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The effect of inorganic salts (cosolute) on the main parameters of dilute aqueous poly(vinylpyrrolidone) 
(PVP) solutions, such as cloud points, phase diagram, 0 temperature and viscosity was studied 
experimentally using various concentrations of salts and said polymer at varying temperatures. It is 
shown that, thermodynamic incompatibility of aqueous PVP-salts solutions strongly depends on the 
character of effect of salts (water-structure breakers or water-structure makers). Inclusion of salts into 
aqueous PVP solution leads to decreasing of the 0 temperature and intrinsic viscosity which is caused by 
effect of the cosolute ions in enhancing the segment segment interactions. Copyright © 1996 Elsevier 
Science Ltd. 
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I N T R O D U C T I O N  

The interest in the behaviour of interaction in aqueous 
solutions of synthetic and natural polymers is due to 
several factors, among which the main factor is that the 
water-polymer interactions play an important role in 
biological processes. Such interactions are related both 
to different conformational changes of macromolecules 
and their different biofunctional role in the body. The 
problems of consistency of polymers and inorganic salts 
in saltivated solutions, such as water medium, are 
changeable or ambiguously explained questions. 

The possibilities of investigation of the effect of 
inorganic salts on the water-polymer systems become 
widely spread due to the fact, that inorganic electrolytes 
in water medium put essential effects on water's physical 
structure and so on the basic parameters of polymer 
solutions in wide limits of concentrations. 

The poly(vinylpyrrolidone) (PVP) is one of the rate 
synthetic water soluble polymers employed in biological 

1 3 systems and medicine - . However, the problem of water 
solutions in the presence of inorganic salts on electrolytes 
is not widely investigated. For  example, in the papers 4'5 
there are given ranges of the 0 temperature for aqueous 
PVP solutions with different molecular masses with 
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concentration in limits 3-10%. The Flory temperature is 
calculated by the method of extrapolation in the present 
NazSO 4 and is 28°C. The thermodynamic basis of the 
method for determination of  0 temperature for polymer 
solution was described by Sakellariou 6. In this work the 
phase diagram of PVP-water-NazCO3 system was also 
constructed by the same procedure over wider polymer 
concentrations. Kinetic studies associated with the 
interaction between sodium dodecyl sulfate and PVP in 
aqueous solution were described in the work 7. 

In this study some results on the effect of  inorganic 
salts have been discussed over basis parameters of the 
dilute aqueous PVP solutions, such as cloud points phase 
diagram, 0 temperature and viscosity. 

EXPERIMENT 

Materials 
PVP, supplied by BDH, has nominal molecular weight 

M n = 44000 and intrinsic viscosity [~/] = 0.21 dlg -1 at 
25°C in water. Polymer solutions were prepared in 
bidistilled and deionized water. The following inorganic 
salts were used as the electrolytes: MX, where M = Na, 
K, Li, NH4; X = F, C1, Br, CO3, SO4, HPO4, PO4, HS, 
C104, SCN and $203. PVP solution concentrations 
in water 0 .4-1.0gdl  -~ and salt concentration 0.2- 
1.2 tool d1-1 were used for the construction of the phase 
diagrams. 
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Measurements 
The 0 temperature of PVP in water and aqueous salt 

solutions were measured by studying the variation of the 
cloud points of the dilute polymer solutions in the presence 
of the above indicated electrolytes at 25-85°C temperature 
regions in a custom-made apparatus using a known 
method 6. The intrinsic viscosity of aqueous polymer 
solutions were measured in the Ubbelohde viscometer. 

RESULTS AND DISCUSSION 

L The cloudpoint andphase diagram of PVP-HeO-salt 
systems 

First of all, dilute aqueous PVP solutions have been 
compared with inorganic salts in the regimes of 
increasing dynamic temperature. Concentrations of 
PVP in water 0.4-1.0 gd1-1 and salt concentration 0.2- 
1.2 mol d1-1 have been used. 

Phase cosolutes have not been observed in the aqueous 
mixture of PVP with NaNO3, KBr, NaCIO4, NaSCN, 
NariS, NaHSO4, Na2S203, NaC1 and NaF by the 
increasing of temperature (25-85°C). As a result of the 
investigation it has been found out that aqueous 
solutions with the following salts are thermodynamically 
incompatible: Na2SO4, Na2CO3, Na3PO4, Na2HPO4, 
NaH2PO4, K3PO4, K2HPO4, KH2PO4, K2CO3, KF, 
Li2SO4 and (NH4)2HPO4. Under normal atmosphere 
pressure by the increasing of temperature aqueous 
mixture of these salts with aqueous of PVP solutions 
become consolute and layered into two phases up to the 
boiling temperature of water. For the aqueous PVP-salt 
mixtures experiments have been done in five fixed volume 
fractions of polymer at the different concentrations of 
salts. The obtained results show that values of the 
temperature at which the phase consolutes are different 
from each other, are dependent on the type of the salts. 
Table 1 shows the temperature of phase consolute tp 
which is thought to be valid for all investigated systems 
at the fixed volume fraction of PVP (q~2 = 0.7 x 10-2). It 
can be seen that with increasing salt concentration, the 
values of 0 temperature at which the consolute begin to 
take place decrease. The similar results have been 
obtained for five fixed volume fractions of polymer in 
the investigation system. Figures 1 and 2 show phase 
diagrams of aqueous PVP-K3PO 4, PVP-KH2PO 4, and 
PVP-Li2SO4, PVP-NazCO3, respectively. 

As the curves demonstrate, the essential changes in the 
system occur with limits up to 1.5 × 10 -3 of volume 
fraction of polymer, moreover, the character of change 
of all curves is almost the same, i.e. mechanism of 
consolute does not depend on the concentration of the 
used salts. All of the investigated aqueous PVP-salt 
solutions show a similar character of change of phase 
diagrams. The plots show that the increasing of the 
concentration of polymer cannot lead to an unlimited 
decrease in temperature of phase consolutes, i.e., the 
concentration has a limit. 

The comparison of the determined values of the 
temperature of phase consolute tp in aqueous PVP-salt 
solutions for Na (NazCO 3, NazPO 4 and NaHPO4) and 
K (KzCO 3, K3PO4, KHPO4 and H2PO4) salts, shows 
that Na salts have lower values of the temperature of 
consolute and difference Atp between values tp the 
investigated salt is the following: Atp = t p ( K X ) -  
tp(NaX), where X is anions of salts, the changes on 

Table 1 The temperature of phase consolute (tp) which are thought to 
be valid for all studied systems at the fixed volume fraction of polymer 
(q~2 = 0.7 × 10 -2) 

c tp c tp 
Salts (moll - l )  (°C) Salts (mol 1-1) (°C) 

KH2PO4 0.80 80 KF 0.90 75 
0.90 70 1.00 67 
1.00 50 1.00 59 
1.10 50 1.20 52 

K3PO 4 0.30 73 K2HPO 4 0.40 63 
0.35 57 0.45 49 
0.40 47 0.50 40 

K2CO 3 0.45 72 Na3PO4 0.25 73 
0.50 64 0.30 53 
0.55 55 0.35 35 
0.60 44 

Na2CO 3 0.40 82 Na2HPO 4 0.30 68 
0.45 70 0.35 52 
0.50 58 0.40 42 
0.60 38 

Li~SO 4 0.70 72 NaH2PO 4 0.80 85 
0.80 60 1.00 66 
0.90 44 1.20 43 
1.00 34 

Na2SO4 0.35 89 (NH4)2HPO 4 0.80 85 
0.40 75 0.65 52 
0.45 65 0.70 42 
0.50 53 
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Figure 1 The phase diagrams of aqueous PVP-K3PO4 and PVP- 
KH2PO4 solutions. (e)  Aqueous PVP-K3PO4, (x) aqueous PVP- 
KH2PO4 
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Figure 2 The phase diagrams of aqueous PVP-Li2SO 4 and PVP- 
NazCO 3 solutions. (O) Aqueous PVP-Li2SO 4, (×) aqueous PVP- 
Na2CO3 

Table 2 The values of the temperature ofconsolute (tp) and difference 
(Atp) for any PVP-salt system 

C tpl C tp2 (Atp) = tp2 - tpl 
Salts (moll -1) (°C) Salts (moll -l)  (°C) (°C) 

K3PO 4 (0.35) 57 Na3PO 4 (0.35) 35 22 
K2HPO 4 (0.40) 63 Na2HPO 4 (0.40) 42 21 
KH2PO4 (1.00) 60 NaH2PO4 (1.00) 66 -6  
K2CO 3 (0.50) 64 Na2CO 3 (0.50) 58 6 

\ 
\ 

~ o  e ~ o ~ o  ~ 0.4M 
~'--...~o Na2CO 3 

" '~° ~ o  ~ o ~  0AN " . ~  No2SO~ 

- - - " ' ~ " " "  ~ "----..__. _______ 0,3M 
~;,,.~-~.,,.,~.~ . ~  Na2HP04 

the nature of anions. The results of Atp are presented in 
Table 2. 

It is commonly known, that ions of Na and K have a 
similar structure of exterior electronic shells and equal 
charge with a difference in radius (Na = 0.98A, K = 
1.33 A) s. Then, since the smaller the radius of anion and 
accordingly larger the number of hydration (Na = 7-9, 

9 K = 4 - 6 ) ,  there is higher probability of interactions of 
ions with the water molecules. Such behaviour of  
the above mentioned ions in the investigated 
systems can also be explained by the essential difference 
in the energy of interaction of  cations Na and K 
with the water molecules (-ENa+ = 101.2kJmol- l ;  
--EK+ = 75.7 kJ mol-1) 9. 

0.4 K 3P04 

o.o t~z'I° z 

Figure 3 The dependence of the temperature of consolute on the 
volume fraction of PVP for different Na and K anions. (×) Aqueous 
PVP-salts of K, (O) aqueous PVP salts of Na 

It is also known that, for the same structure of 
electronic shells and equal charge, polarization and 
diffusion actions of an ion increases following decreasing 
of its radius. These statements confirm the experimental 
results obtained by us for Na and K, that salts of Na 
correspond to lower temperature of phase consolutions 
with the exception of the NaHzPO 4 salts. The latter fact 
we explain by the acid character of salts of Na i l  2PO4 and 
KHzPO4, especially for the salt of KHzPO 4. 

The comparison of the values of the consolute 
temperature for aqueous PVP-NazHPO 4, PVP-  
K2HPO4 and PVP-(NH4)zHPO4 systems correspond 
to the theoretical aspects mentioned above. For  PVP-  
(NH4)zHPO4 systems the value of the temperature of 
consolute is the highest in comparison with PVP-  
NazHPO4 and PVP-K2HPO4, that are explained by 
higher values for the radius of the NH + ion (1.43A). 
Similar conditions can be made from the values of the 
consolute temperature for aqueous PVP-NazSO 4 and 
PVP~LizSO 4 systems. Since the Li ion has the radius 
0.78 A, the consolute in the PVP-Li2SO 4 system emerges 
at a temperature lower than NazSO 4. 

lO It is known , that the effect of inorganic salt on 
the structure of  water essentially depends on the nature 
of the anions. To compute the role of anions in the 
structure changes of aqueous PVP-salts solutions, we 
measured the dependence of  the temperature of 
consolute on the volume fraction of PVP (Figure 3) at 
the below Na salt concentrations: NazSO 4 (0.4 mol 1 -l),  

1 1 Na2CO 3 (0.4moll ), NazHPO4 ( 0 . 3 m o l l - ) ,  NaHzPO4 
1 1 ( 1 . 0 m o l l - )  and Na3PO4 (0.3moll  ); and K salts: KF 

(1.0moll l), K2CO3 (0.5mo11-1), K2HPO4 (0.4m011-1), 
1 1 KH2PO4 ( 1 . 0 m o l l - )  and K3PO4 (0.4moll ). 
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From this graph it follows that: 

PO4 3 > HPO4 2- > SOl- > CO~- > H2POg (for Na) 

PO4 3 > H P O  ] >CO~ >H2POg > F -  (forK) 

Taking into consideration that structure changes of 
water essentially depend on the anions, one may 
conclude, that for the PVP-salts systems, where the 
anion of the salts is a water-structure breaker (PO 3- and 
HPO 2-) the phase consolute is observed at low 
temperatures, but if water-structure makers (H2PO4 
and F-) are present in the system, then thermodynamic 
incompatibility is reached at the higher temperature. 
Soluability of PVP in water is due to the presence of 
polar fragments in the lotaval chain of the polymer, i.e. 
the carbon group. Being in water PVP obtains strong 
hydrogen connections with the molecules of the water, 
i.e. = C = O . . .  H - O - H  or ~N. . .  H - O - H .  

It is known that for the water system with LCST, 
increasing temperature or inclusion of inorganic salts 
yields the collapse (breaker) of hydrogen con- 
nections 11']2. If in aqueous PVP solution one puts a salt 
of strong water-structure breakers (basically, because of 
anions), then the breakdown of hydrogen connections 
leads the structure of the solution to one where 
thermodynamic incompatibility is reached with a small 
increase of temperature. Indeed, phase consolute of 
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Figure 4 Sakellariou plots of aqueous PVP-salts solutions: PVP 
KH2PO4 and PVP-Na2CO3. (x) Aqueous PVP-KH2PO4, (e)  
aqueous PVP-Na2CO3 

aqueous PVP solutions with salts (Na3PO4, Na2HPO4) 
can be observed in the limit 25-35°C. 

But if in the aqueous PVP-salts systems there exists 
water-structure maker anions, the effects of salts in 
collapsing hydrogen connections (because of cations) 
will be negligible. The thermodynamic incompatibility of 
PVP with the salt in the water can be reached only by 
increasing temperature, that leads to the breakdown of 
strong hydrogen connections between the carbonyl 
group of the polymer and the molecules of water. All 
the mentioned are observed in the system PVP-KF-  
water and PVP-KHzPO4-water , where the phase 
consolute starts at 60-70°C. 

Thus, thermodynamic incompatibility of aqueous PVP- 
salts solutions strongly depends on the character the salts 
(water-structure breakers or water-structure makers) on 
the structure or the thermodynamic state of water. 

II. 0 temperature of PVP in aqueous salt solutions 
The 0 temperature of polymers is a very important 

parameter for both free and attached chains. At the 0 
point, the chains assume their unperturbed dimensions 
and the intermolecular interactions vanish 13A4. At the 
same time segmental interactions become attractive 13. 
Determination of the 0 temperature is usually imple- 
mented by light scattering and osmotic pressure 
measurements. Both measurements are based on the 
fact that the second virial coefficient vanishes at the 0 
point 14. In this paper we shall report on the 0 point of 
PVP aqueous salt solutions. 
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Figure 5 Sakellariou plots of aqueous PVP-salts solutions. (x) 
Aqueous PVP-KF, (e)  aqueous PVP-K2CO 3 
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Table 3 The 0 temperature values for PVP in all studied aqueous salt 
solutions 

C 0 C 0 
Salts (moll -I)  R (°C) Salts (moll  1) R (°C) 

KH2PO4 0.80 0.999 64 KF  0,90 0.992 65 
0.90 0.998 55 1.00 0.998 55 
1.00 0.999 46 1.11 0.991 45 
1.10 0.998 35 1.20 0.995 38 

K3PO 4 0.30 0.779 61 K2HPO 4 0.40 0.998 55 
0.35 0,991 40 0.45 0.999 40 
0.40 0.992 29 0,50 0.976 33 

K2CO3 0.45 0.999 56 Na3PO 4 0.25 0,993 57 
0.50 0.998 50 0.30 0.997 36 
0.55 0.998 40 0.35 0.995 16 
0.60 0.998 29 

Na2CO3 0.40 0.995 59 Na2HPO4 0.30 0.983 54 
0.45 0.979 49 0.35 0.985 35 
0.50 0.997 39 0.40 0.991 22 
0.60 0.975 19 

LizSO 4 0.70 0.993 59 NaH~PO4 0.80 0.983 77 
0,80 0.976 42 1.00 0.985 57 
0.90 0.998 33 1.20 0.991 35 
1.00 0.995 19 

Na2SO 4 0.35 0.983 73 (NH4)zHPO 4 0.60 0.998 49 
0.40 0.999 62 0.65 0,995 38 
0.45 0.965 48 0.70 0.996 30 
0.50 0.980 36 

For the PVP aqueous salt solutions PVP-KH2PO4, 
PVP-Na2CO3, PVP-KF and PVP-KzCO3 Sakellariou 
plots are demonstrated in Figures 4 and 5, where the 0 
temperature was found using extrapolation. Table 3 
shows the values of 0 temperature for PVP in all 
investigated aqueous salt solutions. 

The dependence of Flory temperature for aqueous 
PVP-salt solution on the concentration of the used salts 
is shown in Figure 6; for extrapolation of this dependence 
and use of the least squares method gives the 0 
temperature for PVP in water as 0 = 149 -4- 7°C, which 
corresponds to the literature data (0 = 140 4- 7°C) 4. 

As the experimental results show, the temperature of 
PVP in water is about 149°C, but with different inorganic 
salt changes the temperature value is dependent on the 
type of salt (Table 3). This phenomena can be explained 
by the fact that the presence of an inorganic salt in water 
breaks down the hydrogen connections of the water and 
hence yields the decreasing value of temperature, under 
which the behaviour of PVP in such a solution becomes 
ideal. The salts of the type Na2CO3, Na3PO4, NazHPO4, 
K3PO4, KH2PO4, K2CO 3 and (NH4)zHPO4(*) decrease 
the Flory temperature for PVP in water to the minimal 
values (16-30°C). But in salts of the type NaH2PO4, 
KHzPO4, NazSO 4 and KF(**) this decrease is not very 
great (45-77°C). The mentioned negligible effect of salts 
of the type (**) on the Flory temperature aqueous PVP 
solutions we explain by the water structure-maker 
properties of anions, the presence of which in water 
leads to the strengthening of hydrogen connections. But 
in the case of salts (**) of the ions of Na and K, which 
yield a small destruction of the water structure, the 
inclusion of the salts into aqueous PVP solution yields 
small changes of Flory temperature. 

Thus, on the basis of this one can assert that inclusion 
of inorganic salts into aqueous PVP solution leads to a 
decrease of the Flory temperature of the system. More- 
over, the effect of the salts strongly depends on the water- 
structure breakers or water-structure makers effects of 

anions of the salts on the structure or thermodynamic 
state of water. 

III. Viscosity of PVP-salt-water systems 
It is known that the viscosity of polymer solutions is 

determined not only by volume fraction of polymer but 
also by thermodynamic compatibility of solvent to 
polymer -. As it has been shown presence of inorganic 
salts on aqueous dilute PVP solution causes the break- 
down of strong connections between the carbonyl group 
of the polymer and the molecules of water occurs, in the 
result of which the 'first' structure of water in solutions 
changes, i.e. the thermodynamic incompatibility between 
water and PVP changes. 

In order to estimate the qualitative character of the 
structure changes in the investigated PVP-salt systems, 
we have carried out measurements. The results of 
intrinsic viscosity of aqueous PVP and PVP-salt 
solutions are given in the Table 4. The data of Table 4 
indicate that the presence of different inorganic salts in 
water changes the value of intrinsic viscosity of PVP. 
This phenomenon can be explained by the fact that the 
presence of inorganic salts in aqueous PVP solutions 
changes the 'first' physics structure solutions in the 
direction of untwining of the macromolecules in the 
globules. That is why movement of molecules of 
the polymer in solutions becomes eased, decreasing 
the viscosity of the PVP-salt system. On the other hand, 
the observed reductions of [71] in the presence of the 
cosolutes represent the effect of the cosolute ions in 
enhancing the segment-segment interactions. This 
should parallel their effect on the 0 temperature, where 
the cosolute increases the tendency of the polymer 
molecule to go into the more concentrated phase of the 
precipitate associated with more segment-segment 
interactions. 

As it is known the values of the Huggins constant KH 
depend on the nature of the solvent and on the solvent- 
polymer interactions. Values of the Huggins constant for 
the aqueous PVP and PVP-salt solutions are shown in 
Table 5. The data of Table 5 indicate that the values of 
the Huggins constant for all investigated systems are 
higher than 1, with the exception of the PVP-NazSO4 
and PVP-K3PO 4 aqueous solutions. Similar results have 
been obtained in other works 13J4, where aqueous salts 
solutions of PEO have been investigated. The authors 
explained this by the presence of salts in the polymer 

Table 4 The results of  intrinsic viscosity of  aqueous PVP and PVP 
salt solutions 

c [,~]. [4, [,]M , 
Salts (moll  -1) (dig -I)  (dlg i) (dlg_~) 

PVP (Pure) 0.00 0.2135 0.217 0.2135 
Na2SO 4 0.50 0.169 0.170 0,170 
LizSO 4 0.90 0.170 0.171 0.171 
Na2CO 3 0.50 0.162 0.163 0.162 
K2CO 3 0.55 0.170 0.171 0.170 
KF  1.20 0.167 0.166 0.167 
K3PO 4 0.35 0.176 0.175 0.175 
KHzPO 4 1,10 0.160 0.162 0,161 
K2HPO 4 0.45 0.161 0.162 0.162 
Na3PO4 0,30 0,162 0.163 0.162 
NaHIPO4 1,20 0.155 0.154 0.153 
NazHPO 4 0,35 0.145 0.144 0.145 
(NH4)zHPO 4 0,65 0.150 0.151 0.151 
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Figure 6 The dependence of Flory temperature for aqueous PVP-salt solution on the concentration of the salts used 

Table 5 The values of the Huggins constant for the aqueous PVP and 
PVP-salt solutions 

C 
Salts (mol 1 -l) KI_I,25oc KK,25oc KI-I-KK,25oc 

PVP 0.0 1.317 0.536 0.781 
K3PO 4 0.4 0.802 0.194 0.608 
K2HPO 4 0.5 1.031 0.425 0.606 
KH2PO4 1.1 0.019 0.412 0.607 
Na3PO4 0.3 1.163 0.557 0.606 
Na2HPO 4 0.35 1.286 0.681 0.605 
Na2SO 4 0.5 0.854 0.245 0.609 
Na2CO3 0.5 1.074 0.471 0.603 

solutions. But the difference of values KH-KI,: at 25°C 
for investigation systems lays in the framework of the 
theory of the viscosity of polymer solutions (Table 5). 

As it has been shown, including inorganic salts in the 
PVP-salts system changes the structure of this solution. 
These changes seem to be caused by interaction between 
ions of salts and the hydrogen group of PVP, which 
occur because of direct dipole-dipole interaction 
between ions of salts and polar groups in chains of 
PVP, as we suggest. 

Thus, if in the aqueous PVP solutions the Huggins 
constant evaluates interaction only between water and 
PVP (H20.. .PVP), then in PVP-salt-water systems 
this constant evaluates three interactions (HzO...  
PVP...salt). It is seen from Table 5 the constant 
Huggins has the maximum value (KH = 1.317) in the 
aqueous PVP solutions. The relatively higher value of KH 
in aqueous PVP solutions can be explained by the strong 
interaction between the carbonyl group of the polymer 
and the molecules of water leading to the hydration of 

the polar group of PVP by molecules of water. The 
presence of an inorganic salt in aqueous PVP solutions 
changes the structure of water by breaking down 
hydrogen connections between PVP and the molecules 
of water while changing the hydration balance estab- 
lished around the carbonyl group. In this case ions of 
salts rivalling with molecules of water interact with 
unconnected fractions of the polar group in the polymer 
chain. Thus, including salts in aqueous PVP solutions 
between PVP and molecules of water, that is the Huggins 
constant evaluating interaction between PVP and 
aqueous salt solutions must be smaller than the 
same constant in the PVP aqueous solution. Then, 
A K  H = (KH1 -- KH2), where KHI is the Huggins constant 
of PVP-salt-water system, KH2 is the Huggins constant 
of PVP-water system and AKH is the value which 
characterizes the qualitative impact of salt on the 
summary interaction in the PVP-salt-water system, 
i.e. this parameter estimated the changes of interaction 
between PVP and the molecules of water, under the effect 
of salts. The value of AK n is negative, showing that the 

Table 6 The values of AK~I,25 for PVP-salt solutions 

C 
Salts (mol 1-1) -AK~,25 AK~,25 (%) 

K3PO 4 0.4 0.5848 42.16 
Na2SO 4 0.5 0.4628 35.14 
KH2PO 4 1.1 0.2978 22.61 
K2HPO ¢ 0.5 0.2858 21.7 
NalCO 3 0.5 0.2428 18.43 
Na3PO 4 0.3 0.1538 11.67 
Na2HPO4 0.35 0.0308 2.33 
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decreasing hydrogen  connect ions  between PVP and the 
molecules  of  water  is caused by inorganic  salts. The 
values o f  AKH are presented  in Table  6. It  can be seen 
that  N a  salts have lower values o f  AKH,25 c o m p a r e d  with 
K salts. Therefore ,  the aqueous  P V P - N a - s a l t  solut ions  
have lower values of  the t empera tu re  of  consolute ,  i.e., 
they are t he rmodynamica l ly  more  incompat ib le  systems. 
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