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Abstract. Results  of  dielectric  relaxation  studies  in  this  laboratory  on  binary  aqueous 
solutions  are  summarized  to  look  for  indications of the  presence  of  bound  water.  The 
solutes  include  simple  inorganic  and  organic  electrolytes,  polyelectrolytes,  small  organic 
molecules  and  polymers.  It is shown  that  even  simple  solutions  exhibit  a  great  variety of 
dielectric effects. It  therefore  appears  to  be  impossible  to  unambiguously  discuss  dielectric 
spectra  of  complex  biological  tissues  in  which  different  polarization  mechanisms  overlap. 
The  results  for  solutions  taken  as  models  for  biological  systems  indicate  two  types  of 
affected  water  which  might be  considered  ‘bound’:  dielectrically  saturated  water  in  strong 
electric  fields  and  water  in  regions  with  a  high  concentration  of  other  molecules.  Characteris- 
tics  of  both  states of water  in  mixtures  are  presented. 

1. Introduction 

Life as we know it could  not exist without  water.  Nearly 70%  of the  human  body is 
composed of this  unique  liquid which  beyond  all  doubt  does  not merely serve as filling 
material  between  other  molecules.  Aqueous  solutions  constitute  the  reaction  medium 
for  chemical processes  occurring in biological  systems and water is clearly involved 
in the  determination  of  structural  and  functional  properties of macromolecules  as well 
as in the  interactions  between  these. Less surprisingly,  much  attention  has thus  been 
directed  towards  the  properties of water  in living organisms (Cooke  and Kuntz 1974, 
Franks  and  Mathias 1982, Clegg 1984, Pethig and Kell 1987). 

In  contrast  to  the  importance of water  in  biological  systems,  however,  comparatively 
little is known on its  inclusion  in  the  protective provisions of human  organs.  A  topic 
of particular  interest  in  this  connection is the  prevention of cooling  injury  in  cryotech- 
nical  treatments of tissues  and  the role of the so-called  ‘unfreezable’  water in such 
procedures.  Freezing  experiments  indicate  that  about 20% of cell water is affected in 
such  a way that it is unable  to freeze  at  least  down  to -80 “C  (Belton er al 1973). 
Unfreezable  water,  also  named  ‘interfacial’  water,  ‘bio’-water  or  ‘bound’  water  has 
been  investigated  utilizing  various  techniques,  among  them  dielectric  spectroscopy, 
x-ray  scattering, N M R  methods,  calorimetric  and  osmotic  pressure  measurements,  and 
also  self-diffusion and  sedimentation  studies  (Franks 1982, Derbyshire  1982). 

All methods  used  to  measure physical  properties of water in biological  systems 
suffer from  the  fact  that  bound water cannot be  isolated  from  the  other  components 
present  in  the  sample.  Thus  one  has  always to look  against  background effects including 
those  arising  from  unperturbed  or only weakly affected  water  which is usually the 
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dominant  constituent of the tissue under  consideration. Problems  arising  thereby are 
illustrated  in figure 1 for  dielectric  spectroscopy,  a  method widely used  to  study the 
properties of water  in  biological systems (Grant et a1 1978, Pethig 1979). 

In figure 1 the real part, &'(U), and  the negative  imaginary  part, &"(U), of the 
complex  dielectric  spectrum 

E (  U )  = E ' (  U )  - iE"( U )  ( 1 )  
(i = is displayed  as  a  function of frequency, U, for  a  suspension of erythrocytes 
in an  aqueous  solution of sodium  chloride. Also shown  for  comparison  are  the 
corresponding curves for  pure water  at the  same  temperature.  Around  a  frequency 
(2mW)- ' ,  of about 20 GHz  the dielectric  spectrum of the  pure solvent  exhibits  a  distinct 
dispersion (ds'(  u)/du < 0) and dielectric  loss ( E " (  U )  > 0) region. This behaviour  typical 
of relaxation reflects the fact  that the  orientational  motions of the  dipolar water 
molecules are  hindered by interactions  with  neighbours,  in  particular by hydrogen 
bonding.  The dielectric  relaxation  time, T~ (=8.27 x S at 25 "C (Kaatze 1989)), 
can  be  roughly identified  with the life  time of the local  hydrogen  bond  network  around 
a  molecule. 

The  complex  dielectric  spectrum of the  suspension of erythrocytes  shows  dispersion 
behaviour and dielectric  loss  in  the  same  frequency  range  as  pure  water.  This  finding 
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Figure 1. The  complex  (relative)  permittivity, €(U), bilogarithmically  displayed  as  a  function  of  frequency, 
U, for a suspension  of  erythrocytes  in  an  iso-osmolar  aqueous  NaCl  solution (0, volume  fraction  of  red 
blood  cells = 0.95, Lonnecke-Gabel 1990) and  for  pure  water (0, Kaatze  and  Uhlendorf 1981) at 25 "C. The 
(electric)  permittivity is presented  in  terms of its  real  part, €'(U), and  the  dielectric  contribution €"(U) to 
the negative  imaginary  part.  The  latter  quantity  has  been  derived  from  the  total loss, E ; : [ ( U ) ,  according  to 
the  relation &"(U) = €::[(U) - u / 2 m o u  where U denotes  the  specific  electric DC conductivity  and E,,= 

8.854 x lo"* AsV" m-'. 
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is clearly due  to  the  dielectric  relaxation of unaffected or only  slightly  disturbed  solvent 
molecules  in  solution. In  addition, however,  a pronounced  dispersion/dielectric loss 
region  emerges  at  distinctly  lower  frequencies.  It is generally  accepted that  these 
low-frequency  contributions  to  the  dielectric  spectrum  result  from  relaxation  processes 
associated  with  the  accumulation of ions  at  interfacial  boundaries  of  the  heterogeneous 
dielectric  called  'Maxwell-Wagner effects', (Maxwell 1892, Wagner 1914, Daniel 1967, 
Davies 1969, Schwarz 1972, Dukhin  and Shilov 1974). 

If there  is  bound  water  present in the  red  blood cells it should  contribute  to  the 
dielectric  spectrum  in  the  frequency  range  between  the  two  main  dispersion/dielectric 
loss  regions  shown by figure 1. Thus the effects resulting  from  such  water will be largely 
masked by the  dominating  relaxation processes. In  addition,  polar  groups of organic 
molecules  are  also  expected  to show  relaxational  behaviour  in  the  frequency  range 
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Figure 2. Semilogarithmic  plot of the real  part, &'(U) ,  of  the  complex  permittivity  and its negative  imaginary 
part  excluding  contributions  from  the DC conductivity, &"(U), against  frequency, U, for pure  water (0, 
Kaatze  1989)  and for a 0.17 M aqueous  solution  of 1,2-dimyristoylglycero-L-3-phosphatidylcholine (0, 
Kaatze er a1 1985a)  at 30 "C. Immediately in advance  of  the  measurements  the  phospholipid/water  mixture 
had  been  sonicated  to  obtain  a  macroscopically  homogeneous  suspension  of  small  single-walled  vesicles. 
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under  consideration  (about 0.03-3 GHz). This is shown  in figure 2 where,  as an  example, 
the  complex dielectric  spectrum is presented  for  an  aqueous  solution of a  synthetic 
lecithin. The curves  again  exhibit  two  dispersion/dielectric  loss  regions, one in the 
frequency  range  around  the  relaxation  frequency, ( 2 ~ 7 , ) - ' ,  of pure water, the  other 
one  at distinctly  lower  frequencies.  This  latter  dispersion/dielectric  loss  region is clearly 
due  to restricted  reorientational  motions of the  dipolar  phosphatidylcholine  head 
groups on the  surface of the  phospholipid  bilayers  (Pottel et a1 1984, Kaatze et a1 
1984a, 1985a). 

Similar  contributions  to  the  dielectric  spectrum  are  observed  in  many  other  aqueous 
solutions  of  dipolar  solvents  including,  for  example,  amino  acids  (Kaatze et a1 1985b). 
Due  to  the variety of polarization  phenomena  in biological  systems it thus seems to 
be  impossible  to  unambiguously  separate  possible  contributions  from  bound  water 
from  those  of  the  other  polarization processes  in the  sample  under test. 

Another  characteristic of dielectric  spectra of biological systems is also  demon- 
strated  in figure 2 .  The  plateau region between  the  solute and solvent  dispersion is 
characterized by &'(U) values  which are  smaller  than  the  static permittivity, E,(O),  of 
water by a  considerable  amount, S&,(O). Since  such  a high dielectric  decrement cannot 
be solely due  to  the  dilution of the  polar water by solvent  molecules the existence of 
(irrotationally)  bound  water is sometimes  inferred  from the SE,(O) values. In many 
cases,  however,  this is a  hasty  conclusion  ignoring  special  molecular  arrangements  in 
the dielectrically  homogeneous  mixtures under  consideration.  The dielectric  decrement, 
Se,(O), is also  dependent  on  internal  depolarizing electric fields and  thus on structural 
properties of the  sample.  The  uncommonly high  decrement of the  phospholipid bilayer 
solution  shown in figure 2 reflects such  internal fields rather  than  bound water (Kaatze 
et a1 1984b).  These fields exercise  a  depolarizing  action in particular on the  solvent 
which is trapped in the  core of vesicles. 

The  above  comments may  be  taken  to  illustrate that  the variety of possible  polariz- 
ation  phenomena in  biological systems hardly  allows for  clear-cut  statements  on  the 
existence of bound water on  the  grounds of measurements  on  such  complex  samples. 
It is therefore  an interesting  intention to  infer  the  presence of bound water  in  biological 
tissues  from the results for  much  simpler  aqueous mixtures.  Such an  attempt is 
undertaken in  this paper by discussing the  dielectric  decrement, S&,(O), of relevant 
solutions on the  one  hand  and  their  relaxation  behaviour  on  the  other  hand. 

2. Contribution of solvent water to the static permittivity 

2.1. Mixture relation for  aqueous solutions of non-dipolar solutes 

Aqueous  solutions of non-dipolar molecules and of many  simple  electrolytes  exhibit 
a  complex  dielectric  spectrum  as  shown  in figure 3 for  a 0.5 M sodium  chloride  solution. 
Similar to  that of pure  water  the  spectrum of the  solution reflects one  relaxation region 
only.  Three  differences,  however,  emerge  which will now be  discussed. Firstly, the 
&"(U) against U relation of the  solution  adopts its relative  maximum at  a  frequency 
( 2 ~ 7 , ) - ' ,  different  from the relaxation  frequency (2mV..)-' of the solvent.  Secondly, 
the  dispersion/dielectric  loss  region of the  former  extends over  a  somewhat  broader 
frequency  range  than  that of the  latter. Finally, the low-frequency  permittivity, E ( O ) ,  
of the  mixture is reduced with respect to  the value ~ ~ ( 0 )  of water  at  the  same 
temperature. 

The  comparatively  simple  shape of the  spectrum allows for  an easy extrapolation 
toward low frequencies  to yield the  static permittivity, E ( O ) ,  of the  solutions  considered 
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Figure 3. Real  part  and  negative  imaginary  part  (without  conductivity  contributions)  of  the  complex  dielectric 
spectrum  of  pure  water (0, Kaatze  and  Uhlendorf  1981)  and  of  a 0.5 M aqueous  NaCl  solution  (Kaatze 
1987)  at 25 "C. The full  curves  are  the  graphs  of  a  relaxation  spectral  function  (Bottcher  and  Bordewijk 
1978)  with  discrete  relaxation  time  and  with  underlying  Cole-Cole  relaxation  time  distribution,  with  the 
parameter  values  found  by  the  fitting  procedures. 

in this  section.  Usually,  the  empirical  Cole-Cole  and  Davidson-Cole  relaxation  spectral 
functions  (Bottcher  and Bordewijk 1978) are appropriate  to  interpolate  and  extrapolate 
the  measured  frequency-dependent  complex permittivity values. With ionic  solutions 
such an extrapolation  procedure is of particular  importance  since  these systems do 
not  allow  for  a  direct  determination of the  static permittivity. The  reason  for our 
inability to  measure  the ~(0) value of electrolyte  solutions directly is their  non-vanishing 
DC conductivity.  It  results in the  above-mentioned  contribution, & : ( U )  = a / 2 m o u ,  to 
the  negative  imaginary part of the  permittivity.  This  contribution  increases infinitely 
if the  frequency, U, approaches zero. 

Due  to  the  formation of ion  complexes  several  electrolyte  solutions  show  additional 
low-frequency  relaxations  (Pottel 1965, Kaatze  and Giese 1987, Kaatze et  al 1987). 
The  spectra of these  ionic systems resemble  those of dielectrically  heterogeneous 
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mixtures  with  Maxwell-Wagner effects (figure 1)  or of aqueous  solutions of dipolar 
solvent  molecules  (figure 2). In all  these  cases  the  parameter E,, (figure 2) is considered 
in the following  instead of E ( O ) ,  since  this parameter  represents  the  contribution  of 
the solvent  water to  the  static permittivity of the  solutions.  Hence  the  decrement, 
SE,(O), is given by the  difference E,(O) - E,, where E,, = ~ ( 0 )  holds  with  all  mixtures 
in  which  solute  relaxation  processes are  absent. 

In figure 4 a  plot is given of E,, values  as  a  function of volume  fraction, F,, of 
solute  for  aqueous  solutions of various  organic  molecules  and  also of some large  ions. 
Due  to  the  dilution of the  dipolar water by the  solute particles  there is a  general 
tendency  for  the E,, data  to  decrease with  increasing F,. This  tendency, of course, is 
also  predicted by theoretical  mixture  relations  for  the  resulting  permittivity of a 
composite  dielectric.  Such  mixture  relations  have  been  derived to  also  consider  the 
effect of depolarizing  electric fields in the dielectrically  heterogeneous  sample  (Brown 
1956, Bottcher  and Bordewijk  1978).  Unfortunately,  even for  a  solution of exactly 
spherically  shaped  solute particles  the  internal fields cannot be  taken  into  account 
rigorously.  However,  various approximate  treatments of the  problem exist,  each  result- 
ing  in  a  special  analytical  expression  relating the permittivity of the  binary  mixture  to 
the permittivity  values of the  constituents.  The  graphs of two  frequently  used  formulae 
are  displayed  in figure 4 to  show  the  discrepancy in the results of different  approxima- 
tions. 

Most  interestingly, the  scatter in the  experimental  data  hardly  exceeds  the difference 
between the  theoretical  curves.  This is a very important result. It shows that  the 

V 

Figure 4. Plot of the solvent contribution, E,,, to the static permittivity (figure 2) against volume fraction, 
F, ,  of  solute for aqueous  solutions of small organic molecules (0, Pottel and Kaatze 1969, Kaatze and Wen 
1978, Kaatze et a/ 1988), of synthetic polymers (0, Kaatze 1975, Kaatze et a/ 1978), and of large ions (A, 
Wen and Kaatze 1977, Kaatze 1980a) at 25 "C. The full curve is the graph of the Bruggeman mixture relation 
(Bruggeman 1935). The broken curve represents a mixture formula originally derived by Maxwell and 
Wagner (Polder and van Santen 1946). 
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orientation  polarizability of water is largely independent of the  chemical  composition 
of  the  organic  solute  particles.  The  tendency  in  the  experimental  data  to exceed  slightly 
the  predictions  made by the  mixture  relations is assumed  to  be  due  to  hydrophobic 
hydration effects (Kaatze et a1 1984~) .  It  is of low interest  here.  The  situation is different 
with solutions  containing  small  ions,  the  strong  Coulombic fields of which induce 
dielectric  saturation of water,  as will be  discussed  below. 

2.2. Extrapolated low-frequency permittivity  for solutions of low molecular  weight 
electrolytes 

In figure 5 ,  as  an  example,  the  extrapolated  static permittivity, E ( O ) ,  of 1 M aqueous 
solutions of the  alkali  halides  and of hydrochloric  acid is displayed  as  a  function of 
volume  fraction, F,, of  solute.  The  graph of the Bruggeman  mixture  relation  which 
has  already  been  presented in figure 4 is again  shown  for  comparison.  The ~ ( 0 )  values 
of the  electrolyte  solutions  are  distinctly  smaller  than  predicted by the  mixture  formula. 
The  deviation of the  static permittivity  values  of the alkali  chloride  solutions  from  the 
theoretical  predictions  increases with decreasing size of cation. A particularly  small 
~ ( 0 )  value is found with the  solution  containing  hydronium  ions. 

60 l 
55 

HCI 0 I I I 

0 0.025 0.05 0.075 0.1 
V 

Figure 5. The solvent contribution, E,, ( = E ( O ) ) ,  to the extrapolated static permittivity plotted against the 
volume  fraction, F,, of  solute for 1 M aqueous  solutions  of  some chlorides at 25 "C (Kaatze 1983). The full 
curve represents the Bruggeman mixture formula (figure 4) for mixtures of water with spherically shaped 
non-dipolar  solutes. 

At first glance  the  reduction of the  static permittivity  below  the  value  predicted by 
the  mixture  relation might be discussed  in  terms of bound water.  It  turns  out,  however, 
that  this  additional  dielectric  decrement is due  to at  least  two  different  molecular 
mechanisms,  namely  kinetic  depolarization  (Hubbard et a1 1977, 1979, Hubbard  and 
Onsager 1977, Hubbard 1978) and  dielectric  saturation  (Hasted 1972, Pottel 1973, 
Pottel et a1 1974). The  theoretical  treatment of the effect of kinetic  depolarization 
shows  that in the  framework of a  continuum  model  the  kinetic  dielectric  decrement 
increases  proportionally  with  the specific electric  conductivity of the  solution  and with 
the  dielectric  relaxation  time of the solvent. The  remarkably small ~ ( 0 )  value  of the 
HCI solution  presented in  figure 5 is thus  a reflection  of  its outstanding high  conductivity 
and  accompanying  kinetic  depolarization  rather  than  a result of uncommon  properties 
of the  water  around  the  hydronium  ion  (Hall  and  Cole 1978, Kaatze 1983). 
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The  continuum  model of kinetic  depolarization  (Hubbard er a1 1979) allows the 
kinetic  polarization  deficiency  to  be  estimated  in  order  to  obtain  for  each  electrolyte 
the  molar  dielectric  decrement  resulting  from  dielectric  saturation effects. Dielectric 
saturation  means  the  preferential  orientation of the solvent  electric dipole  moments 
in the  strong  Coulombic field of small  ions. A sketch of this  idea is given in figure 6 
where an ensemble of water  molecules is shown,  the  dipole  moments of which are 
assumed  to  be completely  radially  orientated around  a  cation.  For  various  inorganic 
ions  the  extent of the  dielectric  saturation,  as  expressed by numbers 2 of apparently 
completely  saturated  water molecules per  cation  or  anion, is given in  tabular  form in 
figure 7. For  monovalent  ions of physiological  interest the effect of dielectric  saturation 
is small.  There exist only 2.6 apparently  irrotationally  bound water  molecules around 
the Na' ion,  while no  saturation effects are  found with K+. The electric field around 
the bivalent  cations, of course, is stronger.  Hence  there  are  about six dielectrically 
saturated  water molecules around  the  Ca*+  ion. Nevertheless, at physiologically  relevant 

t 

Figure 6. Sketch of the  arrangement  of  apparently  irrotationally  bound  (dielectrically  saturated)  water 
molecules  around  a  small  cation.  The  relaxation  time, +h, refers  to  the  reorientational  motions  of  the  solvent 
molecules  around  the  direction  of  its  dipole  moment,  while T* denotes  the  mean  residence  time  of  a  water 
molecule  in  the  dielectrically  saturated  region. Some data  are given  in  the  text. 

Cations Anions 

Figure 7. Numbers of dielectrically  saturated  water  molecules  per  cation  and  anion.  Shaded  circular  areas 
indicate  the  size of the  ions on an  arbitrary  scale. 
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ion  concentrations ( c  0.1 mol l - l )  the overall effect of solvent saturation  and  accom- 
panying  dielectric  decrement by small ions  appears  to  be negligibly small. 

In  addition, it is important  to  note  that dielectrically saturated water  molecules are 
'bound' with  respect to  the  direction of their  dipole vector  only. Rapid  motions  around 
this  direction  are  possible. With the  apparently  irrotationally  bound  four water 
molecules around  the  small Li' ion,  for  example,  the  reorientation  time of this  motion 
(figure 6) is 7 h  = 20 PS ( =  2.47,) at 25 "C (Endom et a/  1967).  A  fast  exchange of 
solvent  molecules  between the region of dielectric saturation  and  the  bulk  phase  also 
occurs.  The  mean  residence time, T*, of water  in  the  saturated  sphere  around Li' is 
as small as 40 PS ( =  57,) at room  temperature  (Hertz  and  Zeidler 1963). Despite  the 
largely fixed orientation of the  dipole vectors  within  them,  dielectrically  saturated 
water  regions around small  inorganic  ions  thus  appear  to be  rapidly  fluctuating 
ensembles of solvent  molecules. 

2.3. Extrapolated  low-frequency  permittivity of polyelectrolyte  solutions 

In figure 8 a  plot is again  given of the solvent  contribution, E ~ , ,  to the  static permittivity 
against  volume  fraction, F,, of solute.  Data  are  presented  for  polyelectrolyte/water 
mixtures  together with E,, values  from figure 4  for  aqueous  solutions of non-ionic 
synthetic  polymers. At a given F,,, the permittivity  values for  the  solutions of sodium 
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Figure 8. The  solvent  contribution, E,,, to  the  static  permittivity  displayed  as  a  function  of  the  volume 
fraction, F,, of  solute  for  aqueous  solutions  of  polyacrylic  acid (HPA) and  some  polyacrylates  at 25°C 
(Uhlendorf 1978). Also shown  for  comparison  are  data for non-ionic  polymer/water  mixtures (0, figure 4) 
as well as  the  graph  of  the  Bruggeman  relation  (full  curve,  Bruggeman  1935).  Broken  curves  are just drawn 
to  indicate  the  trend  in  the  polyion  data. 
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acrylate (NaPA), of tetraethyl  ammonium  acrylate  (Et,NPA)  and of NaHPA  are 
distinctly  smaller than  those  for  the  other  solutions.  This finding  may be  a reflection 
of the  simultaneous  action of various effects, among  them  (i)  the  kinetic  depolarization 
caused by motions of dissociated  small  counterions, (ii) the special  depolarizing fields 
in  solutions  of  stretched  polymer  chains  which  exceed  those  in  solutions of globular 
solutes,  (iii)  dielectric  saturation  around  free  Nat  ions,  and  (iv)  the  presence of 
apparently  irrotationally  bound water  molecules on  the  surface of the polyions.  A 
careful  analysis of the E,, data shows that effects (i)  to (iii) do not  fully  account for 
the  strong  dielectric  decrement of the  acrylate  solutions  under  consideration.  Depending 
on  the  degree of counterion  condensation (and accompanying  extension of the  polymer) 
there  seems  to  be  a  noticeable effect of dielectric  saturation  around  the  acrylate  chain. 
With  Et,NPA  this effect amounts  to  up  to  about seven apparently  irrotationally  bound 
water  molecules  per monomer  unit. With NaPA  the  corresponding figure is still three 
dielectrically saturated solvent  molecules. 

The  existence of dielectrically saturated water around  the  acrylate  polyion is an 
unexpected  fact  since  no  such  water is found  in  solutions of carboxylic  acids with low 
molecular  weight.  Special  saturation effects are obviously induced by the  accumulation 
of electric  charges on  the  polymer  chain.  Apparently  irrotationally  bound water is thus 
likely to exist  also on  the  surface of biopolymers.  Again,  however,  saturation  does not 
mean  the  complete  immobilization of the solvent  molecules but  just  the  preferential 
orientation of the electric dipole vector. 

It is only briefly mentioned  here  that  a  recent  study of DNA solutions of compara- 
tively high’content of solute (>20 g l-l)  did  not reveal saturation of the solvent (Aschoff 
1990). Even  this  solute  concentration,  however, appears  to be too low to allow  for  a 
clear-cut  conclusion  on  the  existence of apparently  irrotationally  bound water around 
this  particular  biopolymer. 

3. Dielectric  relaxation 

3.1. Hydrophobic  hydration of non-dipolar organic  solutes 

The  complex dielectric  spectrum of the 0.5 M aqueous  NaCl  solution  as  displayed in 
figure 3 may be  taken  as  an  example  to  show  that  the  relaxation of the water in the 
inorganic  electrolyte  solution  occurs  almost  in the  same  frequency  range  as  that of the 
pure solvent. With organic  solute/water  mixtures  a different  behaviour may be  found. 
Again, the simplest  system to be  studied is a  solution of a  nearly  spherically  shaped 
non-polar  molecule. As an  example  for  spectra of aqueous  solutions which  meet  these 
conditions  the real part, & ’ ( U ) ,  and negative  imaginary part, &”(U), of the  complex 
permittivity are  displayed  as  a  function of frequency, U ,  for  some  quinoxaline/water 
mixtures  in figure 9. The  frequency, U ,  = ( ~ T T J ’ ,  at  which  the E ” (  U )  against U relation 
adopts its  relative  maximum (dE”(  u,)/du = 0, d2E”(  u,)/du2 < 0) decreases with increas- 
ing  solute  molarity, c. Hence  the  relaxation  time, T,, increases with increasing  solute 
concentration.  This is a  common  trend with mixtures of small or moderately  high 
solute  content. 

The finding that  the  relaxation time, T,, of aqueous  solutions of organic  solutes 
exceeds the  value  for  the  pure solvent, T,, results  from  the  combined  action of two 
molecular  interactions. On  the  one  hand,  hydrogen  bonds  are  formed between  water 
molecules and molecules of solute.  On  the  other  hand  inert  parts of the  organic 
molecules induce effects of hydrophobic  hydration  around  them  (Frank  and Evans 
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Figure 9. Real  part, E ' (  U), and negative  imaginary  part  excluding  conductivity  contributions, E " (  U), of  the 
complex  permittivity  semilogarithmically  plotted as a  function of frequency  for  pure  water (0, Kaatze  and 
Uhlendorf 1981) and  for  aqueous  solutions  of  quinoxaline  at 25 "C (A, 1 mol l"; a, 3 mol l"; 7 ,  5 mol I" 
(Kaatze er a1 1988)). 

1945, Hertz 1964, Franks 1973). The influence of hydrophobic  hydration  manifests 
itself in  the T~ values  for  homologous  series of solutes.  For 1 M solutions of pyrazine, 
methylpyrazine and  dimethylpyrazine,  for  instance,  the 7, values  at 25 "C (Pottel  and 
Kaatze 1969) are 9.4,  10.0 and 10.5 PS respectively. Going  from  urea  to  methyl-,  ethyl-, 
n-propyl-  and  n-butylurea  the dielectric  relaxation  time of the  solvent water in 1 M 
solutions  at 25 "C increases  from 8.5 PS to 9.0,9.3, 10.0 and 10.2 PS respectively (Kaatze 
et a1 1986). Thus  there is a  general  tendency  towards an  enhancement of the  principal 
relaxation  time of water with an increasing  number of inert  groups  per  solute  molecule. 
However,  other  properties of the  solute  are  also  important in determining  the  solvent 
relaxation  time,  among  them  the overall size and  shape of the  solute particle as well 
as its flexibility and  accompanying  ability  to fit to  the water  structure.  Steric  conditions 
are  also  important in promoting  the  water  structure  around  organic  solutes  (Wen  and 
Kaatze 1977, Kaatze er a1 1986). Nevertheless, in solutions of low solute  content  the 
enhancement of the  dielectric  relaxation  time  above  the  value  for  pure  water is small, 
as will be  discussed  in  more  detail  below. 
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3.2. Hydration  model  for organic solute/  water mixtures 

The  results of dielectric  studies on dilute  aqueous  solutions of organic  molecules 
suggest  a  hydration  model (Kaatze  and Pottel 1985) as  sketched  in figure 10. Applying 
this  model  it is assumed  that  the solvent is affected  within  a  certain  layer around  the 
solute.  This  water is henceforth  called  hydration  water.  Its  parameters  are  indicated 
by the  subscript 'h'. The solvent filling the  space between the  hydration regions is 
assumed to  be  undisturbed  and  thus  to  show  up  the  properties of pure water ('W'). 

Thus  the  shift in the  principal  relaxation  time of a  solution with respect  to the  pure 
water  value  and  the  accompanying  broadening of the  relaxation  range  (figure 9) are 
interpreted  to reflect the  presence of two  relaxation  processes.  One of these  processes 
has  the  well-known  relaxation  time, T,, of pure water,  the  other one  the  relaxation 
time Th. The  latter  time  and  also  the  number, z h ,  of affected water  molecules per 
molecule of solute  can  be  derived  from  the  measured  spectra using an  adequate 
mathematical  model  (Kaatze  and Pottel 1985). 

"""- 
""" 

""_" 

- - - - - - - 
" E , ( V )  - - - - - - - - - 

Figure 10. Sketch of a hydrated  (h)  solute  molecule (U) embedded  in  unperturbed  water ( W ) .  

In figure 11 the  relaxation  time  ratio, Th/T,, is plotted  against  the  mole  fraction, 
x, of solute  for 1,4-diazabicyclo-[2,2,2]octane/water mixtures.  Consistent  with  the  idea 
of a  hydration  model is the finding  that the Th/T, values of the  dilute  solutions within 
the limits of experimental  errors  are  independent of the  concentration.  Among  the 
aqueous  solutions  studied  so  far, this non-dipolar molecule  induces  comparatively 
high hydration water  relaxation  times  at low solute  concentrations ( T h /  T~ = 2.2, c S 1 
mol I-'). Some  further  examples  for Th/T, data of aqueous  solutions of small  organic 
molecules are  collected  in  table 1. 

It is interesting  to  note  that  macromolecules  seem  not  to reveal special  hydration 
water  relaxation times. This is demonstrated by the  examples given in figure 12 where 
for  a series of synthetic  oligomers  and  polymers  the  reorientation  time  ratio, rh/r,, is 
displayed  as  a  function of the degree of polymerization, n. For the oligomers of ethylene 
oxide  the T h / r ,  values  increase  indeed with n. Above n = 6 ,  however,  the  relaxation 
time  ratio is constant (Th/ T ,  = 2.2). With respect  to  the  extent of the  hydration regions 
oligomers and polymers  behave  like  solutes of low molecular  weight.  The z h  values 
almost  agree with the  number of nearest  neighbour  water  molecules. 
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Figure 11. The relaxation  time  ratio, T ~ / T ~ ,  against  mole  fraction, x, of solute  for  aqueous  solutions of 
1,4-diazabicyclo-[2,2,2]octane at 25 "C (Kaatze  and  Pottel 1985). 

Table 1. Ratio  of  the  relaxation  time, rh, of the  hydration 
water  to  the  relaxation  time, T,,,, of  pure  water  for  some 
small  organic  molecules  (Kaatze  and  Woermann 1982, 
Kaatze  and  Pottel 1985, Kaatze et al 1986). 

Solute T h / 7 w  (25 "c) 

1,4-dioxane  1.6 
Ethylene  glycol  2.1 
Pyridine 1.8 
Pyrazine 1.5 
2-methylpyrazine 1.6 
2,6-dimethylpyrazine 1.9 
Quinoxaline  1.9 
2-methylquinoxaline 2.2 
1,4-diazabicyclo-[2,2,2]octane 2.2 
Acetamide 2.1 
Urea 2.1 

Summing up, it may  be  said  that  in  dilute  aqueous  solutions of  organic  solutes, 
either with  low or high molecular weight,  water  obviously  forms  clathrate-like  hydration 
regions  with an  enhanced  relaxation  time, 7 h ( 7 h >  rw),  around  the  solute. However, 
this  relaxation  time  seems  not  to  adopt  values  higher  than 3 ~ , .  Hydration  water  in 
mixtures  with  a  low  content of  solute  cannot,  therefore,  be  considered  to be 'bound'. 
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Figure 12. Ratio of the  hydration  water  and  pure  water  relaxation  time, T,,/T,, semilogarithmically  plotted 
against  the  degree of polymerization, n, for oligomers  (Kaatze et nl 1984a)  and  the  polymers  (Kaatze et al 
1978) of ethylene  oxide  at 25 "C. 

The  situation may be  substantially  different  at  high  solute  concentration.  Consistent 
with the  idea of a  hydration  model  up  to  a  certain  mixture  composition ( x  = 0.03 with 
the  example given in figure 11)  the Th values are  independent of the  concentration. At 
higher  solute  content,  however,  the  hydration  water  relaxation  time  increases  strongly 
with x. As has  been verified by measurements on various  binary  aqueous systems the 
T ,  values start  to  increase if the  solute  concentration  becomes  so  high  that  the  hydration 
regions  have to  overlap strongly (Kaatze  1980b). Looking  at  long  relaxation  times, 
binary  mixtures of low water  content  are  considered  in  the  following  section. 

3.3. Relaxation  time independence of the mixture composition 

Substances  which  are well miscible  with  water  are  usually dipolar by themselves.  Three 
different  types of dielectric  spectra  have  been  found  with  dipolar  solute/water  mixtures. 
With some systems,  similar to  the  example  shown in figure 2, two  distinct  disper- 
sion/dielectric loss  regions  emerge,  one of these reflecting the  dielectric  relaxation of 
the  solute,  the  other  one,  that of the solvent  molecules. The  aqueous  solutions of 
polyvinylpyrrolidone  which will be  discussed  below  exhibit  such  spectra with the 
relaxation  time of the  macromolecule  being  considerably  longer  than  that of the solvent. 
Another  extreme is represented by the  spectra of dimethyl  sulphoxide/water mixtures 
which  exhibit  one  remarkably  small  relaxation  region  only  (figure  13).  Obviously,  the 
solute  and solvent  relaxations  cannot  be  considered  independently  from  one  another. 
The  third  type of spectra is illustrated by the  other  example  shown in figure 13. There 
indeed exist  two  dispersion/dielectric  loss  regions. A detailed  analysis of the  experi- 
mental  data, however, leads  to  the  conclusion  that these  regions do not reflect solute 
and solvent  relaxation  processes.  On  the  contrary,  the  dispersion/dielectric loss regions 
have  to  be  attributed  to different  microphases  which seem to exist in the solutions. In 
accordance with  binary  aqueous systems exhibiting  a  critical  demixing  point  (Kaatze 
and  Woermann 1982) both  microphases  contain  solute  and solvent  molecules  as well. 
The  composition of the  phases, however, is different. For mixtures  showing up two 
microphases  the  relaxation  time of the  one with the lower  water  content is considered 
in the following. 

Relaxation  times  for  some  organic  solute/water systems  are  displayed  as  a  function 
of volume  fraction of the  non-aqueous  component in figure 14. Other  than discussed 
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Figure 13. Real  part  and  negative  imaginary  part of the  complex  dielectric  spectrum for aqueous  solutions 
of dimethyl  sulphoxide (0, x = 0.69, Kaatze et al 1989a)  and  butyric  acid (0, x = 0.21, Menzel  1990)  at 25 "C. 

in  section 3.2 for  water-rich mixtures  at  high  solute  concentration,  there  indeed exist 
relaxation  times  much  longer  than 37,. Values higher than 1007, ( =  800 PS, 25 "C)  
are  found.  Careful  consideration of these  data  as well as  those  for  other  hydrogen 
bonded  liquids  (Kaatze et a1 1989b)  leads to  the  opinion  that  the dielectric  relaxation 
time  in  such systems is a  characteristic  time of the kinetics of the  hydrogen  bond 
network  rather  than  a  reorientation time  of  single dipolar molecules. The high relaxation 
times  seem  to  be  due  to  the small number  density of possibilities for  the  formation of 
hydrogen  bonds. At a  low  content of hydrogen  bond  donating  and  accepting sites,  a 
water  molecule will stay  in  a given orientation  for  a  long  time  since  a  great  number 
of  thermal  collisions is required  to  rotate  the molecule  in another  direction  favourable 
for  the  formation of a  bond. 
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Figure 14. Relaxation  time  ratio, 6/r,, shown  as  a  function  of  the  volume  fraction, F,,, of  solute  for  aqueous 
solutions of dimethyl  sulphoxide (U, Kaatze et al 1989a),  acetic ( A )  and  butyric  acid (V, Menzel  1990), 
polyvinyl  pyrrolidone (0), polyethylene  oxide (8) and  polypropylene  oxide (0, Lonnecke-Gabel  1990, 
Kaatze  1975,  Kaatze et al 1978)  at 25 "C. If the  dielectric  spectra of the  solutions reflect a  solvent  relaxation 
well separated  from  that  of  the  solvent, 4 denotes  the  relaxation  time of water.  For  mixtures  exhibiting  one 
relaxation  region  only 4 equals  the  principal  relaxation  time, T, (figure  13). I f  the  systems  are  composed of 
microphases  the  relaxation  time, T~ (figure 13),  of the  phase  with  lower  water  content is presented  in  this 
diagram. 

4. Conclusions 

Depending  on  the  type of solute  and also on  the  solute  concentration  various different 
relaxation  processes  are  observed even in  comparatively  simple  binary aqueous mix- 
tures.  Due  to  this variety of relaxation  phenomena in biological  tissues it is almost 
impossible  to  look  for  the existence of bound water by measurements on such  complex 
systems.  More  reliable  information  can  be  derived  from the  study of simpler  binary 
solutions  serving  as  models. 

There  seem  to  be two  situations  in  which  water  could  be  considered  'bound',  namely 
in the  strong  Coulombic fields around small  ions and in highly concentrated  solutions 
of organic  molecules.  With the dielectrically saturated water around small  ions or on 
the  surface of polyions  only  the  dipole  vector of the solvent appears  to  be largely fixed. 
Rapid  rotations  around  the  direction of the electric  dipole  moment are possible  as 
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well as  the  (more  or  less)  fast  exchange of molecules  between the dielectrically  saturated 
regions and  the  bulk  phase. 

The  state of water  in  highly  concentrated  mixtures  may  be of particular  interest 
for  our  knowledge of the  water  properties  in  biological  tissues  in  which  there may 
exist  parts  with very low  water  content.  The  high  relaxation  time  values which have 
been  found  for mixtures of high  solute  concentration seem to reflect the small  density 
probability  for  the  formation of hydrogen  bonds  rather  than  a high binding  energy. 
Nevertheless, it may be justifiable to  apply  the term  ‘bound’  water to such systems 
since  the mobility of the solvent appears  to be  substantially  restricted. 
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RBsumB 

De I’existence de I’eau lite  dans les systbmes  biologiques, r tvtl te  par la  spectroscopie  ditlectrique. 

L’auteur  rtsume  les  rtsultats  d’btudes  de  relaxation  ditlectrique  effectutes  dans  son  laboratoire  avec  des 
solutions  aqueuses  binaires  afin  de  rechercher les indices de la  presence  d’eau  lite. Les solutts  Ctudits 
comprennent  des  tlectrolytes  simples,  organiques et inorganiques,  des  poly-tlectrolytes,  des  petites  moltcules 
organiques  et  des  polymbres. I1 est montrt  que  mime  des  solutions  simples  rtvblent  une  grande  diversit6 
de  phtnombnes  ditlectriques. I1 apparait  donc  impossible  de  discuter  sans  ambiguitt les spectres  ditlectriques 
d e  tissue  biologiques  complexes  dans  lesquels  difftrents  mtcanismes de polarisation  se  produisent  simultant- 
ment. Les rtsultats  concernant  des  solutions  prises  comme  modbles  de  systbmes  biologiques  rtvblent  deux 
types  d’eau  qui  pourraient h e  considtrts  comme  ‘hies’:  de I’eau saturte sur le plan  ditlectrique,  soumise 
B des  champs  tlectriques  intenses,  et  de  I’eau  situte  dans  des  zones  comportant  une  forte  concentration 
d’autres  moltcules.  L’auteur  prtsente les caracttristiques  de ces deux  ttats  de I’leau dans  des  melanges. 

Zusammenfassung 

Zur  Existenz  von  gebundenem  Wasser  in  biologischen  Systemen  untersucht mit Hilfe der  dielektrischen 
Spektroskopie. 

Die  Ergebnisse  dielektrischer  Relaxationsstudien  an  binar  wassrugen  Losungen  werden  zusammengefaRt, 
um nach  Hinweisen  fur  die  Anwesenheit  von  gebundenem  Wasser zu suchen.  Die  gelosten  Stoffe  enthalten 
einfache  anorgenische  und  organische  Elektrolyte,  Polyelektrolyte,  sowie  kleine  organische  Molekiile  und 
Polymere.  Es  wird  gezeigt,  daB  auch  einfache  Losungen  eine groRe Vielfalt dielektrischer Effekte aufweisen. 
Es scheint  deshalb  unmoglich,  dielektrische  Spektren  komplexer  biologischer  Gewebe, in denen  sich 
verschiedene Polarisationsmechanismen uberlappen,  eindeutig zu diskutieren.  Die  Ergebnisse  fur  Losungen, 
die  als  biologische  Modelle  verwendet  werden  zeigen zwei Arten  von  Wasser,  das  als  gebunden  betrachtet 
werden  konnte:  dielektrisch  gesattigtes  Wasser  in  starken  elektrischen  Feldern  und  Wasser  in  Gebieten mit 
einer  hohen  Konzentration  anderer  Molekiile.  Die  Eigenschaften  beider  Zustande  des  Wassers in Gemischen 
werden  vorgestellt. 
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