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S E Z I O N E  I I

(Fisica, chimica, geologia, paleontologia e mineralogia)

Fisica degli stati condensati. —  On the Viscosity o f Water. N ota n  
del C orrisp. M a rio  A g e n o .

RIASSUNTO. — La viscosità dell’acqua può rappresentarsi con grande precisione mediante 
una formula notoriamente valida nel caso di liquidi costituiti da polimeri lineari. Questo 
fatto è in accordo col modello collettivo del legame a idrogeno, secondo cui gli aggregati mole­
colari nell’acqua sono per lo più catene lineari.

In  the present paper I propose to draw  attention to an em pirical form ula 
which applies very well to the values of the viscosity of w ater expressed 
as a function of tem perature. The form ula is of the type which is known 
to hold for solutions of linear polym ers as D unstan has shown since 1906 [1-2]. 
F irst of all, I shall explain w hy such a form ula was tested. In  some previous 
papers [3-7] I developed a new model of hydrogen bond, which I called the 
collective model. Such a model was also tried on water, in order to see if 
its structure could be explained by it. P reviously some rem arkable results 
were obtained and satisfactory connections were found am ong very differ­
ent quantifies, such as the heats of vaporization of water, the viscosities of 
water-alcohol m ixtures and their N M R  spectra, the binding energy of two 
w ater molecules in the liquid and the tem perature dependence of the chemical 
shifts of w ater protons in NM R. Furtherm ore, the m ain consequence of 
the collective model as far as the structure of w ater is concerned was some­
w hat supported by these results. This consequence is th a t in the liquid there 
are almost exclusively linear chains of molecules. As a m atter of fact, accord­
ing to the collective model other types of m olecular aggregates (rings) are 
also possible in water, but one m ust th ink  they become im portant only in 
the neighbourhood of the freezing point. It would be im portant if the m ain 
assum ption ' of the theory, nam ely the linear structure of the m olecular 
aggreg ates ln water, could be tested as directly as possible. T h at is the 
point in which the present theory of the structure of w ater [7] differs from 
all other theories which have been proposed till now. Viscosity is a physical 
quan tity  which depends critically on th e  shape of molecules and m olecular 
aggregates in a liquid. For this reason the viscosity of w ater at different 
tem peratures was considered and the formulas which hold in the case of 
linear polym ers were tested.

Experim ental investigations on the viscosity v] of long-chain polymers 
have been m ade by several A uthors. D unstan [1] was able to dem onstrate

(*) Presentata nella seduta del io gennaio 1970.
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tha t in m any cases v) can be expressed quite well by the formula:

(1) 7} — Y]0 eaL ew/kT

where L  is the num ber of monomers in the chain and the activation energy W 
is independent of L  [8].

On the other hand, a theoretical treatm ent of the problem  can be based 
on a form ula derived for the first time by Einstein in 1905 for spherical 
particles. In  the case of high concentrated solutions of linear polymers one 
obtains from it [9] at constant tem perature:

( 2 ) *1 =  TQo e1

where y is a convenient function of L. If  the particles are rod-like in shape 
and contain more than  a hundred monomers, it can be shown that

^  =  2 log L

while! F lory’s experim ental results in the case of linear polyesters [2] are 
represented by the em pirical formula:

ï  =  T ^ r -(4)
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The discrepancy between the experim ental results represented by (1) and (4) 
and the theoretical form ula (3) is generally interpreted as due to a partial 
curling of the m olecular chains [9].

In  the case of water, according to our theory, the m ean num ber of 
molecules per polym er varies from five to eight depending on tem perature. 
For such values of L, we m ust take into account formula (1) which was expe­
rim entally tested by F lory [9] using long-chain paraffins w ith relatively low 
values of L.

V ery accurate values of the viscosity of w ater were available long since 
and a critical evaluation of all data  between o°C  and I 0 9 ° C  is reported in 
the In ternational Critical Tables [10]. The estim ated accuracy is of the order 
of 0 .1%  between o°C  and 40°C  and of 0.5 to 1%  at higher tem peratures. 
As is shown in fig. 1, a V an t’Hoff plot of such data  is not a straight line.

Viscosity increases more th an  usual as the tem perature is decreased and 
this m ay be due to the fact th a t the m ean polym er length increases correspond­
ingly. It is rem arkable, though not too easy to explain, th a t plotting log 4 
against the m ean num ber of molecules per pqjym er L, the resulting plot is 
linear with good accuracy (fig. 2).

According to our theory [7], L  is given as a function of tem perature by:

(5 ) L  =  -  [I +  i i + 2 h  ] , h =  K  =  0.4703 d  ^318/t

where d  is the density and K the equilibrium  constant of w ater at the absolute
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tem perature T. A  best fit shows tha t the viscosity of w ater between o° C 
and io9°C  can be suitably expressed by the empirical formula:

(6) 7] =  7)0 / L -  (0 .3167 ±  O.OOI) / ■  *“ *±0-0006,

The root m ean square deviation for the n o  points used in the fit is:

o- =  0 .0 3 s

with a m axim um  deviation of 1 .6% .
However the fit is not perfect although very good. Plotting the relative 

deviation (v)cai —-^obs)hobs as a function of T, a regular trend is evident and 
the m axim um  deviation is more than  three times greater than  the accuracy 
of the experim ental data.

This fact suggests th a t we should test D unstan ’s em pirical formula [1], 
which is known to hold for linear polymers with relatively low values of L. 
A  best fit of the same points as before gives in this case:

( 7 )  7) -  (O .238  ±  O .O O S) , (0-4 4 2 5 ±  0 0038) L ^ 8 9 . 6 ± 1 3 . 8 ) / T

with:

<* =  0 .0 3 4

and a m axim um  deviation of 1.2% . The im provem ent is poor. It m ust be 
observed however th a t system atic deviations occur now m ainly near o°C; 
where the hypothesis of the occurrence of exclusively linear polym ers in 
the liquid is less realistic, owing to the presence of a substantial fraction of 
hexagonal rings, deriving from the demolition of the lattice of ice. A  new 
fit was then m ade using only a hundred experim ental points, between io°C  
and iO90 C, at which the contribution of hexagonal rings to the viscosity 
can be neglected. The result was:

(8) 7) =  (0.2138 ±  O.OO45) , (0-4192±0 °°42>L ^ 69± 15)/T

and

G =  O . O I 8

with a  m axim um  deviation of 0.51 %, which is the same order of m agnitude 
as thç accuracy of the m easurem ents. Thus, the fit is as good as one can hope, 
and the residual tren d  in the distribution of the deviations of the single 
points m ay also be due in p art to the use of a not very accurate value of 
the equilibrium  constant K of water.

We are thus led to the conclusion that the viscosity of water is expressed 
with a very high degree of accuracy by a formula which holds in the case 
of linear polymers. Obviously, this fact does not prove th a t molecular 
aggregates in w ater are linear. However if the aggregates of w ater molecules 
are linear, it is to be expected th a t D unstans’ formula would hold. No diffi­
culties then from this side to the collective model of the hydrogen bond.



[ 5] MARIO A g e n o , On the Viscosity of Water 69

R eferences.

[1] A. E. Dunstan, « Z. physik. Chem. », 56, 370 (1906).
[2] P. J. Flory, « J. Am. Chem. Soc. », 62, 1057 (1940).
[3] M. Ageno, « Proc. Nat. Acad. Sci. U. S. », 57, 567 (1967).
[4] M. Ageno and C. Frontali, « Proc. Nat. Acad. Sci. U. S. », 57, 856 (1967).
[5] M. Ageno and P. L. Indovina, « Proc. Nat. Acad. Sci. U. S. », 57, 1158 (1967).
[6] M. Ageno, Problemi attuali di scienza e di cultura. Quad. n° 102, « Accad. Naz. Lincei »,

Roma 1967.
[7] M. Ageno, « Atti Accad. Naz. Lincei, Rend. Classe Scienze fis. mat. nat. », 46, 427 (1969).
[8] W. Kauzmann and H. Eyring, « J. Am. Chem. Soc.», 62, 3113 (1940).
[9] J- Frenkel, Kinetic Theory of Liquids (Dover Publications Inc., New York, 1955), 

p. 169 f.
[10] International Critical Tables of Numerical Data, National Research Council (McGraw- 

Hill, New York and London, 1929), 5, p. 10.


