' . From

neutron scattering experiments on the hydration of Ni , i t is concluded that

the variation in the ion-proton distance is very small2^ . Hence the most

probable internal motion of a hydration water molecule is a rotational

diffusion around the ion-oxygen axis. However such a motion hardly averaged

the proton-electron dipolar interaction. In consequence the modulation of the

proton-electron dipolar coupling by the internal reorientation of the water

molecules in the Mn(Il) complex will not be evaluated explicitly.

The assumption, that the electron spin can be represented by a point

dipole centered at the metal ion, is allowed for the Mn(II) complex. Computer

simulations show excellent agreement between this approximation and

theoretical calculations, in which the spin delocalization and spin

polarization are taken into account ' • " .

The reorientation of the hexaaquacomplex will be represented by one
correlation time, T_ . If no PEO-Mn binding occurs, an isotropicn
reorientation of the complex is reasonable. The reorientational correlation

time, (T_ = 0(50 ps)) , is much smaller than both the residence time
K

(TM = 0(50 ns)) and the electron relaxation time (TT. ,T > 0 (10 ns)) ,
M J.16 .£21©

t h u s Tcl i " T c l l l " V

The electron spin relaxation i s characterized by multi exponential decay.

However at low magnetic field strength the relaxation is approximated

adequately by a single exponential decay. The longitudinal relaxation rate i s
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approximated by a single exponential decay for OJT.<10 within 10%

accurately1"'.

1 +U) T

where
- 1 - 1 - 1

T c - TR + T v

and T is the mean time between collisions of the solvent molecules and the
v 2

Mn(II) complex. The coupling constant A is the mean square zfs tensor.

The scalar coupling does not contribute to R.^ for (&> -<A,)I T T - » 1 . The

contribution of the scalar interaction to R_M i s exclusively through

J(0, t T . ) and proportional to (TT. + tM ) . The frequency dependence of this

contribution arises from the frequency dependence of the electron relaxation

ra t e . Thus NMR provides a method to study the electron relaxation, if

T,., > T,, . The residence time TU i s field independent and i s often
l i e M M

determined from temperature dependent experiments ' f ; .
Summarizing, eqns. (1) and (2) reduce for the present application to

1 A 2

3 ft
with

( | ) S(S+1) J(O,TeI) (5)

In both R^ and R^n frequency dependence in the 5 to 300 MHz range will be

occur due to the J(w , t n ) terms in view of the expected order of magnitude
& ft

of xR . The frequency dependence of R2M contains an additional contribution

from the scalar mechanism due to the term J(O,T T ) J when R shows

dispersion, i . e . around m t « 1 this contribution will be frequency

dependent.
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2.2 Proton, car~-.on-13 relaxation outside the Mn(II) hexaaquacomplex.
The nuclear relaxation of protons and carbon-13 outside the f i r s t

hydration sphere of the Mn̂ * ion is caused by proton-proton and proton-carbon
interaction and by interaction of the proton and carbon nuclei with the
electron spin. The different relaxation mechanisms are considered to be
independent. The experimental relaxation rate i s obtained by adding the
different contributions. The 1H relaxation in pure water was studied by
Lankhorst et a l . ' , whereas Benko et a l . reported 1H-water and 1H-PEO
relaxation ra tes 2 9 ^ . Recently the PEO dynamics in D20 were investigated by

H- and ^c-nuciear magnetic relaxation™'.

The interaction with the electron spin is modulated by the relat ive
translational diffusion of the water molecules, PEO-segments and the Mn(II)
complex. A simple translation model is used here. The particles are
represented by spheres with the nuclei in the center. No interaction
potentials are incorporated^ . The uncharged continuum model, which ignores
both e lectrosta t ic interactions and solvent structure, i s used. The presence
of at least one water layer between the Mn-ion and the nucleus under study
reduces both the influences of the solvent structure and e lect ros ta t ic
interactions among the PEO-chain (or watermolecules outside the Mn(II)
hexaaquacomplex) and the Mn - ions. Expressions for the nuclear relaxation
rates due to translational diffusion of spherical particles under the
simpl if action: J(<o +wT].) " J(u) -a)-) * J(u> ) are:

Rlt - f f $ [ ) Y^*2S(S*1> nM d"3l6j(«j.) + 14J(«e)} (6)

R2t = ff O
where I represents the proton or carbon-13 nuclei and n^ the number
of Mn + ions per unit volume. The electron relaxation time (> 15 ns) i s much
larger than the translation correlation time (0.70 ns for PEO nuclei) .
Neglecting this electron spin relaxation contribution the spectral
density J(w) is defined by:
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with J (a)) a spherical Bessel function of order j , D the average diffusion

coefficient (D^CDj + DMn)) and d the distance of cloaest approach. The

maximum value of the integral is -r^ , obtained for —TT-«1 • However this limit

is not satisfied for the protons, in consequence the analytical solution is

I(x) = J [J (u)]2 - j — = x~5{x2- 2 + e'x[<x2-2)sin x + (x2-^x+2)eos x]}
0 % u +(x Vt)

(9)

Because the condition—— > 1 is fulfilled, the spectral density J(v>e), is

small compared to J(u ) at high magnetic fields.

The contribution of scalar interactions to the relaxation rates R and

R_. will not be noticed, for the exchange time representing this interaction

for polymer H and ' -"C nuclei will be related to the translational diffusion

coefficient and is therefore of the order of 10 ps. In consequence the terras

for the scalar interaction are omitted in eq.(6) and (7).

2.3 The two state solvent model.

The observed ^-water relaxation rate is an average of the relaxation

rate in the Mn(II) hexaaquacomplex and the bulk relaxation rate, because the

exchange rate is much faster than the experimental relaxation rate . The

experimental relaxation is mono-exponential and the rate is given by:

(IVexp " PwRiw + PM RiM ( 1 0 )

with Pw = -:? •- , q the hydration number (q=6) and •._ _ the mole
M 55.52+ 55o

fraction of Mn ions. RiM is the relaxation rate of protons in the hydration

sphere and R, is the relaxation rate of protons outside the hydration
2+sphere. The latter contains the relaxation rate measured in Mn free samples

in addition to the translational contribution R modulated by the electron

spin.

The expression for Riw i s :
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Riw=RiH i t

where R^ is the proton relaxation rate due to the proton-proton dipole

interaction. The values of R^ and Rit relative to P^ RiM indicate the

importance of Riw in diluted Mn solutions. The RiH, resulting from proton-

proton interactions, includes both an intramolecular and an intermolecular

part2*^. Because RIH(intra) > R iH(inter), only the RiH(intra) value is

considered to obtain the order of magnitude:

R.H(intra) _ Y 2 r 6 ^

PM R i M W \H J \ * " N ° }

where rHH is the water intramolecular proton-proton distance (rHH=0.15 nm) and
rHMn d e n o f c e s t n e proton-electron spin distance in the Mn(II) hydration complex
(rHMn = 0.28 nm). The water correlation time !„„ i s 2 ps, whereas the

correlation time of the Mn(II) he xaa qua com pi ex T.,,, is 30 ps . The
HMn

intermolecular proton-Mn(II) relaxation rate relative to P^ R^ is independent
io

2+of the Mn concentration

NA(rHMn)

PMR iM T R d D "

The hydration number of the Mn(II) complex q i s 6, the distance of closest
approach d is 0. 4 nm and the translational diffusion coefficient D is
1.6x1O9 m2s"1.

The contribution of the water proton relaxation outside the Mri(II) hexaaqua
complex due to the coupling with the electron spin is always significant for
the spin-lat t ice relaxation. As far as R2 i s concerned, R2H and R2t hardly
differ from R^ and Ri t , whereas R^ is considerably larger than R^ as a
resul t of the scalar contribution (see eq.(5)) .

The observed 1H, 1^C-PEO relaxation is determined by the translational
contribution (R,,.) and the intram iecular polymer proton-proton or proton-
carbon dipole interactions.

R i lHere the rat io •—=• (I = H or C) is of interest
R i t
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TI
Rit ' V (rHI)

6

The difference in the rat ios for 1H and 1^C is determined by:
rHH = " * ^ nm ^ ^ rHC = " • ' " nm*

It i s concluded that corrections have to be applied to the ^H and ^ c
relaxation rates to obtain the contributions due to the interactions with
Mn2+. These corrections, the relaxation rates of the Mn2+ free solutions, are
known. However the intramolecular and intermolecular Mn2+ induced relaxation
rates cannot be obtained separately from NMR experiments. For water protons
the smaller intermolecular contribution is estimated to obtain the
intramolecular contribution. The Mn2+ induced relaxation rates of PEO protons
(carbon-13) are interpreted by the intermolecular mechanism exclusively.

3. Exper i mental.
The PEO used, was PEG 20000 (DP=36O) a Merck product. The PEO solutions

were prepared as described previously^ . The polymer H-and ^C-relaxation
measurements were performed with D20 solutions, whereas the H-water
experiments were performed with H2O solutions. In the la t t e r experiments, the
PEO protons contributed to the H signal. Because the fractions PEO and water
protons were known, a biexponential f i t of the relaxation data provided the
different relaxation r a t e s .

The D20 used in the polymer nuclear relaxation experiments, was obtained
from Aldrich Chemical Co (100.0$ D). The hydration water of MnCl2 (Aldrich
Gold label) was exchanged by D20, when D20 solutions were prepared. The amount
of Ĥ water was obtained from I.R. spectroscopy.

The 1H-water relaxation rates were measured at 270 MHz (6.3 T), 90 MHz
(2.1 T), H5 MHz (1.06 T), 22.5 MHz (0.53 T), 11.25 MHz (0.26 T) and 5.63 MHz
(0.13 T). At the highest field the sample was thermostated by a i r (Bruker VT
1000 thermostat). At the other f ie lds , the temperature was maintained at
25.0±0.5 °C by fluid thermostating (Fluor iner t , grade FC 43; Minnesota; USA).
The H-PEO experiments were performed at 270 MHz and 90 MHz, whereas the ' c -
measurements were performed on a Jeol JNM-FX-200 C).7 T). The la t ter
spectrometer was also air thermostated.
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The 2.1 T Bruker WM 90 electromagnet was used to obtain the low magnetic
f ie lds . This magnet was equipped with a flux stabi l izer and a home-made
external field frequency lock. The lock sample consisted of trifluoroacetic
aeid doped with MnCl2» except for the 90 MHz experiments. Then the lock sample
was LiCl in DMF doped with MnCl2. The lock nuclei were ' " F and 7Li
respectively. The high-field experiments performed on the superconducting
magnets were not frequency locked.

The longitudinal relaxation rates were obtained from phase alternating
inversion recovery experiments. The 1^C T-| experiments were proton
decoupled^'. The ^-transverse relaxation rates were obtained from spin echo
experiments for R >10 s~ and from Carr Pur cell Gill Meiboom experiments
for R_ <10 s . The 1^c transverse relaxation rates were obtained from Carr
Purcell Gill Meiboom experiments, only proton decoupled during the
detection^^>35.36)^ T n e contribution of the scalar J-coupling between
carbon-13 and protons was minimized by using pulse spacing smaller than 1 ms.
The spin-spin carbon-13 relaxation rate is then given by the carbon-proton
relaxation rate and the carbon-Mn^+ induced relaxation r a t e .

4. Results and Discussion.
4.1 Solvent: 1H-relaxation data.

In the figures 1 and 2, the observed 'H-water relaxation rates are

plotted versus the polymer concentration for the different field strengths. An

increase in the longitudinal relaxation rate as function of the PEO

concentration is observed, indicating an increased reorientational correlation

time of the Mn(II) he xaa qua complex. The frequency dependence of the

longitudinal relaxation is caused by the J(u> ) term in eq.(if), a T =1
e e n

at 0.3 T.
A stronger field dependence is observed for the transverse relaxation

rates. The increase in relaxation rate with increasing field strength in the
frequency range studied is caused by the electron spin relaxation contribution
in the scalar interaction. The decrease of the electron spin relaxation rate
at high fields leads to an increase of x . . and an increase of the scalar-term
in R2M with increasing field.

In order to obtain the contribution of the Mn(II) complex to the Fig.1.
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6 8 10
molality, monomol/kg solvent

Fig. 1 -

The experimental 1H-water longitudinal relaxation rates as function of the PEO

concentration at different proton frequencies.

-|- : 270 MHz; x : 90 MHz; O : ^ mzl • : 2 ? - 5 mz'< A = 11.25 MHz;
* : 5.63 MHz.
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molality , monomol/kg solvent

Fig.2.
The experimental 1H-water transverse relaxation rates as function of the PEO
concentration at different proton frequencies.

-|- : 270 MHz; X ! 9° M H z : O : ^5 MHz; • : 22.5 MHz; A = H»25 MHz;

# : 5.63 HMz.



-66-

relaxation ra te , Riw (eq.10) has to be estimated. The proton-proton
contribution to the relaxation is 0.3 s~1 2°>. The contribution due to
translational diffusion of water molecules, outside the hydration sphere,
relat ive to the Mn2+ ions is calculated (eq.(6) and (7)) using d=0.4 nm and
D=1.6x10~9 m2 s"1 9 ' 2 8 ) . This intermolecular Mn^H contribution is 0.5 s~1 at
6.3 T and 1,4 s"1 at 0.13 T. The concentration of Mn2+ is 0.90 mmol/kg
solvent. The resulting R.K, values for the aqueous Mn?+ solution without PEO

1 M
are presented in table I . From the frequency dependence of R.,, :

! M

TD = 32 + 3 ps and r = 0.280 ± 0.005 rm.n

This f i t i s shown in figure 3. These results are in agreement with previous

results1 6 ' 2 5 ) .

The overall correlation time T^ of the Mn(II) complex is related to the
n

radius of this complex. The Stokes-Einstein relation for the rotational
diffusion time of a sphere in a viscous medium is given by

XR ~ 3kT

Substitution of iD = 32 pa, n = 8.9 x 10~1 cP, k = 1.38 x 1O"23 J K"1 and T =
298 K yields a radius of 0.33 rrni. The radius obtained in th i s way is somewhat
smaller than the sum of the ionic radius of Mn (0.08 nm) and the diameter of
a water molecule (0.28 nm). An exact correpondence is not expected, because
the microscopic structure and the internal mobility of water molecules of the
Mri(II) he xa qua com pi ex are not incorporated. The electron-proton distance r is
in good agreement with the Ni -deuteron distance obtained from neutron
diffraction experiments *'.

The dipolar term in R?M , calculated using T =32 ps , is subtracted
from R?M to obtain the scalar contribution. The scalar contribution is given
by:

1 $ ) S(S+1) J(0.x e I ) - 1 f | ) 2 S(S+1) ( T ' 1 + Tj^)"1

for co » i* + T"co + T . The residence time, x , is known from temperature

dependent measurements: •!„= (4.8±0.2) x 10"° s 2 ° ' 2 ^ ) . The f i e ld dependence



-67-

Table I

The experimental relaxation rates and the calculated rates for protons in the

Mn(II) hydration complex and the scalar contributions, cpE0=0; cMnC1 =9.0x10

mol/kg solvent.

vu(MHz)
n

270

90

45

22.5

11.25

5.63

R1exp ( s

6.48±O.1O

6.72±0.10

6.96+0.10

8.15±0.10

11.2 ±0.2

14.8 ±0.2

1) R1M(s-1)

5.83x104

5.99x1O4

6.15X1O4

7.22x104

10.2 x104

13.7 x104

\5k±2

88.2±1

58.9+1

41.5±1

35.7±0.5

38.4±0.5

) R2M(s-1)

15.8 x105

8.96x105

5.95x105

4.15x105

3.53X105

3.78x105

( R 2M } S C ( S

15.1 x105

8.27x105

5.24x105

3.34x10^

2.46x105

?.35x105

Table II

The experimented relaxation rates and the calculated rates for protons in the

Mn(II) hydration complex and the scalar contributions; cpEO=9.8 moleq/kg;
cMnCl =9-Ox1°" mol/kg solvent.

270

90

45

2 2 .

11.

5.

Hz)

5

25

61

R1exp(s

12.9±0.3

12.8±0.3

12.7±0.3

13.2+0.3

16.0±0.3

20.4±0.3

-1

1 1 . 5 X 1 0 4

11 .2x 1 0 4

1 1 . 1 X 1 0 4

11.4x 104

1 4 . 1 X 1 0 4

18.2X104

R2exp ( s

184±5

116+3

78±2

50 ±2

38±1

36±1

18

11

7

4

3

3

-1

.6x105

.6x105

.8x105

.9x105

.7x105

.5x105

(R?M)SC(s"1)
en

17.3X1O 5

1O.3x1O 5

6.5x105

3.fx105

2.1x105

1 .4x105
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2 x 1 0 ^

5.63 11.25 22.5 45 90 270 v (1H)

Fig.3.
The 1H- Mn(II) hydration water longitudinal relaxation rates as function of

the frequency v
x : op E 0 = 0 moleq/kg;
0 : c p E 0 = 9 . 8 moleq/kg;

Fi t : TO = 32 ps and r = 0.28 nm.
R

Fit: TD = 65 ps and r = 0.283 nm.
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of the scalar interaction is caused by TT. . At low field strengths
, lie

T, becomes frequency independent. Although our results can be f i t ted

with T =3.3 ps and A =5.6x101® s"2 1 7 \ other solutions are possible within
o 1 ft -o

the experimental error e.g. i =4.0 ps; A = 5.1x10'° s (see figure H) . If
2 c

both T and A are variable no exact solution can be given. In the f i t s the
e 2

scalar coupling constant i s slightly dependent on T and A , because tM Is a
fixed quantity: , | =(3.5 ± 0.1) x106 rad s"1 .

The results for the PEO solutions can be interpreted in an analogous way.
Here only the most concentrated polymer solution is evaluated. The other
concentrations will lead to solutions between polymer free and the most
concentrated polymer solution. To calculate R in this solution a 1H-water
proton-proton dipole relaxation rate of 0.8 s~1 i s used2^'. From water self
diffusion measurements as function of the PEO concentration, i t i s found that
the translational diffusion of water i s reduced by a factor two^?'. In
consequence the translational diffusion coefficient is estimated to be
D=0.9x10~' m s , to obtain the electron-proton translational contribution to
the experimental relaxation rate (0.9 s at 6.3 T , 1.9 s at 0.13 T). The
proton relaxation in the Mn(II) hexaa qua complex i s then calculated. These
results are presented in table I I . From the frequency dependence of R,., :

in
T_ = 65 ± 5 ps and r = 0.283 ± 0.005 run.

K

The f i t i s presented in figure 3. The reorientation correlation time in the
concentrated PEO solution is a factor two larger than in PEO free solutions.
The retardation of the Mn(II) complex is caused by the presence of the PEO
chains. At the nE0 concentration 9.8 monomol/kg solvent almost all water
molecules are influenced by PEO. The Mn(II) complex will be preponderantly
surrounded by PEO segments. The relat ively small increase in reorientational
correlation time, to , suggests a weak interaction between the PEO segments

H

and the Mn(II) hexaquacomplex.
The enhancement of the correlation time t_ in PEO solutions is

n
interpreted by change in the microscopic surroundings of the Mn(II)
hexaa qua com pi ex. E.g. the water reorientation time of water molecules in the
proximity of PEO is increased by a factor of 2 to 5^ ' . An interpretation in
terms of macroscopic viscosity is not useful because in polymer solutions the
microscopic viscosity i s well known to be appreciably smaller.
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The contribution of the electron-proton dipolar part in R is again

subtracted to obtain the scalar contribution. A stronger frequency dependence

is observed in (S2M)SC . Fitting these results is more difficult than for the

aqueous solutions, because the exchange time T.. is also unknown. Starting
M

from TM=«.8X10~8 s the f i ts for xQ = 9.0 ps; A2 = 5.1x108 s"2;

^ = 3.6x106 rad s"1 and tc =6.0 ps; A2=5.7x108s~2; £ =3.7x1O6 rad s"1 are

presented in figure H. Larger TM values, leading to smaller
2 A

A and B- values, are not probable, for a larger zfs than for aqueous solutions

should be expected: the symmetry of the Mn(II) hydration complex will be more

easily disturbed. Smaller TM values result in a larger zfs, however they also

result in larger scalar coupling constants,^- . The scalar coupling constant

is determined by the electronic configuration of the water proton in the

hydration complex. This electronic configuration is not supposed to be changed

largely by the presence of PEO. From the present relaxation study, i t is

therefore concluded that the residence time of water molecules in the Mn2+

hydration sphere will be hardly influenced by the presence of PEO.

The increase of the electron spin correlation time, x , is in agreement

with the ESR results of Vishnevskaja et a l . ' . From the same ESR

measurements, the existence of very slow motions and/or large zfs were

suggested, because the signal intensity was reduced as function of the PEO

concentration. The NMR results do not confirm this suggestion of large

transverse electron spin relaxation rates, R- . If T = T.. , T , then

the expressions (1) and (2) instead of (4) and (5) have to be considered.

Because both T j i e and T I I i e are increasing in the range
a) T » 10 to (a T » 10 i the correlation times T r.and T T T . will increase as
e c e c cli e l l i

function of the field strengths and the dispersion of R1M is not described by

one correlation time. However the observed field strength dependence of R1M

for the concentrated PEO solution can be interpreted excellently using one

correlation time, xR= 65 ps . Although small changes in Tjj e and T j I i e as

result of the PEO presence can not be excluded, i t is concludes that s t i l l
T I i e ' TIIie y TR •
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4x105-

2x10 5 -

5 63 11.25 22.25 45 90 270 vfa)

Fig.4.

Tfie H-Mn(II)-hydration water transverse relaxation rate as function of the

frequency v :

x : cp E 0 = 0 moleq/kg; : t = 3-3 ps; A = 5.6x1018 ?~2;

| = 3-5x106 rad s " 1 ; TM =4 .8X10~ 8 S; : TC =4.0 ps;

A2 =5.1x10 i 8s"2 ; ^ =3.5x106 rad s " 1 ; i^ =4.8x10~8s.

0 : opE0=9.8 moleq/kg; : xc 9.0 ps; A2 =5.1x1018s~2 ;

A =3.6x106 rad s " 1 ; T =H.8x10-8
S; : T 6.0 ps;

A2 =5.7x1O i8s"2; ~ =3.7x106rad s " 1 , TM =]
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4.2. PEO:1H, 1 3 relaxation data.
The ^-PEO relaxation rates as function of the Mn2+ concentration at

cpEg=0.75 monomol/kg solvent are shown in figure 5 and table I I I . The
l inear i ty of the curves suggests the absence of repulsive or at tract ive
interactions among Mn ions and the PEO-chain^1 . Fast exchange of the Mn(II)
he xaa qua com pi ex between the phase disturbed by PEO and the bulk water phase
will lead to a linear relation of relaxation rate versus Mn2+ concentration.
The small dispersion also indicates the absence of slow exchange processes.
Application of the equations (6) ,(7) ,(8) and (9) then leads to the
translational diffusion coefficient and the distance of closest approach.
The 1^C-PEO relaxation ra tes , presented in figure 6 and table IV, are
evaluated analogously to the ^-PEO data.

The Mn2+ induced relaxation mechanism of PEO nuclei can be of intra
molecular or intermolecular origin. In ease of an intramolecular relaxation

mechanism, the existence of Mn -PEO complexes i s implied. However
2+direct Mn - PEO interactions in aqueous solutions have never been reported.

The small difference between the slope of R2 and R-j for polymer nuclei as

function of the Mn2+ concentration (figures 5 and 6) also suggests the absence

of a large scalar contribution and in consequence the absence of strong Mn2+-

PEO complexes.

Thus the Mn2+ induced relaxation of polymer nuclei i s interpreted by an

intermolecular process involving the fully hydrated Mn + ion. The expressions

(6) and (7) are applied to analyse the data. For 'H-PEO, both the frequency
R2 d 2

dependence and t h e (—) ra t iO3 y i e l d t h e same r a t i o j— :

£ - - (7.0 ± 0.5) x 10"10s

Additional scalar relaxation mechanisms are not indicated, confirming the
absence of Mn2+-PE0 complexes. Further evaluation of the data by substituting

d2
the known integral I (x ) , eq.(9) , into eq(6) gives dD. Using =- , obtained from
the frequency dependence, yields:

d - 0.1)45 ± 0.010 nm and D = (2.8 ± 0.2) x 10~10 m2s~1.

The translational diffusion coefficient D represents the mutual PE0-Mn2 +
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8 10 12 U
mmoIMn2*/!

Fig.5.

The 1H-PEO relaxation rates versus the Mn2+ concentration at two magnetic

f ields. The PEO concentration; opEO«0.75 moleq/kg solvent.

A : R1 , 270 MHz; A : R2' 2?° MHz-
X : Rp 90 MHz; g) : R2, 90 MHz.
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0.05 0.10 0.15
mol Mn2*/l

F i g . 6 .

The 1^C-PEO re laxa t ion r a t e s versus the Mn2+ concentrat ion at 4.7 T. The PEO

concentra t ion; c p E 0 - 0 . 7 raoleq/kg so lven t .

X : *1 • j . ! R ,
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Table III

The 1H-PEO relaxation rates as function of the Mn2+ concentration.

cMr

0 .

1 .

6.

8.

1 4 .

2+(mmol

0

5

1

1

0

1

5

18

23

38

R

90

.90±0

.6

.3

(

±0

±0

+1

+1

. 0 5

.2

.5

X

MHz

)

=

R

1

7

23

31

52

1 .

• 95±O

.3 ±0

.5 +0

±1

+1

05

2

5

38±O.O3

R 1

1

4

13

18

30

«,

• 75±O

.5

.9

. 0

+0

±0

±0

±1

s,

270

. 0 5

. 2

.5

.5

I n

MHz

R2 (s

1 .

6.

22.

28.

48

' '

90+0.

9

1

7

1.62+0.

± 0 .

±0.

± 0 .

±1

03

05

2

5

5

Table IV

2 +The •'C-PEO relaxation rates as function of the Mn concentration

50 MHz 1 3C

cMn2+(mol/il)

0

0.02

0.05

0.10

0.15

R 1

1 .

4.

8.

16

23

(s"1

8±0.

8±0.

7±0.

±1

±1

>

1

2

5

H2(

1 .

1 0 .

18

29

s"1)

9+0.

-

1+0.

±1

+2

1

5
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diffusion, D^CD^+DpgQ). The local translational diffusion of PEO protons is
not known. An estimate will be given. The PEO segment mobility is described by
a fast internal rec i s t a t ion and a slower overall reorient at ion 3 ° ' .

I t is convenient, to analyze the anisotropic polymer segment reorientation
in terms of the rotational diffusion motions of an ellipsoid in a viscous
medium. For the flexible polymer PEO, the length of a dynamic polymer segment
is about 1 nm. The fast reorientation process i s related to the rotation
about the long axis of the ell ipsoid. Then the translational diffusion of
polymer nuclei due to the fast internal reorientation can be evaluated by
representing a polymer segment by a cylinder. Using a radius of 0.1 nm and a
rotational diffusion coefficient of 10~1° s~1, the translational diffusion
coefficient is about 1x10"10 m2s~1 for nuclei fixed in the boundary of the
cylinder. The nuclei at the centre of the cylinder do not experience th is
translational motion. Depending on the position of the polymer nuclei re la t ive
to the internal reorientation axis, the translational diffusion coefficient of
the Mn(II) hexaaquacomplex, 0^=20 - DpEQ, i s in the range:

DMn = (4.0 - 6.0) x 10~10 m2 s"1

The polymer protons are expected to be on the edge of the cylinder, thus the
most probable DMn value is 1.6x10 m s ~ . This value i s smaller than in
diluted MnCl2-D20 solutions (5.7x10~10 m2s~1) 9 ) . However the retardation of
the translational diffusion in PEO solution i s moderate and i s in agreement
with the reduced rotational diffusion of the Mn(II) hexaaquacomplex.

The Stokes-Einstein expression for the translational diffusion of a
sphere in a viscous medium is

with a the radius of the sphere, n the viscosity of the medium, k the
Boltzmann constant and T the temperature. The viscosity of the medium (D20) is
1.1 cP. Substitution of T=-298 k and a=0.33 nm yields D=6.0x10"10 m2 s"1 . This
value is in agreement with the experimental value of 5.7x10" m s . The
obstructions caused by the presence of PEO chains decrease the tranalational
diffusion of the Mn(II) complex moderately. An interpretation in terms of an
increased macroscopic viscosity is not appropriate for dilute PEO solutions.
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Complete agreement between the decrease of the translational rotational

diffusion coefficient of the Mn(II) he xaa qua complex can only be verified if

these quantities are obtained from identical samples. The rotational

correlation time TR i s proportional to R1M at 270 MHz (eq.(4)) ,

for ui t_>>1 and U>L,TR«1 at 6.3 T. The interpolated R1M value for CpgQ - 0.75

monomol/kg solvent yields an average T_ of 33-7 ps . The average rotat ional
K

correlation time i s the weighted sum of the correlation times in the PEO

disturbed phase and the bulk phase. The PEO disturbed phase with retarded

mobility of the Mn-complex may consist of two water layers , approximately

the Mn(H_0),+ diameter. In terms of water molecules, the PEO disturbed phase
2 0

consists of about 15 water molecules per monomer. The associated fraction i s :

15

P E 0 0.20
55.5

The rotational correlation time of the Mn-complex in the proximity of

PEO, x_(PEO) , is then given by:
n

TR = (1-P) TR(H20) + P TR(PEO)

Substituting T =33.7 ps, T D (H O 0)=32 ps and P=0.20 leads to

To(PE0) = 41 ps

T (PEO) D
Mn ( H?0 )

I t i s concluded that the rat ios > . = 1.28 and • , . = 1.24 are in
V H 2 0 ) DMn(PE0)

good agreement at cpE0»0.75 monomol/kg solvent.

The distance of closest approach, d=0.445 nm, excludes direct Mn2+-PE0

contact. The value of d does not represent the Mn -1H-PEO distance exactly.

Because of the simplications introduced in the theoretical section, e .g . no

delocalization of the electron spin, no eccentrici ty for polymer nuclei and

isotropic diffusion^1 ' , d i s an effective quantity.

The 1^c-PEO relaxation data are analyzed analogously to the 1H-PEO data.

ft

It is noticed that the ratio (•=-)„ approaches the value A
H, Mn D

, 2 2
u>_d ui d

indicating _k < 1 and e >> 1. As a consequence of the small
D D
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(•r-) r a t i o and the large experimental error in the 1:*C-transverse relaxat ion
K ~ Mn

r a t e s , the evaluation of d and D i s less precise:

d - 0.H5 ± 0.03 nm and D = (3.0 ± 0.3) x 10~10 m2 s~1

The D-value may be increased by a r i se of temperature in the sample

during the Carr-Purcell-Gill Meiboom sequences. The large number of n-pulse

applied during a short period can increase the temperature by a few degrees.

The D-value suggests a contribution of carbon translation due to internal

polymer motions analogously to the polymer protons.

The d, D-values obtained may reflect the non specific nature of the

interaction of PEO and the he xaa qua com pi ex: if well defined configurations

were predominant the distances of closest approach could well be inequal for
1H and 13C.

5. Conclusions.

The enhancement of the H-water relaxat ion ra tes due to the presence of

Mn - ions i s interpreted by an intramolecular and an intermolecular electron-

proton dipole interact ion and a scalar contr ibution. The scalar contribution

i s modulated by the electron spin relaxat ion time and the residence time of

protons in the Mn(II) hydration complex. The intermolecular Mn2+-1H

contribution i s estimated to obtain the intramolecular contribution. The

l a t t e r yields the reor ienta t ion time of the Mn(II) he xaa qua com pi ex. This

reor ien ta t ion time and the electron spin correlat ion time are enhanced by the

presence of PEO. The small changes in H-water relaxat ion behaviour as

function of the PEO concentration suggest the absence of Mn -PEO complexes.

The Mn2+ induced 1H, 1^c-PEO relaxation i s explained by an intermolecular

electron-proton (carbon-13) dipole mechanism. The t rans la t iona l diffusion of

the Mn(II) hydration complex i s s l igh t ly reduced by the presence of PEO. The
1H, 1^C-PEO relaxation data do not indicate di rect Mn2+-PE0 in te rac t ions . The

absence of direct Mn2+-PE0 interact ions i s in accordance with resu l t s from

previous nuclear magnetic relaxation experiments:

1) The polymer dynamics are not changed d ras t i ca l ly by adding MgSO^0)

2) The quadrupolar relaxat ion r a t e of strongly hydrated ions l i ke Mg is

hardly influenced by the presence of PEO, suggesting small perturbations

of the water hydration sphere by PEÔ  ' .
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From the present solvent and polymer nuclear relaxacion results i t i s

concluded that:

a) the Mn2+ he xaa qua com pi ex i s not dismantled in aqueous solutions of PEO.

b) at a concentration of 0.75 monomol/kg solvent the translational diffusion

coefficient of the Mn2+ complex is 81? of the value in aqueous MnCl2 and

the rotational diffusion coefficient is 78$ of the value in aqueous MnCl2
solutions.



-80-

Hef e r e n c e s .

1. W. Brown, R. Johnson , P. S t i l b s and B. Lindman, J . Phys.Chem., 87_, 4548

( 1 9 8 3 ) .

2 . F. H e a t l e y , H.H. Teo and C. Booth, J .Chem.Soc.Faraday T r a n s . 1, 80_, 981

( 1 9 8 4 ) .

3 . P.G. Ni lsaon and B. Lindman, J . Phys .Chem., 88_, 5391 ( 1 9 8 4 ) .

4. E.A. Boucher and P.M. H i n e s , J .Po lym.Sc i .PP , V^, 2241 ( 1 9 7 6 ) .

5 . E. F l o r i n , R. K j e l l a n d e r and J . C . E r i k s s o n , J .Chem.Soc. Faraday 1, 8£,

2889, ( 1 9 8 4 ) .

6. Y. Cheva l i e r and C. Chacha ty , J .Phys .Chem. , 8£, 875 ( 1 9 8 5 ) .

7 . I . Solomon, Phys .Rev . , j?9, 559 (1955)

8. N. Bloembergen and L.O. Morgan, J . Chem. Phys , _34_. 842 ( 1 9 6 1 ) .

9. S.W.T. Westra and J . C . L e y t e , J . Magn. R e s . , _3_!i> 4 7 5 ( 1 9 7 9 ) .

S.W.T. Westra and J . C . L e y t e , Ber . Bunsenges . p h y s . Chem., ^3_, 678

( 1 9 7 9 ) .

10. J . Oakes and E.G. Smith , J . Chem. Soc . Faraday T r a n s . 2 , TU 299 (1981)

1 1 . S.H. Koenig and R.D. Brown, Magn. Res . Med., j _ , 437 and j _ , 478 (1984) .

12. S.H. Koenig , C. B a g l i n , R.D. Brown and C.F. Brewer, Magn., Res . Med., J_,

496 ( 1 9 8 4 ) .

1 3 . L. Banci , I . B e r t i n i and C. L u c h i n a t , I n o r g . Chim. Aota , 222.' 1 ? 3 (1985) .

14. J . Kowalewski, L. Nordensk iS ld , N. B e n e t i s and P.O. West lund, P rog . NMR

S p e c t r . , V7., 141 ( 1 9 8 5 ) .

15. A. Abragam, "The P r i n c i p l e s of Nuclear Magnet ism", U n i v e r s i t y P r e s s ,

Oxford ( 1 9 6 1 ) .

16. M. R u b i n s t e i n , A. Baram and Z. Luz, Mol. P h y s . , ^p_, 67 ( 1 9 7 1 ) .

17 . G.H. Reed, J . S . Leigh and J . E . P e a r s o n , J . Chem. P h y s . , 55^, 3311 ( 1 9 7 1 ) .

18 . A. Hudson and G.R. L u c k h u r s t , Mol. P h y s . , 2i> 395 ( 1 9 6 9 ) .

19. R. Poupko and Z. Luz , Mol P h y s . , 36 , 733 ( 1 9 7 8 ) .

20. F.M. Gumerov, B.M. Kozyrev and G.P. V i shnevska ja , Mol. P h y s . , 2$, 937

( 1 9 7 5 ) .

2 1 . G.P. V i shnevska ja , F.M. Gumerov, O.A. Nardid and V.A. Moiseev, Zh.

S t r u k t . Khim., J_£, 1020 ( 1 9 7 8 ) .

22. R.P.W.J. S t r u i s , J . de B l e i j s e r and J . C . L e y t e , J .Phys .Chem., V\_, 1637

(1987) .

23 . G.W. Nei l son and J . E . Ender'oy, J . P h y s . C , V\_, 625 ( 1 9 7 8 ) .

24 . D. Waysbort and G. Navon, J . Chem. P h y s . , 6£, 1021 (1975) and 681, 3074

( 1 9 7 8 ) .



- 8 1 -

25. L. Nordenskiöld, A. Laaksonen and J. Kowalewski, J. Am. Chem. S o c , 104,

379 (1982).

26. M.S. Zetter, G.Y.S. Lo, H.W. Dodgen and J.P. Hunt, J. Am. Chem. Soc,

100, 4430 (1978).

27. Y. Ducommun, K.E. Newman and A.E. Merbach, Inorg. Chem., J2.< 3696 (1980).

28. D. Lankhorst, J. Schriever and J.C. Leyte, Ber. Bunsenges. phys. Chem.,

86_, 215 (1982).

29. B. Benko, V. Buljan and S. Vuk-Pavlovic, J. Phys. Chem., 84_, 913 (1980).

30. Chapter II.

31. P.H. Fries and G.N. Patey, J. Chem. Phys., 8p_, 6253 (1984).

32. P.S. Hubbard, Proc. Roy. Soc. London, A291, 537 (1966).

33. D. Doddrell, V. Glushko and A. Allerhand, J. Chem. Phys., 56_, 3683

(1972).

34. R.L. Void, J. Chem. Phys., 56_, 3210 (1972).

35. R. R. Void and R.L. Void, J. Chem. Phys., ̂ , 320 (1976).

36. R. Freeman and H.D.W. Hill, J. Chem. Phys., 54_, 3367 (1971).

37. P.C. Nilsson and B. Lindman, J. Phys. Chem., ^ , 4756 (1983).

38. Chapter V.



-82-

CHAPTER IV

SOLVENT DYNAMICS IN AQUEOUS PEO SOLUTIONS

STUDIED BY NUCLEAR MAGNETIC RELAXATION.

1. I n t r o d u c t i o n .

Nuclear magnetic relaxation measurements provide information about the
dynamic behaviour of nuclei in solution. One of the topics in NMR is the study
of sol vent-solute interactions. A lot of work has been focussed on biological
systems, e.g. water-protein interactions have been investigated by 1H, H and
1^0 water NMR1 .̂ The complexity of biological molecules excludes a simple
physical interpretation of the resu l t s . More fundamental studies of water-
solute interactions may be performed using s i l ica or synthetic polymers.

For low solute concentrations; the water-solute interactions often result
in small effects on the relaxation of solvent nuclei as a result of the low
number of solute interaction s i tes and the smallness of the interaction. In
terms of a two phase model, the bound water fraction is small compared to the
free water fraction and the bound water mobility is only slightly influenced
in the dilute solutions. To investigate the water-solute interaction more
extensively, a large concentration range has to be examined. However in
concentrated solutions, the sol vent-solute interactions may change: a number
of solute interaction s i tes may be screened by the increase of solute-solute
interactions, the water translational diffusion will decrease and the free
water fraction diminishes and may vanish ultimately in very concentrated
solutions.

Aqueous polyethyleneoxide solutions were studied to obtain insight in the
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hydration properties of an uncharged polymer. The existence of dipole moments

in the backbone together with the intrinsic flexibility and the low thermal

stability of the solid latt ice (tn.p. ~60°C) result in the excellent solubility

of PEO in water2). Because of the complete miscibility of PEO and water, this

system can be used to study the water solute interaction over a large

concentration range.

Thermodynamic studies show a negative excess entropy and a negative

interchange energy for the water PEO interaction2 ' 3> ^ > 5i 6) _ Tnj.s is

interpreted by water structures around PEO and H-bonding is suggested. No

indications were obtained for the existence of ordered PEO structures in

water. An analogous conclusion was formulated from a microcalometric study of

PEO in water and in a water-ethanol mixture' . Large ordered PEO structures

would not be in agreement with a previous NMR study, in which short range

correlations (< 1nm) dominated .

For a quantitative analysis of the experimental data, the number of water

molecules interacting with one ethyleneoxide group has to be known. Hydration

and bulk water properties can only be measured separately in few cases. If the

exchange rate between bound and bulk phases is fast with respect to the

relaxation rates, an average rate is observed in NMR. Introducing hydration

and bulk water fractions then leads to the hydration water properties if the

bulk is assumed invariant. The hydration water fraction will be proportional

to the hydration number per ethyleneoxide group.

The hydration number per monomeric unit has been evaluated from a number

of experiments, adiabatic compressibility, evaporation, water diffusion,

chemical shift, dielectric and melting s tudies 9 ' 1 0 ' 1 1 • 1 2 > 1 3 ) . The decrease of

the adiabatic compressibility is related to the existence of bound water

molecules, whereas the change in the dielectric constant as function of the

frequency is related to the reorientational time of hydrated water molecules

and the number of hydrated water molecules'1 ^ . A sudden transition is

observed as function of the PEO concentration in the chemical shift of water

and ethylene protons, the water diffusion coefficient and the melting

behaviour. The concentration at which this singularity occurs is associated to

the hydration number of the EO group 9 ' 1 0 ' 1 1 ' 1 . Frequently a hydration number

two is found. The melting and dielectric studies yield other hydration

numbers. From the melting behaviour of PEO solutions two hydration numbers are

derived, 1.6 and 3.712^. A hydration number of 5-6 is obtained from the

dielectric measurements in 1 monomol/kg solutions *'.
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The hydration number two is interpreted by H-bonding of two water
molecules with the ether oxygen . However in dilute aqueous PEO solutions,
both the ether oxygen and the ethylene group will be surrounded by water
molecules. A structural model of the PEO water interactions in dilute
solution, in which the number of H-bonds among water molecules and between
water and ether oxygen atoms is maximized, shows an enhanced water structure
around PEO. The number of water molecules involved in the H-bonding between
two ether oxygen atoms is 51 ' .

In th is report the dynamical behaviour of water i s studied by
2H and ^ 0 nuclear magnetic relaxation. The relaxation rates are presented as
a function of the PEO concentration and DP. In order to study the ion
relaxation, a low amount of sa l t was added (0.1 m s a l t ) . The influence of this
addition on the water relaxation rates is negligible at room temperature. The
ions used here have a moderate interaction with the water molecules, and the
ion PEO interaction is even less important in aqueous solutions ' .

2. Theory.
2.1 Water dynamics.

The water dynamics can be investigated by proton, deuteron and oxygen-17
NMH. In strongly ordered liquid, the observed line spl i t t ing provides

1 71

information about the water r e o r i e n t a t i o n ' " . For less ordered samples, the
dipolar- and quadrupolar interaction tensor is averaged within the relaxation
time and no line sp l i t t ing i s observed. Then the water dynamics can s t i l l be
studied by nuclear magnetic relaxation. As a consequence of the different
orientation of the interaction tensors in the molecular frame, the rat ios of
1H, H and 1^0 relaxation rates contain information about the water
reorientation. For quadrupolar relaxation the interaction tensor is
represented by the electr ic field gradients Vvv, V,,,, and V__. The oriertation
of the principal axes of the interaction tensors for 2H and 1?0 are presented
in figure 1.18>19)

The proton dipolar induced relaxation is complicated, because both the
intermolecular and the intramolecular relaxation mechanisms contribute. In
concentrated PEO solutions, cross relaxation between PEO and water protons may
occur^13'. Hence the water proton relaxation will not be treated here.

The deuteron and oxygen-17 quadrupolar relaxation mechanism is
intramolecular. Thus the rotational diffusion motion of a water molecule is
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Fig.1.
a)

b)

The principal axis of the field gradient tensor of 2H and 1 7 0. The
watermolecule is in the xz-plane.

The polar angles describing the orientation of the Dĵ  axis relative
to the molecular frame x,y,z and indicated by ex, B .
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examined by H- and 'O-nuclear magnetic relaxation. The extreme narrowing
conditions are sat isf ied for both water dynamics in the bulk phase and water
dynamics in the hydration phase of PEO. In consequence, the relation for the
quadrupolar relaxation becomes:

2
with I the spin quantum number, —— the quadrupole coupling constant, n the
asymmetry parameter (n = - (V -V )/V )) and J(0) the reduced spectral

density defined by:

CO

5(0) = Q|PJ J G(t) dt (2)

The correlation function G(t) describes the time dependent correlaton of the
electr ic field gradient tensor components. The electr ic field gradient tensor
components are represented by functions B , which transform as second renk
spherical harmonics. A transformation is performed by Wigner matrices. The
transformation from the LAB-frame to the diffusion frame is represented by the
angle a :

12) 12) (2) ' (2) ' (2) (2)
G ( t ) = <B ( 0 ) B ( t ) >, ._ = Z, B B <D ( £ 5 ( 0 ) ) D ( f l ( t ) ) >

m mm LAB k ,n k n km nm

(3)

The transformation to the interaction frame leads to:
Gm ( t )

(1)

The l a t t e r transformation, represented by the angle ft1, is time independent.
(2V (2)" 3 (2)" (2)" n

The Bv ' components are characterized by: B ' = / | , B ^ = 0 and B^" = j .

The LAB •• DIF transformation is determined by the reorientation behaviour of
the water molecule.

In case of an overall rotational diffusion and an internal diffusion
along one axis the correlation function G(t) becomes:

(i\« tout* <?\ f>\* - < 6 D + K 2 D . ) t
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resulting in the correlation times:

T = (6 D )~1 , x. = (6 D +D. )"1 and T_ = (6 0 + 4 D. )~1 (6)
O 0 1 0 1 c 0 1

The coefficients associated with the different correlation times are different
for 2H and 170 as a result of UH H) * fl'( 0) . The angle n ' , representing
the orientation of the interaction frame relat ive to the diffusion frame, i s
not easily visualized. In consequence the orientation of the diffusion axis is
represented by the angle o and B as shown in figure 1.

The model, overall rotation with internal rotation about one axis, i s
mathematically equivalent with an anisotropic reorientational model, in which
axial symmetry is assumed. This anisotropic reorientation is described by two
diffusion coefficients Di and D. . By substituting D •* D, and D. •* D. - D. in
the eqs.(5) and (6), the correlation times and associated coefficients for the
anisotropic reorientational model are obtained.

The 2H and 1^0 relaxation data will be examined using the simple models
discussed above. Other more detailed models cannot be tested due to the fact

that no information is obtained from field dependent measurements

because WT.<<1. Only one average 2H correlation time and one avera

correlation tiihe are obtained in a given PEO sample.

2.? Model.
A two phase model is used to analyse the nuclear magnetic relaxation

data. Two regions, a free phase and a PEO hydration phase, are introduced. The
free phase is characterized by the pure solvent properties, whereas the
hydration phase contains the solvent molecules disturbed by PEO. The phase
boundaries are related to the solute-solvent interaction potential . However
the exact interaction potential is unknown. Only simplified models and
computer simulations corcerning solute-sol vent interactions have been
published2^ >22>23) t j t iS concluded that the solute-sol rjnt interaction is
short ranged. This conclusion is in agreement with the resultr of an NMR
investigation, in which the proton and deuteron relaxation ra -:_- .ere studied

Oil \

as function of the distance between clay sheets ' .
The relaxation rate in a two phase model, in wh ;h the e;.ohange between

the two phases is fast compared to the relaxation rates and slow compared to
the correlation times, is given by:
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Rexp " PRh + ( 1 - p ) R f ( 7 )

with Re the experimental relaxation r a t e , Rh the relaxation rate in the
hydration layer around PEO and Rf the relaxation rate in the free phase.

The applicability of eq.(7) i s limited to the dilute polymer solutions.
For dilute solutions, i t turns out that the results to be reported in
subsequent sections are consistent with constant values for Rh and Rf in
combination with a proportional relation of P and the polymer concentration.
In concentrated solutions, P will not be proportional to the solute
concentration as a result of increased polymer-polymer contacts and associated
screening of polymer s i tes for solvent contact. The increased polymer contacts
diminish the polymer segment mobility. In consequence the water mobility in
the hydration phase will be reduced. Both p and Rh will depend on the polymer
concentration. The expression for P i s :

P =

with c the polymer concentration in monomol/kg solvent and n the hydration

number. Substituting into eq.(7) gives:

Although the results to be discussed are consistent with a constant hydration
number below a c r i t i ca l concentration (-5 monomol./kg), th i s invariance cannot
be verified directly. In consequence Rn can not be calculated from the
experimental deuteron and oxygen-17 relaxation ra tes . The hydration numbers
presented in the previous section yield an estimate of the range of Rh and the
correlation time in the hydrated layer of PEO.

3. Experimental.

3.1 Materials.
T i different PEO fractions used in th is study are presented in Table I .

Chara^. izations were performed on a Hitachi vapour pressure osmometer, a

Knauer membrane osmometer, a KMX-6 (low angle laser light scattering) and a

Scott viscometer. The PEO samples were used without purification, except the
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Table I .

Characterization of PEO samples.

Sample

PEO 100 1

PEO 1000

PEO 4000

PEO 20000

PEO 20000

Merck)

(Merck)

(Merck)

(Merck)

iFluka)

SE-8 (Toya Soda)

PEO 30000C (Poly Science)

fin

(3-9+0.

(9.5±0.

(3.7±0.

(1.6±0.

(1.3+0.

7

(1.2±0.

2)x102

5)x102

2)x103

DxiO11

Dxio''
.8x10"

2)x105

a

a
a

b

D

C

D

DP

9

22

8H

360

300

1800

2700

a: vapour pressure; b: membrane osmotic pressure

c: value given by manufacturer.

Poly Science product. The aqueous solutions of the original Poly Science

product were cloudy and alkaline. Therefore th is sample was purified by

f i l t ra t ion and dialysis 8^.

The PEO-solutions were prepared on the basis of weight, using an aqueous

sa l t solution as solvent. The sa l t solution was enriched with 2H (0.2J w/w)

and with 0 (0.1$ w/w). The PEO solutions were degassed in a vacuum

desiccator by evacuation. Afterwards N2 or Ar was l e t into the desiccator and

the solutions were stored in N2 or Ar atmosphere at 4°C to prevent degradation

of PEO. Some of the the more concentrated solutions were obtained by

evaporation of the solvent.

The sal ts used, were of highest purity commercially available. The

enriched 2H- and 1 '0-water was obtained from the Monsanto Research

Corporation.

3.2 Nuclear Magnetic Relaxation experiments.

The NMR-experiments were performed on a pulse-spectrometer (home buil t)

at a field of 6.3T (superconducting magnet of Oxford instruments). The

temperature was maintained at 25±1 °C by a Bruker VT 1000 a i r thermostat. The
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longitudinal relaxation rates were obtained from inversion recovery
experiments, whereas the transverse relaxation rates were obtained from spin-
echo or Carr-Purcell-Gill-Meiboom pulse sequence experiments. A number of
transverse relaxation rates were determined throughout the concentration range
studied in order to check the equality of R̂  and R2 or to study the deuteron
exchange.

1. Results and discussion.
4.1 Water dynamics.

The relative 2H and 170 longitudinal relaxation rates versus the PEO

concentration are presented in figure 2 for PEO 200 (DP=4) and PEO 100 (DP=9)

and in figure 3 for PEO 20000 (DP=300 and 360) and PEO 300000 (DP=27OO). I t i s
17 ?

observed that the relat ive '0 relaxation rate exceeds the relat ive H

relaxation rate for the higher MW's. For PEO 200 the relat ive 2H relaxation is

somewhat larger. This phenomenon will be discussed in the next section.

Further an onset of curvature i s noticed in the data points presented in f ig.2

and 3.

The relat ive enhancement of the H and '0 relaxation rates may be

expressed by the rat io
f H

e x P
"H f ("0 ) Bf[

expk -R f (
2H) Rf(

170) Rh(
2H)-Rf(

2H) R f(
170)

Although A does not equal the ra t io of the relat ive 2H and 1 ' 0 relaxation
ra tes , i t may serve to identify the anisotropic reorientation of the water
molecule in the hydration phase of PEO. The ra t io of the experimental 2H and
170 relaxation rates disguises the anisotropic reorientation, wiiereas the
ra t io A emphasizes this phenomenon. The A-values corresponding to the
relaxation data in figure 2 are given in figure t and the A-values
corresponding to the relaxation data in figure 3 are given in figure 5. The
experimental error i s largest for the less concentrated solutions, in which
Rexp * f̂" T h e weighted average of the A-values of figure 5 i s 1.12. A linear
least squares f i t of these data results in:

A = (1.09 ± 0.01) + (0.001 ± 0.001) c (11)

The relat ive H and '0 relaxation rates are unequal, indicating an
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1,0-

molal ity (monomol/kg)

Fig.2.
1 7

The relat ive H- and '0 relaxation rates versus the PEO concentration at

25°C.
V : 2H

17r

PEG 200 (DP=4)

PEG 100 (DP=9)
0.1 m NaCl.
0.1 m NaBr.
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1.0-

g tnolohty(monomol/kg)

Fig.3.

The relat ive 2H and 170 relaxation rates versus the PEO concentration at 25°C

O :

Q:

2H; 17C

17f

PEG 20000 (DP = 360); 0.1 m CsCl.

PEG 20000 (DP = 300); 0.1 m NaBr.

PEG 300000 (DP = 2700); 0.1 m NaBr.
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1.1-

1.0-

0.9-

^Q molality (monomol/kg)

Fig.4.

The ratio A, defined by eq.(10) plotted a3 function of the PEO concentration.

V : PEG 200 (DP=t) and A- PEG 400 (DP=9) .
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1.2-

1.1-

1.0-

molality (monomol/kgl

Fig.5.

The ratio A, defined by eq.(IO), as function of the PEO concentration.

• : PEG 20000 (DP=36O); A : PEG 20000 (DP=300);

• : PEO 300000 (DP=2700).
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anisotropic reorientation of the hydrated water molecule even in diluted
solutions. Anisotropic rotational diffusion of water molecules may indicate
preferential orientation of water near PEO.

The water correlation time in the bound phase can be evaluated using the
following coupling constants and asymmetry parameters for H and '0 ' :

(12)

Those coupling constants are calculated from the experimental relaxation rates
in pure water using eq.(1) . The gas values are used for the asymmetry

2 17

parameters, n( H) =0.135 and n( 0) =0.75. The correlation time, describing

the isotropic rotational diffusion of a water molecule, i s calculated from the

dipolar 1H-1^0 contribution to the H-relaxation rate using rQH=0.098 run.

I t is assumed that the coupling constants are not influenced by the presence

of PEO. Then an isotropic correlation time of 2.0 ps is obtained for the

diluted sa l t solutions used as solvent. This value i s in agreement with the

value 1.95 ps found for the pure water solution, indicating the small

influence of the ions . Studying the relative relaxation rates then yields:

Rf " T f " 2 . 0 Th n i )

where i is given in ps. For the solutions c<5 monomol/kg solvent presented in
fig. I l l , the slope of the relat ive relaxation rate versus the PEO

concentration is obtained from a least squares f i t . The slope for H is

0.115 ± 0.007

and for

0.128 + 0.007.

Although the deviation in the slope is large due to the experimental error,

the difference between H and 1 ' 0 is clearly present. The relaxation rate in

the hydrated phase around PEO, Rh, can be calculated from the slope S:
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55.5 vRf '

Using a mean slope of 0.12 and substituting n=6 leads to L = 4.1 ± 0.1 pa. In
the case of n=2: x = 8.1 ± 0.2 ps. The correlation time for hydration water
molecules is therefore increased by a factor 2 to 4 depending on the actual
hydration number. The factor 2 i s in agreement with the dielectr ic
measurements of Kaatze et a l . , in which a hydration number 5-6 and — = 2.2 +
0.21 3 ) was estimated. f

In concentrated PEO solutions x. is increased. The size of this increase
h

is dependent on the hydration number as can be noticed from figure VI, in
which two cases are considered:
i ) n=6 in the concentration range 0 - 9.25 monomol/kg solvent and n = - - in

c
the more concentrated solutions,

i i ) n = 2
The actual hydration number will probably be between those two values.

Th ?The relative correlation times — of H are calculated for the PEO 20000
(DP=300 and 360) and PEO 300000 (DP=2?00) samples using eq.(9) and (13). The
concentration dependence of n in case i ) occurs because all water molecules
are hydrated from a PEO concentration larger than 9.25 monomol/kg.

The correlation time of water in the PEO hydration shell may be
influenced by the local polymer dynamics. The local polymer mobility as a
function of the PEO concentration may be studied from the 1H-PEO relaxation
rates"^. The results for — together with the relat ive 'H-PEO relaxation rates
are shown as function of the PEO concentration in figure 6. The relat ive
increase of — for n=2 is smaller than the relat ive increase of the H-PEO
relaxation ra tes . The longitudinal H-PEO relaxation rate i s largely
determined by the fast internal motion of PEO. The scaling of x. relat ive to
R-|(1H-PEO), assuming n=6 for dilute PEO solutions, leads to the dashed line in
figure 6. This l ine is in between the solutions for i ) and i i ) , however now n
is a function of the concentration (e .g . : n=6, for c = 0 and n=4
for c " 10 monomol/kg solvent). I t i s improbable that x. should scale exactly
as R^( 'H-PEO) , because x. i s not only affected by the water-polymer
interactions but also by water-water interactions and exchange processes,
however the scaling may indicate the trend in xh as function of the PEO
concentration.
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1.0

molality Imonomol/kg)

Fig.6.
The relative polymer 1H relaxation rates for PEO 20000 (DP=360) as function of

the PEO concentration. The relat ive longitudinal relaxation rates are given by

line 1, whereas the relative transverse relaxation rates are given by l ine

2 8 > .
The ra t io — calculated from the 2H solvent relaxation rates is given for

i) n=6 for fc < 9.25 monomol/kg and n = ~— for c > 9.25 monomol/kg
c

i i ) n=2

Some experimental data are shown ( 0 , # ) T

The dashed line shows the 1H-PEO longitudinal relaxation scaled to —- at zero
Tf

polymer concentration.



-98-

Additional information can be obtained from the difference between the
relat ive 1^0 and the relative 2H relaxation rates in the polymer solutions.
From the porrelation function G(t) given in eq.(5), the following expression
for T. i s simply derived:

The coefficients ai are calculated using the asymmetry parameters given in

eq.(12) and B̂  ' = / | , B ^ ; =0 and B ^ ; = ~ . As an gxample the correlation

times x,. for 2H and 1^O in case: D,=8.0x1010 s"1 and ~ =5 will be considered.
oFor these values of the diffusion parameters, x i s evaluated as a function of

the orientation of the diffusion tensor. The results are shown in figures 7a
en 7b. Although the overall diffusion coefficient, DQ, i s smaller than the
internal diffusion coefficient by a factor 5, the correlation times for 2H and
1^0 differ at most a factor 2. The 2H and 1^O relaxation rates are therefore
not very sensitive for the anisotropy in the water mobility.

The physical interpretation of the reorientation model described by an
overall and an internal motion may be binding of the water molecule to the PEO
chain. Then the orientation of the internal diffusion axis may tentatively be
identified with the orientation of the bond and the overall diffusion
coefficient may be identified with the diffusion coefficient representing the
local PEO dynamics. However the local PEO motion is not described by one
diffusion coefficient . In consequence the DQ introduced is in this case an
average diffusion coefficient and the orientation of the PEO-water bond will
deviate from the orientation of the internal diffusion axis .

Instead of using the questioned concept of bound water molecules one
might describe the molecular motion of the water molecules with an axially
symmetric diffusion tensor with principal values D. and Di . The anisotropic
motion may then be tnought to represent a less specified interference by PEO
in the motional behaviour of the water molecules. Mathematically the two
descriptions are equivalent as Di and D. are simply related to Do and D^:



-99-

"if 60° 90°P 60° 90°P

Fig.r .
The correlation time TU as function of the angle B for 0^=8.0x1010 s"1 and

h •"•

D i /D0

a) a

5.

b) a - 90u

1 7
T h e d a s h e d l i n e r e p r e s e n t s T . ( 0 ) w h e r e a s t h e d r a w n l i n e r e p r e s e n t s
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D. = DQ + Dt and D, = Dt (16)

The increase of relative 1^0 relaxation rates as function of the PEO

concentration exceeds the H relaxation ra tes . For PEO with sufficient large

DP the ra t io given by eq.(10) is 1.10 to 1.14 depending on the concentration.

Starting from =— = 1.10 ,

possible orientations and associated — rat ios have been evaluated and are
presented in figure 8. The orientation°of the diffusion tensor is limited to
the larger g-values . Solutions for low B values are impossible, whereas the
solutions for B-values approaching 90° yields very low Di/DQ r a t i o s . The
solution 6 = 55° and a = 0° is outside the range of solutions found in figure
8-a. In consequence, pure H-Donding is not probable.

A number of solutions can be excluded . Large rat ios •=— are not probable
due to the relatively fast local PEO motions ' . Further, Dj-values larger than
the isotropic diffusion coefficient obtained for pure water are not expected.
If PEO-water binding occurs, the most probable solutions will be in the
range — < 6 . The number 6 is an estimate for the case the bound water
molecules experience an internal reorientation process comparable with the
pure water dynamics (2 ps) and an overall reorientation process comparable
with the fast polymer dynamics (12 ps) ' . Low DJ/DQ values may indicate an

internal motion slow compared to the bulk water mobility. The evaluation of
the diffusion coefficients for

xh[170)
- — =1.10 and T ("o) • 6 ps
V H)

yields D^ and Do values shown in figure 9.
An arbitrary value for i ( '0) is chosen. The correlation time of 6 ps

corresponds with a ra t io — = 3 . This value is in between the boundaries shown
in figure 6. The dashed line in figure 9 represents the pure water diffusion
coefficient. From the figures 8 and 9 i t is concluded, that possible
preferential orientations of water molecules in the proximity of PEO are
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90°P

Fig.8. D

The ra t io rp as function of the angle B for
o

R(17O,C)

R( 1 70j0)

(2H;0)

R(2H;C)
= 1.10

a) a

b) a
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3(f 60'

Fig.9.
The diffusion coefficients

and th(2H) - 5.45 ps a) a
The dashed line represents the pure water diffusion coefficient.

j and Do calculated for xh( 0)

0° ; b) a = 90°

6 ps



-103-

a = 0° , 80° < 0 < 90°
and a = 90° , 40° < B < 90° ,

For intermediate a-values, the B-values will be in the range 40°-90°. No
specific orientation of the water molecule will be found for a number of
reasons: e.g. the amphiphilic character of the PEO chain may resul t in a
distribution of preferential water orientations and, the water molecules in
the proximity of PEO are not influenced by PEO only, but interact also with
surrounding water molecules.

These results can also be compared to some related studies concerning the
hydrophobic hydration of apolar solutes. The hydrophobic hydration has been
investigated by molecular dynamics simulations for aqueous solutions
containing two Lennard-Jones spheres. The molecular mobility of the solvent in
the hydration layer i s reduced by a factor two at most. The life-time of the
hydrogen bonding is longer in the solvation sphere compared to the bulk
phase2-* . The preferential orientation of the water dipole relat ive to the
Lennard-Jones sphere-water vector has also been evaluated. In the f i r s t she l l ,
one of the four tetrahedral bonds (0-H and lone pairs) points radially
outwards, rbc-ulting in the orientations a =0° or 90° and B =54.7°2 . A NMR-

investigation by Hertz, in which the hydration of the methyl group of methanol
17was studied, by comparing the relaxation contribution caused by 0 with the

contribution due to water protons, yields as possible orientations
oc=O° and 8=56° or a=90° and g=81 ° 2 6^. The hydration of PEO is more
complicated due to i t s amphiphilie character and local mobility. In
consequence the preferential orientation found for the PEO hydrated water
molecules will be an average. The preferential orientations obtained from the
MD simulations do not contradict the preferential orientation found here for
water molecules in the proximity of PEO. Nevertheless the physical
interpretation in terms of water~PEO binding should possibly not be carried to
this level of de ta i l . Interpretation of the water dynamics in the by PEO
disturbed phase in terms of the general anisotropic reorientational diffusion
model may be preferred. Using th is model, i t is concluded that the average
reorientation of water molecules in the PEO solvation sphere is slightly
anisotropic and that the Di / D.is in the range of 1 to 7.
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1.2 Molecular Weight Dependence.

The MW-dependence of 2H, 1 ' 0 relaxation rates reflects the less
restr ic ted segment mobility in short polymers . The polymer segment dynamics
are relatsd to the 1H-PEO relaxation ra tes . The ra t io

R1(
1H,DP=9) 8)

' = o.69 (17)
B^ H,DP=36O)

indicating faster polymer dynamics (shorter correlation times) for PE0(DP=9),

is much smaller than the rat io

R ( 1 7 0 ; DP=9) - R, . ( 1 7 0; DP=9)
6 X P

 -A ~T
Rexp( '0; DP=36O) - R f ( l f 0 ; DP=360)

- 0.92 (18)

obtained from the slopes for 1^0, c < 5 monomol/kg solvent. The reduction of
the water mobility in the PEO hydration sphere is less affected by the degree
of polymerization than the 1H local PEO dynamics. Although the trend is the
same, the correlation time t is not exclusively determined by the polymer
dynamics.

Another interesting feature is the behaviour of the 2H and the 70
relat ive relaxation rates for short chains, f ig. I I . Almost no difference in
the relat ive 2H and 170 relaxation rates is observed, suggesting a lower
anisotropy in the water reorientation. The average ra t io A, defined in Eq.(IO)
and representing the anisotropy of the water motion, can be calculated for the
PEG 200 and PEG 400 solutions using the values presented in f ig. 1.

PEG 200 (DP=4): A = 0.97 and PEG H00 (DP=9): A = 1.02.

However another phenomenon becomes important for low DP, the exchange of

deuterons between water and the hydroxyl endgroups. The number of hydroxyl

endgroups is proportional with (DP) .

Only one longitudinal 2H relaxation rate is observed, indicating fast
P

exchange between the two deuteron s i t e s . In consequence, the longitudinal H
relaxation rate is the weighted average of the relaxation rate in the

different s i t e s . Because the 2H relaxation rate in the PEO hydroxyl endgroup

will be larger than that in the hydrated water molecule, the ra t io of 'O and

H relaxation rates diminishes. Thus the contribution of deuterons in the

hydroxyl endgroup to the 2H longitudinal relaxation rate decreases the A value

for low MW PEG samples.
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The exchange contribution to the transverse 2H relaxation rate can be

studied by spacing dependent Carr-Purcell-Gill-Meiboom experiments27,28)^ T ! i e

deuterons of water and the PEO hydroxyl group are in different chemical

environments. The deuteron relaxation rate in the PEO endgroup will be in the

same range of magnitude as the water deuteron relaxation ra te . The correlation

time for the PEO deuterons, estimated from the 1^c relaxation rates of the

endgroups , will be about 7 ps. The quadrupole coupling constant is not

expected to be changed largely for the OH distance in methanol almost equals
1 7

the OH distance in water. Further the scalar coupling with '0 is negligible

due to the low amount of '0 ( - 0.1 ?). Therefore the spacing dependence in

R2 is caused by the fact that the two deuteron si tes have different Larmor

frequencies, u and <o . Because the exchange rate between the two deuteron

sites is fast compared to the average relaxation ra te , no influence of the

exchange is observed in the longitudinal relaxation ra te . However as a result

of the different Larmor freqencies, a line broadening is observed for the

transverse relaxation process. The line broadening, modulated by the exchange

rate, can be diminished by a Carr-Purcell-Gill-Meiboom sequence if the pulse

spacing between the two successive 180°-pulses, T , i s smaller than the
s

exchange time, x . Thus the spacing dependence of the transverse H

relaxation rates yields an estimate of the exchange time and the frequency

difference u.-u- .

The PEO 200 (DP=4) results are presented in table I I . An useful

approximation for the spin-spin relaxation rate as function of the
spacing T i s : 2 ^s

2 Te Ts
R_(T ) = R1 + p . p_ (u.-Ug) xg (1-2 — tanh ^—J (19)

s e

with T~1 = T"1 + t" the exchange time, p = —-— , p = - - • - and
e A o a xA xB D TA iB

T, , T lifetimes. The indices A and B represent the different s i tes . The

longitudinal relaxation rate R̂  is the average of the longitudinal relaxation

rates R1A and R1B. In order to check the relaxation mechanism, the spacing

dependence of a PEO 200 solutions was studied at 2.1 T too. The reduction in

the spacing dependence of R2""i at 2.1 T is in agreement with the frequency

dependence given in eq.(19). Thus the chemical shift is responsible for the

spacing dependence in R2.
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Table II .

H-exchange studied by CPGM spacing dependent experiments at 25°C and 6.3 T

c (monomol/

8.1

10.5

14.8

•kg) R1

3.

4.

5.

( s - 1 )

9±0.1

5+0.1

8+0.1

R2

Ts

( T s ) (

=1ms

-

-

s )

xs=2ms

4.3

5.1

6.5

V 3 m s

4.6

5.4

-

T =4mss

-

-

7.1

T =6mss

4.8

5.9

-

A t r i a l and error least squares f i t of the spacing dependent R2 value is

performed. An exchange time T = 0.8±0.2 ms and frequency difference 33±3 Hz

are obtained. Because the number of water deuterons is much larger than the

number of hydroxyl endgroup deuterons, the exchange time equals the residence

time of hydroxyl endgroup deuterons.

The exchange rate i s pH dependent. The PEO 200 solutions, presented in

table I I , have a pH of 5.6±0.1. Addit'on of HC1 solution to the PEO-200

solutions reduces the spacing dependence. At pH=2, no difference in R2 and R̂

is observed. This is analogous to the proton exchange in pure water. At pH=7

the exchange time is about 2 tns, where as at pH=5.6 the exchange time i s about

0.2 ms29)
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S' Conclusions.
The 2H and 1?0 relaxation rates are interpreted by a two phase model. The

correctness of the two s ta te model is doubtful in concentrated solutions,
because then both the relaxation rate Rh and the hydration number n change.
The relaxation rate in the bound phase is a factor of 2-5 larger than in pure
water, indicating a retardation of the water dynamics. The difference between
relative 2H and 1^0 relaxation is explained by anisotropic reorientation of
the water molecule. The anisotropy is small as a resul t of the fast internal
PEO motion. The anisotropy may indicate a preferential orientation of water
molelcules in the proximity of PEO. However pure H-bonding is not observed.

Tha MW dependence of the H and 1^0 relaxation ra tes is caused by the MW
dependence in the local PEO dynamics and by deuteron exchange. The MW
dependence in the PEO segment mobility is a result of the less restr ic ted
polymer dynamics for short chains.

Extended H and ^ 0 NMR studies on the hydration of polymers are scarce.
The presence of many hydroxyl and carboxyl groups in polyacids and biological
macromolecules yields contributions in the H relaxation rate and complicates
the analysis of the d a t a ^ . The 1 ' 0 relaxation ra te is not influenced by th is
exchange and represents the water dynamics. Although the behaviour of the
1^0 relaxation ra te in PAA (a=0) solutions is comparable with the PEO data,
the otder of anisotropy cannot be checked unfortunately.
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CHAPTER V

ION RELAXATION IK AQUEOUS PEO-SALT SOLUTIION

STUDIED BY NUCLE&R MAGNETIC RELAXATION.

1. Introduction.

The ionic hydration in aqueous solution has been studied by computer
1 —7)

simulations, neutron scattering and ion quadrupole relaxation' " .
Qualitatively, neutron scattering and quadrupole relaxation should yield
complementary information. The Ion quadrupole relaxation is preponderantly
determined by the dynamics and orientation of water molecules in the f i r s t
hydration l a y e r 1 ' 2 ' . The orientation of water molecules in the ion hydration
shell is obtained from neutron scattering experiments and molecular dynamic
simulations ". The dynamics of the water molecules have been studied by
computer simulations^ . However these simulations yield information on a very
short timescale (< Ips), while correlation times obtained from NMR experiments
are larger.

Though three theories have been developed to explain the ion quadrupole
relaxation in dilute aqueous solution, only the electrostat ic model will be
used in th is report1 ' ' " ' . Contributions of non-electrostatic origin will be
neglected. The dynamic behavior of solvent molecules is incorporated in the
electrostat ic theory, whereas detailed solvent dynamics cannot be incorporated
in the electronic and continuous theories1 ' • ' ' . The electrostat ic theory
ut i l izes the motion of the individual solvent multipoles . The interaction
of the fluctuating electr ic field gradient (efg) from those multipoles with
the e lectr ic quadrupole moment of the ion causes the ion relaxation.
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A strong increase in the ion quadrupole relaxation rate relative to the
aqueous sa l t solution has been observed in aqueous alcohol and amide
so lu t i ons 1 1 " 1 ^ . Especially the halide ion relaxation rates are enhanced
drastically. This phenomenon i s interpreted by preferential solvation and/or
hydrophobic hydration of non-polar groups. In both cases the mean square efg
is enhanced and the solvent dynamics are changed. A detailed microscopic
theory is hard to present, for a large number of interactions are involved in
the ion quadrupole relaxation mechanism, e .g. solvent-ion and solvent-solute
interactions. These interactions lead to correlation among many molecules. In
a simple theory, only the most important correlations are considered. In
consequence the results obtained in th is way may differ from the more detailed
dynamic simulations.

Recently the increase of the ion quadrupole relaxation rates in
concentrated PEO solutions was studied '. In the present report , the ion
relaxation rates are studied in both-dilute and concentrated solutions. From
the dilute solutions more information can be obtained, because in this region
both water and polymer dynamics are expected to be concentration
independent 5* 1" ' . The enhancement of the ion relaxation rate is proportional
to the PEO concentration and the enhancement i s largest for ions with a small
charge density. In concentrated PEO solutions the ion relaxation is no longer
proportional to the PEO concentration. The dynamics of the PEO chains is

strongly concentration dependent for CpE0>2 monomol/kg solvent and as a resul t
1 R}an additional concentration dependence in the ion relaxation rate appears z".

2. Theory.

2.1 Ion quadrupole relaxation I .
The ion quadrupole relaxation in solution is caused by a fluctuating efg

at the nucleus. According to the electrostat ic theory, the efg is produced by
polar solvent molecules and other ions. In dilute solutions the largest
contribution arises from the dynamics of solvent molecules in the ion
hydration she l l . The water multipoles (dipole, quadrupole,...) will all
contribute to the efg, however the dipole contribution will mostly dominate.
Here an outline of the electrostat ic theory i s presented.

Starting from the equation of the quadrupole hamiltonian ' ' :

eQ(1+YJ 2 . . , *
H = Z- I T ( 2 ) R ( 2 ) ( 1 )
H 21(21-1) _ m m

m=-£
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with e the election charge (1.602x10"1^C), Q the ion quadrupole moment, I the
spinquantum number and "fi the Dirac constant (1.055x10"^4js). The second rank

(?1tensor T represents the quadrupole spin operator, whereas the second rank
m(2)tensor R represents the efg. From the Redfield theory the relation for them

relaxation rates can be derived. For u>x<<1 the relaxation rates are given by:

, _TJ_., eQ(1+Y ) « . * .

* S ^ l ] i ( t ) * (t+T)> dT (2)

The integral of the autocorrelation function of the efg includes the
different correlation times involved in the different ion relaxation
mechanisms. The efg i s composed of a contribution from other ions, water-
dipole moments, water-quadrupole moments etc . The efg due to the water dipole
or quadrupole moments contains both the reorientation of the ion-water vector
and the intr insic reorientation of the water molecule. As a resu l t , several
correlation times determine the ion relaxation.

The autocorrelation function of the efg due to a water molecule fixed in
the ion hydration sphere contains the time dependence of R only. For a t i l t i n g
angle 6 (the angle between R and the water dipole vector), the correlation
function is proportional to:

1 O 1ft 2 O " 6 D D t

d u H r *s [2CO3 B+1)e (3)

O R

with Dp the rotational diffusion coefficient of the ion-water complex, R the

ion-water distance and (j the waterdipole moment (6.2x10~3°Cm). If the water

molecule experiences an additional reorientational motion, th i s diffusion

process is incorporated in the time dependence of B. If the water molecule is

free to r torient in the ion hydration sphere, the correlation function

becomes:

, _ 2 -(6D +2D Jt

with Dw the water rotational diffusion coefficient. If DW>DR, the ion
relaxation will be preponderantly determined by the water reorientation.

The autocorrelation functions given above are due to the efg produced by ' V

one water dipole moment. However the ion nucleus experiences the efg due to '
al l water multipoles and ions in the solution. Quenching of parts of the efg
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will occur as a result of symmetry in the f i r s t hydration sphere. These
orlentational correlation among water molecules are hard to include in the
theory. Hertz et a l . introduced a polarization factor and a quenching factor
to account for these cooperative contributions1 '^. In this report only a
tentative interpretation will be presented, and these effects are included in
the effective coupling constant x introduced below.

2.2 Ion quadrupole relaxation I I .

For nuclei with I>1 outside the extreme narrowing l imit , the nuclear
relaxation becomes multi-exponential1". The extreme narrowing l imit i s not
fulfil led in very concentrated solutions at low temperatures. Only 23Na(I= ~)

relaxation experiments were performed in th i s regime. In consequence the
spin |̂  system will be discussed.

Under the extreme narrowing condition ut<<1 • the Fourier transform of

the cor elation function <R (t) R (t+i)> simply equals the integral
over the correlation function eq.(2). However for WT>1 , the three different
spectral densities J(0), J(oi) and J(2u>) differ.

JU) - f < R^* Rffl
2) (t+T)> e"iulTdT (5)

From the Redfield theory the following relaxation rates can be obtained for a
spin | system18^:

R1s = CQ J ( 2 w ) ; a1s = ° ' 8

R1f = CQ J(ID) ; a-,f = 0.2

R2s = !/2CQU(IO)+J(2O))] ; a?s = O.H (6)

R2f = '/2CQ(J(O) + J(u)) ; a2f = 0.6

c 1
C Q = »

The indices s and f indicate the slow and the fast relaxation ra tes . The
coefficients a-ja, a-jf > ags an^ a2f a r e t n e f r a c t ions of the magnetization
relaxing with the corresponding relaxation r a t e .
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2.3 Experimental ion relaxation r a t e .
The experimental ion relaxation rate i s inreased by the presence of PEO.

This increase is interpreted in terms of perturbation of the dynamics and
preferential orientations of watermolecules in the ion hydration sphere. The
increase in ion relaxation rate will be proportional to the number of ions
perturbed by PEO. I t is convenient to analyse the number of PEO influenced
ions in terms of hydration numbers. The PEO-ion interacion will be of short
range. Experimental NMR and neutron diffraction results show that no direct
ion-PEO interaction occurs i . e . the interaction occurs with the hydrated PEO.
Then the number of ions influenced by PEO is proportional to the fraction of
PEO hydration water.

The hydration number per EO group was evaluated in a previous study ' .
An exact number is hard to present, because different methods yield different
hydration numbers. The differences in the obtained hydration numbers are a
result of the amphiphilic character of the PEO chain. The largest hydration
number per monomer, 6, was obtained from dielectr ic measurements on dilute PEO
solutions. The hydration number 6 is used here, because i t corresponds to a
completely hydrated PEO chain. Then the average retardation of the water
dynamics in the PEO disturbed range is a factor two relat ive to the pure water
dynamics.

A uniform distribution of the PEO disturbed water molecule over the
water molecules in the ion hydration sphere resul ts in the following
probability f (n) for the number n of PEO disturbed water molecules in the ion
hydration layer which is also assumed to consist of 6 water molecules:

f(n) - (J) P
n (1-P)6~n (7)

where p is the fraction of the water molecules disturbed by PEO.

A number of dynamic processes can be responsible for the ion nuclear
relaxation. Even within the framework of the electrostat ic theory several
models may be considered.

In th i s section only the mathematical evaluation of the experimental
relaxation rate i s given. The experimental relaxation rate in dilute PEO
solutions is treated by a two phase model. The increase in the 'onic rate due
to n shared hydration waters is defined as

A(n) = (Rp(n) - Rf) (8)
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with R_(n) the ion relaxation rate in case n ion hydration waters are
disturbed by PEO and Rf the ion relaxation rate in the aqueous solution
without PEO.
Two models are considered to interpret the perturbation of the ionic
relaxation rate by PEO.
a) In the f i r s t model the perturbation i s directly connected with an assumed
change in the dynamical properties of the ionic hydration water molecules if

they are shared by PEO. Fu'i-her, independence of the contribution of the water

molecules to the ionic relaxation rate is assumed. The increase in the ionic
rate i s then

and

< A(n) > = < n(A. - -g Rf) > = 6 p 4. - p Rf (9)

Rexp = ( 1 " P ) Rf + 6 P Ai

If cp E 0 is the monomolal PEO concentration , one has p = ,-g-r cp -and the
relative molal increase of the relaxation rate i s

6 6 i i
m ~ 55.5 Rf

b) In the second model the perturbation is s t i l l assumed to be proportional to

the number n of shared water molecules. No direct assignment of the

perturbation to the properties of these molecules is made however. As a

limiting case the dynamic properties of the ionic hydration water molecules

may be considered virtually unchanged by PEO. Then the perturbation of the

ionic ra te is due to the asymmetric environment of the hydrated ion: part of

this environment consists of PEO segments instead of water causing perhaps a

small but persistent perturbation of the symmetry in the ionic hydration

sphere. In th i s case i t i s more convenient to define

A(n) = n A (12)

and
Rexp = Rf

 + 6p Ao . (13)

In th is model the relative molal increase is given by:
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I t should be clear that although A and A. are simply related algebraically,
the interpretation i s essentially different. This difference is emphasized if
the quadrupole relaxation ra te i s inspected in more deta i l . In the extreme
narrowing l imit , and assuming independence of the contributing processes:

R1 = R2 = R = BQ lt x2
L t j (15)

Here x- 13 the quadrupolar coupling constant ( ^ •— • - ) and

B = -=~- —5 — . Now to evaluate A. the estimated correlation time of a
Q 1 0 I2(2I-1) 1

water molecule shared by PEO and an ion will be used.
For the evaluation of A a different reasoning applies. The correlation

time is considered to refer to the averaging of a perturbation of the hydrated
ion by PEO and i t should therefore be related to the translational diffusion
of the hydrated ion over some characteristic length: possibly the persistence
length of PEO. The mean square efg then obtained provides a qualitative
indication about the perturbation of the ion hydration layer.

For concentrated PEO solutions, the relaxation rate will not be discussed
in detail here. The increase of Rexp continued for PEO concentrations, at
which all water molecules are perturbed by the PEO chains. Besides the
fraction perturbed ions, the concentration dependence of the ion relaxation
ra te will be caused by a decrease of the polymer dynamics, a change in the
water dynamics and/or retardation of the ion diffusion. Thus a simple
interpretation of the ion relaxation in concentrated solutions is not
presently feasible.

3. Experimental.

The PEO materials used were described in the previous paper1"'. The sa l t s
used were of the highest purity commercially available. The enriched MgClj
was prepared by adding concentrated HC1 (Merck, pro analyst . to M̂gO (Union
Carbide, enrichment 98.25$) and evaporation of the excess HC1.

The NMR experiments were performed on a home built pulse spectrometer
equipped with a superconducting magnet of Oxford Instruments (6.3T). The
temperature was maintained at 25°±1°C by a Bruker VT10OO a i r thermostat. The
longitudinal relaxation rates were obtained from phase alternating inversion
recovery experiments, whereas the transverse relaxation rates were obtained
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from phase alternating spin-echo experiments. Transverse relaxation
experiments were only performed to study the biexponential %a relaxation in
a concentrated PEO solution at low temperatures. The 12^I relaxation rates
were obtained from line width measurements, for R(12^I) > 5000 s~1. The
accuracy of the measurements depends on the sensit ivi ty of the nucleus under
study. The experimental error in the relaxation rates is the largest for
3^C1, about 5 percent. The 'Li-experiments were performed in DgO solutions in
order to minimize the dipole-dipole contribution to the Li-relaxation r a t e .

Results and Discussion.

4.1 Dilute PEO solutions.

The influence of PEO on the ion relaxation rate i s shown in f i g .1 . The
sal t concentration is 0.1 mol/kg water. The ion-ion contribution to the
relaxation rate i s expected to be small at th i s concentration. From ^ Cl and
2^Na relaxation measurements for the different chloride and sodium sal ts
studied, i t is concluded that ion-ion interactions may contribute s l ight ly . A
small contribution (-5% ) is observed in the relat ive molal increase. In
order to minimize th is effect, the chloride sa l t s were used to study the
cation relaxation ra tes , whereas the sodium sa l t s were used to study the anion
relaxation ra tes .

The curves, presented in f i g . 1 , show no deviation of l ineari ty within the
experimental acoixracy. The slopes equal the relat ive molal increase defined in
e q s . d i , 14). The relat ive molal increase (Im , table I) depends on the charge
density of the ion. The smaller the charge density the larger the relat ive
molal increase. However the relat ive molal increase is not simply proportional
to the inverse of the charge density.

The relaxation rate can be evaluated in terms of a quadrupole coupling
constant and a correlation time. A quantitative interpretation of the
relaxation rates is complicated by e.g. the uncertainties in the quadrupole
moment and the Sternheimer or antishielding factor. The Sternheimer factors
have been calculated for both free ions and crystal ions, the f i r s t and second
sets of values in table II respectively .

Further the quadrupole coupling constant and the ion correlation time "i"

cannot be obtained separately, because the extreme narrowing condition is
valid at room temperature. The ion correlation time i s related to molecular
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1.00

0.25 0 50 0.75
monomol/kg solvent

Fig.1.

The relat ive Ion relaxation rates as function of the PEO concentration;
PEG 20000 (DP=36O) solutions; m sa l t=0.1 m; T=25°C

; O ,
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Table I

Ion relaxation rate in 0.1 m sa l t solution at 25±1 °C, relat ive molal increase

6 A iIm , -t and calculated -r— valuesw «f

I o n

? 5 Mg 2 +

7 L i +

23Na +

8 7Rb+

1 3 3 C s
+

3 5 C 1 '
8 1 Br"
127j-

R f (s-D

4.2

O.O33a)

17.4

407

0.078

28.0

1160

5120

0.08

0.04

0.52

0.95

1.02

1 .10

1.92

2.48

VP.J

7.6

3.6

2.7

1.6

1.4

1.8

1.1

0.6

__i

1.7

1.4

5.8

9.8

10.4

14

19

24

a) D20 solution

Table II

Characteristic ion quantities, the spin quantum number, the electr ic

quadrupole moment the ion-water dipole distance in the ion hydratton complex

and the Sternheimer factor.

Ion

2W+

7 L i +

23 +°Na
8 7Rb+

1 3 3CS+

35cr
8 lBr"
12V

I

5/2

3/2

3/2

3/2

7/2

3/2

3/2

5/2

Q(10"28 m2)

0.22

- 0.040

0.108

0.130

- 0.003

- 0.0825

0.27

- 0.789

R(nm)

0.205

0.200

0.235

0.288

0.309

0.321

0.335

0.356

1+Y
CO

4.5 - 5.1

0 .75- 0.74

6.3 - 6.5

49 - 54

96 - 112

70 - 43

1 6 7 - 8 7

300 - 163
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motions. The water dynamics are responsible for the ion relaxation in dilute
aqueous sa l t solutions. The 1 /Ft dependence of the efg due to a water dipole
yields a stronger influence of the water molecules inside the ion hydration
layer on the ion relaxation ra te . In dilute sa l t soDutions the contribution of
the water molecules outside the Ion hydration sphere can be omitted in f i r s t
approximation. The ion correlation time is then related to the water
correlation time in the ion hydration sphere.

The ion correlation time was identified with the bulk water correlation
time in a number of previous studies^>1 ' > 1 ' 1 ^ ) . j n general the ion
correlation time is associated with but does not equal the water correlation
time. For strongly hydrated ions, the ion correlation time is related to
collisions among free water molecules and the ion hydration complex. From the
field dependence of the electron spin relaxation rate obtained for the
Mn(H20)g2+, Cr(H20)g^+ and Fe(H20)g^+ complexes in aqueous
solutions, correlation times of the order of magnitude of picoseconds were
obtained for this dynamical process ' . The water residence time and the
reorientation time in the ion hydration sphere are responsible for the ion
correlation time in case of weakly hydrated ions. The water residence time in
the hydration shell of weakly hydrated ions is also of the order of magnitude
of picoseconds .

A recent NMR study on the water dynamics in aqueous sa l t solutions showed
ion dependent water correlation times . In the same study, an anisotropic
reorientation of water molecules in the ion hydration sphere was observed. In
the present report, the small anisotropy is neglected and an average
correlation time for ion hydration water i s used. The average water
correlation time was obtained from averaging H- and '0-correlation times in
the ion hydration layer. These water correlation times, T , are presented in
table I .

In case the reorientation of water molecules in the ion hydration sphere
causes the ion relaxation in dilute aqueous sa l t solutions, the expression for
the ion relaxation rate R̂ . can be written as:

R - 3TT2 21+3 2
f " To 2 x f f
1 l 0 I (21-1) J r

where the ion correlation time T- is expected to almost equal T , the water

correlation time in the ion hydration layer. Substitution of x into eq.d6)

leads to the quadrupole coupling constant xf • The xf values are presented in
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table I I I . The quadrupole coupling constant (qcc) i s a function of the
electric quadrupole moment of the nucleus, the Sternheimer factor and the efg
produced by the ion surroundings.

In eqns (10) and (13) the quantities A. and A are a measure of the
increased ionic rate expressed per molecule of ionic hydration water. In
table I 6A./ R. is tabulated to show the perturbation of the ionic rate by
PEO relative to the unperturbed value. This ra t io i s seen to increase an order
of magnitude from the strongly hydrated Li+ and Mg2+ to Br~ and I" . The
average correlation time of the ionic hydration water T also depends of the
ionic species (table I ) . Expressing the ra t io 6A . / Rf in terms of the
quadrupole coupling constants and correlation times one has

6A x f x
i 1 1

R ~ 2 '
f Xf xf

The correlation time associated with the relaxation rate A. i s
tentatively identified with the water correlation time in the PEO hydration

2 2
layer, i . e . T = 4.1 ps. With x = i , the ra t io \.l Xf. may now be obtained
(table I I I ) and i t i s seen to show l i t t l e variation for ions with the same
charge excepting Li + .

I t is noticed that the ra t io \ / xf > 1 . the mean square efg due to the
disturbed water molecules is appreciably larger than the value due to the
unperturbed water molecules. Thus one arrives at the conclusion that the
association of A. with a correlation time of the order of a reasonable water
reorientation time leads to the necessity of assuming a considerable
perturbation in the structure of the ionic hydration layer by PEO. However,
recent neutron scattering experiments on aqueous NaCl solutions show no
significant changes in the Cl~ hydration sphere 2 ^ . This indicates, in
accordance with the NMR results on the DP and temperature dependence (sections
4.2 and 4.5) that the model b is a more plausible representation than model a
discussed above.

The essential feature of the interpretation according to model b is a
small perturbation of the symmetry of the ionic hydration sphere due to the
presence of PEO segments that share some of the ionic hydration water
molecules. In the simplest limit the dynamical behaviour of the ionic
hydration water molecules is lef t unaltered and a small independently
fluctuating efg is superposed on the ionic nucleus. The relevant correlation
time is now connected with the ionic motion with respect to the polymer and/or
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Table III

The ion diffusion coefficient in aqueous s a l t solutions, the calculated ion

relaxation ra te & (eq.(14)), the qcc for the s a l t solution eq.(i6) and the

rat ios of

Ion

25M 2 +

7 +
'Li
21 +°Na
8 ? Rb +

1 3 3 C S +

35cr
8V"
1 2 V I

the square

-9 2

ion

0.7d)

0 .8 a )

1.3b)

2 . 0 d )

2 . 1 C )

2 . 0 a )

2 . 0 d )

2.1b>

qcc for the two

Ao(s"1)

0 . 5

0.002

14.0

596

0.123

60.4

3430

19600

models (eq.(17,19)) .

Xf(MHz)

0.76

0.048

1.28

8.03

0.37

1.99

16.3

94.9

2
vx i
2

Xf

3.1

1.2

3.8

3 . 8

3.6

6.1

5 . 0

3.5

X

0.

0 .

0 .

0 .

0 .

0.

0 .

0 .

2

2

03

01

14

23

23

38

32

24

a) ref .34, b) ref .35, c) ref.36, d) estimated values.

the reorientational motion of the polymer.

The different dynamical processes in aqueous solutions of PEO have been

discussed in a number of papers • ' ' • ' . For PEO in aqueous solution at the

sa l t concentrations and temperature used in th i s study a Kuhn length a of

about 0.75 mn is estimated by viscosity and NMR s t u d i e s 1 5 > ? 5 > 2 6 ) .

Perturbations suffered by a hydrated ion on encountering part of a PEO chain

should reach a spherical average after the ion has diffused a distance of the

order of the Kuhn length. The ionic diffusion constant is lowered somewhat in

the proximity of a PEO chain ': a retardation of 30? i s found for the

Mn(II)hexaquacomplex. The same reduction will be applied to the ionic

translational diffusion coefficient D (given in table I I I ) . The ionic

correlation time T for model b equals

(18)

where a Is the Kuhn length of the PEO chain (0.75 nm). Further, the qcc, x

associated with the additional efg caused by encounters of the hydrated ion
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and PEO ( i . e . sharing of hydration water) i s defined by

6&o . 3 / _ 2 I ± 3 _ X2 ^ ( 1 9 )

2 2The ra t io x / Xf
 i s presented in table I I I . There is a pronounced

difference between the weakly hydrated and stronger hydrated ions as may be
2 2expected. Although the ra t io x / Xf<

 1 » i t is seen that there is an

appreciable perturbation for some of the ions, in particular Cl~. A more
detailed analysis is not considered feasible at the moment.

4.2 MW- de pen den ce .

The ion relaxation rates presented in section 4.1 were obtained from PEG
1 p

20000 (DP=36O) solutions. Analogously to previous H-PEO measurements and H,
1 70 water measurements, the ion relaxation rates experience a MW-dependence
due to a stronger contribution of the endgroup mobility in low molecular
weight PEO. The MW-dependence is presented in the f ig . 2 and 3. As expected,
the MW-dependence shows up most clearly for PEO 400 (DP=9). The difference in
relative molal increase of the relaxation rate between the PEO 400 and the PEO
20000 solution is moderate, 0.2-0.4. However a decrease of 0.2 is more
significant for the cations than for the anions. A decrease of 0.2 leads to a
decrease in A of 40% for -̂ Na, whereas such a decrease only resul ts in a 10%
reduction for Br.

The reorientation time of water molecules in the PEO hydration phase is
slightly dependent on the DP. Relative to the PEO 20000 (DP=360) solutions, a
decrease of about 10% is ">fcserved in the PEO 400 (DP=9) hydration water
correlatioi time. I" the enhancement of the ion relaxation rate is
proportional to the correlation time of water molecules in the PEO hydration
sphere (model a ) , an identical small decrease in the relaxation rate A. i s
expected. The magnitude of the observed effects therefore contradict model a.
If the enhancement of the ion relaxation in PEO solutions is determined by ion
and polymer diffusion (model b), the enhancement will decrease due to an
increased mobility of the shorter PEO chains. This increased mobility is
related to an increased diffusion of the PEO chain and a relatively larger
contribution of the mobile endgroups > 2 . The self diffusion coefficient of
PEO 400, estimated from previous proton FT pulsed field gradient NMR
experiments, is an order of magnitude smaller than the ion translational
diffusion coef f ic ien t 2 7 ' 2 8 ' .
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0.50 0.75
monomol/kg solvent

Fig.2.
The relat ive ion relaxation rates versus the PEO concentration at 25°C; MW
dependence; The sal t concentration is 0.1 raol/kg water.
A : PEG 400 (DP=9); # : PEG 1000 (DP=22); • : PEG 4000 (DP=84);
If : PEG 2O0O0(DP=36O).

The open symbols represent the '^Cl-relative relaxation ra tes , whereas the

full symbols represent the ^Rb-relative relaxation ra tes .
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2.00-
Rexp

Rio)

1.50-

1.00-

0.25 0.S0 0.75

monomol/kg solvent

Fig.3.

The relat ive ion relaxation rates versus the PEO concentration at 25°C; MW-
dependence; The sa l t concentration is 0.1 mol/kg water.
A =PEG tOO (DP=9); # :PEG 1000 (DP=22); • :PEG 4000 (DP=8i|);
Y :PEG 2OOO0(DP=36O); ^ :SE-8 (DP=18OO).

OH

The open symbols represent the Br relative relaxation rates whereas the full
symbols represent the ^Na-relative relaxation rates.
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4.3 Salt concentration dependence.
The relat ive 2^Na and ^^Cl relaxation rates versus the PEO concentration

for different sa l t concentrations are presented in f ig .4 .
The sa l t concentration dependence of the ion relaxation rates in aqueous

sa l t solutions was studied by Hertz et a l . 2 ^ ' ^ 0 ' . The increase of the ion
relaxation rate as function of the concentration is interpreted by ion-ion
contributions in the relaxation mechanism. The relat ive relaxation ra tes in
PEO solutions are obtained by division of the experimental relaxation rate by
the relaxation rate of the correponding sa l t sample.

I t is seen that Im shows a very interesting dependence on the NaCl
concentration (fig.5). For Na+ and Cl~ there is a steep increase of Im at sa l t
concentrations up to c^aQ^ =*0.1 M and for higher concentrations a completely
different regime is followed which is characterised by a weak dependence of Im

on the concentration of NaCl. Although further investigation of th i s
phenomenon is certainly called for, a possible explanation may be put forward
tentat ively.

The local heterogeneity percieved by ions close to the PEO chain disturbs
the spherical symmetry of the ionic atmosphere if distances of the order of
the Kuhn length (0.75 nm) of the polymer are considered. This will increase
the influence of other ions out the quadrupolar relaxation rate of a given ion
with respect to the effect in polymer free solutions. This enhancement of the
relaxation rate due to ion-ion interaction may be expected to diminish
seriously if the sa l t concentration reaches a value where the Debye screening
length K decreases below the Kuhn length. In aqueous solution one
has K • 1.0 nm at cNaC1= 0.1 M which seems to be the point where the two
regimes meet. In PEO solutions the value of K cannot be calculated precisely
but due to the smaller value of the dielectr ic permittivity i t should be
somewhat smaller than the value in aqueous elctrolyte solutions. Thus the Kuhn
length of the polymer features as a characteristic length in the ionic
relaxation due to interionic interaction as well as in the relaxation due to
the interaction with the water molecules according to model b.

4.4 Concentrated PEO solutions.

The relative ion relaxation rates as function of the PEO concentration

are shown in f ig .6 . Five different samples were studied, see table IV. The

relative ion relaxation rates for cpE0<10 monomol/kg solvent can be described

by a quadratic function in cp E 0
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1.00-

0.5 1.0
monomol/kg solvent

Fig . t .
The sa l t concentration dependence of ^Na and -"Cl relaxation rates as

function of the PEG 20000 (DP=36O)'concentration at 25°C.

+ : 0.01 m NaCl; ^ : 0.03 m NaCl; • :0.1 m NaCl;

# : 1 m NaCl; A : 3 m NaCl.

Open symbols: " c i relaxation ra tes .
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Fig.5.
The sa l t dependence of the relat ive raolal increase of the 2^Na+ and

relaxation rates at 25°C.
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40-
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10 15
monomol/kg solvent

Fig.5.
The relat ive ion relaxation rate versus the PEO concentration at 25°C. The
salt concentration is 0.1 mol/kg water.

• , O :23Na» 35C1 PEG 2 0 0 (DP=i,).

Y :23Na PEG 400 (DP=9).

• % [ ] :23Na, 8 iBr PEG 20000 (DP=300).
A A : 1 3 3 C s , 35C 1 P E G 20000 (DP=36O).
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Table IV

The ion r e l axa t ion r a t e s analysed according to eq . (20 ) .

PEG

PEG

PEG

PEG

PEO

Sample

200 ; 0.1m NaCl

U00; 0.1m NaBr

20000(F);0.1m NaBr

20000(M);0.1m CsCl
300000(PS);0.1m NaBr

A1

0.25
0.35
0.52

1.02
0.52

cation

A2

0.01!)

0.039

0.057
0.10

0.060

A1

0.98
1.48

1.92

1.25
1.92

an ion

A

0

0

0

2

.039

.061
-

.056
-

exp
Rf

CPEO A2 CPEO (20)

A least squares f i t is used to calculate the A1 and A2 coefficients. I t i s
noticed that the A1 coefficient equals the relat ive molal increase obtained
for the dilute solutions. The lines drawn in fig.6 are the f i t ted functions
eq.(20) with A-, and A2 given in table IV. Deviations occur for concentrations
CpgQ>10 monomol/kg, indicating a more complex concentration dependence of the
ion relaxation r a t e .

The A-j-coefficients are an order of magnitude larger than the
corresponding coefficients for H and ' 0 . ' ' The H- and 'o-relaxation rates
were described by a linear function in the PEO concentration in the range 0 to
5 monomol/kg solvent. The experimental ion relaxation rates as function of the
PEO concentration show linear behaviour in the range 0 to 1 monomol/kg. The
onset of curvature is stronger for the ion relaxation ra te . This phenomenon is
interpreted qualitatively by the longer range of the ion-PEO interaction.

The strong increase in the ion relaxation ^ce resembles the increase in
the transverse polymer H-relaxation rate ' ) . The transverse H-relaxation
rate in concentrated solutions i s mainly determined by the slow
reorient at ional processes of PEO segments. To be influenced by the slow
polymer motion the ions must remain in the proximity of the polymer during a
time of the order of magnitude of the longest polymer correlation time.
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4.5 Temperature dependence.
Some temperature dependent measurements are shown in the f igs . 7 and 8. A

detailed analysis in terms of activation energies will not be given here. Only
qualitative discussion, considering the correlation among 2H-, 1^O-water, ion
and 1H-PEO relaxation rates is presented. From the observed biexponential
behaviour of the ^Na relaxation, a mean square efg and a correlation time can
be evaluated.

The temperature dependence of the 2H, 2%a and B r relaxation rates were
studied for two solutions, a 1 m NaBr solution and a i m NaBr solution in 3
monomol/kg solvent PEG 20000 (DP=300). The curvature present in the Eyring
plot of the water deuteron relaxation rate was also observed by Lang and
Lildemann^1). They interpreted th is phenomenon in terms of a changing water
structure in the temperature range from 0° to 100° C. The curvature is
observed in al l lines of f ig .7 .

From fig.7 i t is noticed that : a) the temperature dependence of the ion
relaxation is larger in PEO solutions, b) the temperature dependence of the
water relaxation rates i s only sl ightly enhanced and c) the ion relaxation
relat ive to the water relaxation as function of the PEO concentration is
changed. In the sa l t solution the ion relaxation experiences less temperature
dependence than the H relaxation, however in tho PEO solution the ion
relaxation experiences a somewhat stronger temperature dependence. To
i l lus t ra te the temperature dependence, the H, %a and H-PEO rela t ive
relaxation rates are given in table V. The relaxation rate obtained at 55°C is
divided by the corresponding relaxation rate at 25°C. The smaller the ra t io
the larger the temperature dependence. I t is concluded that the temperature
dependence of H and ^Na relaxation rates is strongly influenced by the
presence of PEO. The changes in the correlation times describing the water,
ion and PEO dynamics are similar. However this does not imply the equivalence
of these different correlation times. For example the H-water and ^H-PEO
correlation times can be calculated and differ by an order of magnitude15 '1"^.
Further the correlation times corresponding to the fast and slow PEO mobility
seen to have the same temperature dependence, for the rat io presented in
table V is identical for the longitudinal and transverse 1H-relaxation r a t e .
As a result the temperature dependence in the H and %a relaxation cannot be
resolved in contributions due to fast and slow PEO dynamics.
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Fig.6.

The re la t i ve 2H, 2%a and 81Br relaxation rates as function of T"1

Open symbols: 1 m NaBr;

Full symbols: 1 m NaBr, 3 m PEG ?0000 (DP=300)

• : 2H; A : ?3Na; • 81Br.
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Fig.7.

Biexponential behaviour of the 23Na relaxation as function of T~1

A 2 m NaBr, 19 m PEG 20000 (DP=300) solution.
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Table V

The r e l a t i v e r e l axa t ion r a t e s R(55°C)/R(25°C) for water , ion and PEO nucle i

1

1

2

2

12

Sample

in NaBr

m NaBr;

m NaBr;

m PEOb)

Dl PEOb'

3
19

m

m

PEOa)

PEOa)

0

0

0

2H

.53

.H8

. 35

-

_

" N a

0.68

0.43

0.33
-

_

1

0

0

H

-

-

-

.38

.32

a) DP=300 b)DP=360, a D20 solution.

One feature reveals the ion relaxation mechanism more explici t ly , the
biexponential ^Na relaxation in a 19 m PEO, 2 m NaBr solution at low
temperatures. The results are presented in f ig .8 . A dispersion of the
longitudinal and transverse relaxation rates occurs at low temperatures, below
20°C. The small difference between the fast and slow relaxation rates
complicates the biexponential f i t .

The biexponentiality provides a way to calculate both the correlation
time and the quadrupole coupling constant. Probably more than one correlation
time is involved but extensive field dependent experiments would be
necessary ^ ' " ' to seperate the large correlation time, which is responsible
for the biexponential decay, from the short correlation time connected with
solvent reorientation. In the present case, evaluating the data with eq (6)
yields a preliminary estimate of the large correlation time and the coupling
constant although the la t t e r will be overestimated. Then the following resul ts
are obtained:

-10° C : x - 2 n s and x = 1-5 MHz

10° C : T = 1 n s and x = 1-1 MHz
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The same quadrupole coupling constant 1.28 MHz is obtained for the
23fja relaxation rate in dilute aqueous sa l t solutions, xf table I I I .
The mean square efg experienced by the Na+-ion is almost identical for an
aqueous sa l t solution and a concentrated PEO solution.

The correlation time obtained from the 2^Na relaxation is of the order of
nanoseconds. For the solution under study, the water correlation time was
obtained from 2H-NMR. At 0°C the water reorientation time is 50 ps. Thus the
water reorientation in the ion hydration sphere is not responsible for the
slow process that contributes to the ion relaxation r a t e . An explanation in
terms of ion diffusion is more probable. The translational diffusion of ions
in the very concentrated PEO solution at 0°C will be reduced drastically
relat ive to a dilute PEO solution at 25°C. A reduction of the translational
diffusion coefficient relative to the dilute sa l t solution by an order of
magnitude results in a x -value (eq.(i8)) in the range nonseconds. The
distance a eq.(18) is assumed to be invariable.

Conclusions.
The ion quadrupole relaxation mechanism according to the e lectrosta t ic

model is caused by the reorientation motions of solvent molecules and other
i o n s 1 ' 1 0 ' . In dilute sa l t solutions the solvent molecules in the f i r s t
hydration layer will contribute preponderantly to the time dependence of the
efg experienced by the ion. In order to calculate the qcc, the ion correlation
time is identified with the reorientation time of water molecules in the ion
hydration layer.

The enhancement of the ion relaxation rate in aqueous PEO solutions i s
interpreted by an additional mean square efg and a correlation time. The
enhanced relaxation rate in the proximity of PEO may originate from a
perturbation inside (model a) or outside (model b) the ion hydration complex.
In model a, the increased ion relaxation rate i s explained by the PEO
perturbed water reorientation time and an increased mean square efg. In the
second model the ion diffusion determines the ion correlation time. The la t te r
model is preferred in the interpretation of the DP dependence (section k.2)

and the temperature dependence in the concentrated PEO solution (section 4.5).

The result obtained for model a, additional disturbance of the ion
hydration layer, is not in agreement with the neutron scattering data. The Cl"
hydration is not changed significantly by adding PEO to an aqueous NaCl
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solut ion2 3 5 .

The increase of the ion relaxation rate in PEO solutions is related to
the internal f lexibi l i ty of the PEO chain in model b. A Kuhn length is
associated with the range of the ion-PEO interaction. The DP-dependence and
the sal t concentration dependence (sections 1.2 and 4.3) are interpreted in
those terms.

The ion relaxation rate as function of the PEO concentration behaves
similar to the 1H-PEO transverse relaxation ra te . This phenomenon also favours
model b.
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28. W. Brown, P. Stilbs and R.M. Johnsen, J.Polym.Sci., PP.^, 1029 (1983).



-138-

29. H.G. Hertz, M. Holz, R. Klute , G. S t a l i d i s and H. Versmold,

Ber. Bunsenges. phys.Chem., JQ, 21 (1971).

30. H.G. .Hertz, M. Holz, G. Ke l l e r , H. Versmold and C. Yoon, Ber .Bunsenges.

phys.Chem., 7£, 193 (197D.

31. E.W. Lang and H.D. Ltldemann, Ber .Bunsenges. physik.Chem., 81^ 162 (1980);

&5, 603 (1981); 85_, 1016 (1981).

32. C.W.R. Mulder, J . de Ble i j ser and J .C.Leyte , Chem.Phys.Lett. , 69_, 351

(1980).

33. L. van Dijk, M.L.J. Gruwel, W. J e s s e , J . de Blei jser and J . C . Leyte,

Biopolymers, 9±, 261 (1987).

31 . P. Turq, F. Lantelme, Y. Roumegous and M. Chelma, J.Chim.Phys., 68,527

(1971).

35. E. Hawlicka, Ber .Bunsenges.Phys.Chem., _87_, 125 (1983).

36. H.G. Hertz and R. Mi l l s , J.Chim.Phys., 73, 199 (1976).



-139-

SUHMARY.

In th is thesis a number of aspects concerning the reorientation of
polymer, water and ion hydration complexes have been studied in aqueous
solution of PEO (Polyethylene oxide).

The f i r s t part of the investigation, chapter I I , was aimed at the local
mobility of PEO in water. From frequency dependent 1H-PEO relaxation ra te
measurements i t i s shown that the local polymer mobility i s not described by
one correlation time. The local polymer motion is composed of several
dynamical modes. The slowest mode i s related to the motion of the
independently moving dynamical units. The length of a dynamical unit i s in
agreement with the Kuhn length. The molecular weight dependence of the proton
relaxation rate is determined by the larger mobility of the end-group
segments. In concentrated PEO solution, the polymer mobility i s decreased due
to an increased number of polymer-polymer contacts. The local polymer mobility

i s slightly influenced by the presence of salts in the solution.
?+The addition of the paramagnetic ion Mn provides a tool to study other

molecular mobility (chapter I I I ) . From the enhancement of the PEO
proton/car bo n-1 3 longitudinal and transverse relaxation rates i t is concluded
that Mn -PEO complexes are absent in aqueous solutions. This conclusion i s in
concordance with other r e su l t s , in particular the moderate decrease of the
translational and rotational diffusion coefficients of the Mn(II) complex in
PEO solutions, Further i t is demonstrated that the Mn(II) hexaaqua complex
remains intact in aqueous PEO solutions.

Chapter IV describes the water-PEO interaction investigated by 2H- and
•O-water relaxation experiments. A two-phase model i s introduced, a bulk

water phase and a PEO hydration phase are defined. The mobility of water
molecules in the proximity of the PEO chain is retared by a factor of 2 to 5
relative to the bulk water value. An exact retardation cannot be given, since
the hydration number per monomer (ethylene oxide group) is not known exactly
and depends on the polymer concentration. Although the water-PEO interaction
causes a small retardation of the water dynamics, the water reorientation in
the PEO hydration layer is anisotropic. This anisotropic behaviour indicates a
preferential orientation of water molecules in the PEO surroundings.
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In the las t chapter the ion quadrupole relaxation is analysed for aqueous
PEO solutions. The ion relaxation is accelerated by the presence of PEO
chains. In diluted PEO solutions cpE0<1 monomol/kg solvent and at a s a l t
concentration 0.1 raol/kg water, this acceleration is ion dependent:
Li*=Mg < Na*< Rb+< Cs+< Cl~< Br"< I~ . The strong ion dependence is
associated with the reorientation time of water molecules in the ion hydration
sphere, the ion relaxation in the bulk water phase and an additional
perturbation of the ion surroundings by PEO chains. From concentration and
temperature dependent experiments i t is concluded that the ion relaxation is
determined by correlation times large compared with water correlation time and
by a moderate disturbance of the ion hydration.
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SAfCNVATTING.

In di t proefschrift zijn een aantal aspecten met betrekking to t de

reor ien ta t i e van polymeer, water en ionhydratiecomplexen in waterige PEO

(Polyethyleenoxide) oplossingen bestudeerd.

Het eerste deel van het onderzoek, beschreven in hoofdstuk I I behandelt

de locale beweeglijkheid van PEO in water. Uit de frequentie-afhankelijkheid

van de re laxa t ie t i jden volgt, dat de locaJe polymeer dynamica niet wordt

beschreven door één c o r r e l a t i e t i j d . De locale polymeer beweging i s

samengesteld u i t meerdere dynamische modes. Het langzaamste proces wordt

gerelateerd aan de beweging van onafhankelijk bewegende dynamische eenheden.

De lengte van zo'n dynamische eenheid laat zich voor verdunde oplossingen goed

vergelijken met de Kuhnse lengte . De molecuulgewichtafhankelijkheid van de

protonrelaxat ie t i jd wordt bepaald door de grotere beweeglijkheid van de

eindgroepsegmenten. In geconcentreerde PEO-oplossingen neemt de

polymeer beweeglijkheid af tengevolge van een toenemend aantal polymeer-

polymeercontacten. De polymeerbeweeglijkheid wordt s lechts in geringe mate

bei'nvloed door de aanwezigheid van zout in ae oplossing.

De toevoeging van het paramagnetische ion Mn biedt de mogelijkheid

andere dynamische processen t e onderzoeken (hoofdstuk I I I ) . Uit de toename van

de PEO-proton en koolstof-13 longitudinale en t ransversale r e l axa t i e snelheden

wordt geconcludeerd dat Mn -PEO complexen in waterige oplossing afwezig z i jn .

Ook andere facetten zijn in overeenstemming met deze conclusie. O.a. de

geringe afname van de t r a n s l a t i e - en rota t ie-dif fusiecoëff ic iënten van het

Mn(II)-complex in PEO oplossingen. Verder tonen 1H-watermetingen aan, dat het

Mn(II) hexaaquacomplex in tac t b l i j f t in waterige PEO oplossingen.

In hoofdstuk IV wordt de water-PEO-interactie bestudeerd met 2H- en 1 ^0-

waterrelaxatiemetingen. Een twee-fasenmodel wordt geïntroduceerd, waarbij een

bulk waterfase en een door PEO gestoorde waterfase worden gedefinieerd. De

beweging van watermoleculen in de directe omgeving van de PEO-keten i s

vertraagd met een factor 2 to t 5 ten opzichte van de beweging in bulk water.

Een exacte vertragingsfacor kan niet worden gegeven, omdat het aantal

gestoorde watermoleculen per monomeer (ethyleenoxide groep) niet exact bekend

is en afhangt van de PEO-concentratie. Hoewel de water-PEO in t e rac t i e slechts

een geringe vertraging van de waterreorientat ie geeft, heeft deze r eo r i en ta t i e

een anisotroop karakter. Dit wijst op een voorkeursorientatie van water
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moleculen bij de PEO keten.
In het laa ts te hoofdstuk wordt de ionrelaxatie in waterige PEO

oplossingen geanalyseerd. De ionrelaxatie wordt versneld door de aanwezigheid
van PEO ketens. In verdunde PEO oplossingen met cp E 0 < 1 monomol/kg
oplosmiddel en een zo ut concentratie van 0.1 mol/kg water is deze versnelling
ion afhankelijk: Li+- Mg2*< Na+< Rb+ < Cs+< Cl"< Br~< i" . De sterke ion
afhankelijkheid heeft o.a. t e maken met de reorientat ie t i jd van water
moleculen in de hydratiemantel om het ion, de ionrelaxatie in bulk water en
een extra verstoring van de omgeving van het ion door PEO-ketens. Uit
concentratie en van de temperatuur afhankelijke metingen wordt geconcludeerd
dat de ionrelaxatie bepaald wordt door correlatietijden die groot zijn
vergeleken met de watercorrelatietijden en een geringe verstoring van de
watermantel om het ion.
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STELLINGEN

1. De voorgeschiedenis van een poly(ethylene oxide) oplossing

(centrifugeren, filtreren, verwarmen, afkoelen) bepaalt de

aan- of afwezigheid van PEO-aggregaten.

2. Het bestaan van verschillende Mark-Houwink relaties voor

eenzelfde polymeeroplossing vermindert de bruikbaarheid van

een viscositeitsgemiddeld molecuulgewicht.

3. Oe koolstof-13 transversale relaxatietijden gepresenteerd

door Benesi en Brant zijn dubieus.

A.J. Benesi and D.A. Brant, Macromolecules 1§L, 1109 (1985)

4. Bij gebrek aan frequentie-afhankelijke relaxatieraetingen

identificeert Hwang ten onrechte het verschil tussen de

transversale en longitudinale relaxatiesnelheden met zeer

langzame polymeer bewegingen.

L.P. Hwang, Proc. Natl. Sei. Counc. ROC(A) £, 326 (1985)

133 +

5. De biëxponentiële behandeling van de Cs transversale

relaxatie door Urry et.al. is principieel onjuist.

D.W. Urry and T.L. Trapone, J. Magn. Res. TL, 193 (1987)

6. Versmold heeft de coëfficiënten voor de autocorrelatie-

functie van de electrische veldgradient ten gevolge van een

electrisch dipoolmoment niet correct berekend.

H. Versmold, Mol. Phys. 52, 201 (1986)



7. De verwaarlozing van de ion-ethanol interactie door

Juszkiewicz in de bepaling van het hydratiegetal met

ultrasone geluidsgolven is twijfelachtig.

A. Juszkiewicz, Polish J. Chem. 5B.i 1H5 (1984)

14

8. Bij de bepaling van de N-quadrupoolkoppelingstensor

in aan benzeen gesubstitueerde nitrogroepen houdt

Plantenga ten onrechte geen rekening met de mogelijkheid

tot interne rotatie.

T.M. Plantenga, H. Bulsink, F.J.J. de Kanter and C. MacLean,

Chem. Phys. 65., 71 (1982)

9. De verklaring, dat het vertraagde invriezen van de thermische

mobiliteit van externe smeermiddelen in poly(vinylchloride)

een gevolg is van degradatie, is niet gefundeerd.

I. Jakubowicz and S.E. Swanson, Eur. Pol. J. 21_i 233 (1985)

10. Met het huidige landbouwbeleid en de stijgende producti-

viteit in de landbouw zullen de budgettaire problemen van de

EEG toenemen.

11. De aanwezigheid van politie drukt de gemiddelde snelheid

op autowegen.

J. Breen 9, december, 1987.


