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Fisica. — The Viscosity of Water-Propanol Mixtures and Their 
Behaviour in N M .R . Nota di P ietro L u igi  I n d o v i n a 0 , presen
t a t a ^  dal Corrisp. M. A g e n o .

RIASSUNTO. — Allo scopo di sottoporre ad ulteriori controlli sperim entali il modello 
collettivo del legame a idrogeno, proposto da M. Ageno è stato eseguito un accurato studio 
sia con misure di viscosità, che con la R.M .N. di miscele acqua-propanolo, in funzione della 
concentrazione. Viene messo in evidenza uno stretto legame tra  il campo di risonanza degli 
ossidrili ed il massimo della viscosità. Si discute un quadro interpretativo in pieno accordo 
con le previsioni del modello collettivo del legame a idrogeno e con i risultati delle prece
denti esperienze.

A new, collective type, model has recently been proposed [i] for the 
hydrogen bond, according to which each individual bond cannot be localiz
ed between any specific pair of atoms, but consists of a correlated system 
of bridges.

A ccording to this model, a molecule of w ater can take part in only 
two independent hydrogen bonds, while a molecule of a p rim ary  alcohol 
can take part in only one such bond.

The proposed model has m ade it possible to interpret, in a simple and 
brilliant m anner, the viscosity m axim a [2] of systems consisting of a prim ary  
alcöhol (m ethanol, ethanol) and water. These viscosity m axim a have so 
far not been adequately  understood in the light of the existing theories of 
the hydrogen bond [3].

There is a surprisingly good agreem ent between the average chain length 
of the molecules [2] in water, as a function of the tem perature, obtained 
from viscosity m easurem ents, and th a t obtained in a m anner completely 
independent of the heats of vaporization of w ater at various tem peratures.

A further confirmation [4] of the validity of the model, based on predic
tions from  it, was obtained from  high resolution N uclear M agnetic Reson
ance (N .M .R .) m easurem ents on the protons in a w ater-ethanol system. 
The dependence, at a given tem perature T, of the concentration of the protons 
front the hydroxyl groups of both w ater and ethanol agrees perfectly with 
the viscosity m easurem ents and is easily explained by the proposed model.

To test the general validity  of the model we have gone on to study  the 
behaviour of a w ater-propanol m ixture both from a viscosity and a N .M .R . 
point of view. T he experim ental results of the viscosity m easurem ents as 
a function of the concentration, are given in fig. 1. The m easurem ents were 
m ade using an U bbelohode viscosimeter at 30°C. A therm ostated bath 
was fused to m aintain  a constant tem perature within o .o i0 C. (*) (**)

(*) Laboratori di Fisica, Istituto Superiore di Sanità, Roma.
(**) Nella seduta del 14 gennaio 1967.



54 Lincei — Rend. Se. fis. m at. e nat. -  Vol. X L II — gennaio 1967

T he behaviour is of the same type as observed with a system  composed 
of w ater and a p rim ary  alcohol and is clearly different from  the behaviour 
of a w ater-secondary alcohol type system [2].

T he heat of hydration of propanol is 12.76 K J per mole of solute at 
infinite solution [5], which is higher than  the heats of hydration  of both m e
thanol and ethanol, which are 8.37 and 10.63 K J, respectively. This heat
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Fig. I.

of hydration  is sufficiently high to suppose th a t each molecule of alcohol 
in the m ixture is bound to one or m ore molecules of water, at least when 
the percentage of alcohol is not too high.

A t 30°C the viscosity of w ater is 0.80 cp and th a t of propanol is 1.74 cp.
I f  a small am ount of w ater is added to the propanol, a m ixture is obtain

ed the viscosity of which is higher than  th a t of either com ponent. This is 
in agreem ent w ith the previously proposed in terpretation [2] according to 
which the addition of a prim ary  alcohol partly  prevents the resonance tra n 
sfer of w ater molecules from,- one aggregate to another. The situation at 
m axim um  viscosity is one in which the molecules of alcohol reduce to a m ini
m um  the possibility of m olecular exchange between the various aggregates 
present. It should however be noted th a t this is true  only when the two
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components A  and B, of a given solution, between which there is a possi
bility of hydrogen bond formation, do not have very different viscosities.

If, however, we are faced with a situation in which the two components 
have very different viscosities, as in the case of the w ater-propanol system,

*n= fir fit

°/o CH3- ( C H 2)20H  in  H 2 0

Fig. 2.

then the really  significant quantity  is the deviation of the experim ental value 
obtained for the viscosity from  a linear dependence of the type:

1ab =  ^ V + ? 7>b

whdre tja , y)b and y)ab are the viscosities of the com ponents A  and B and 
of th e  solution AB, respectively, and p  and q are the percentage weights 
of the two components.

The diagram  in fig. 2 gives the difference between the m easured visco
sity 7]s and the value v)AB which in fig. 1 is indicated by a broken line. Thus 
a curve is obtained with a m axim um  at a concentration of about 50%  of 
propanol molecules in water.
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The average length of the chains in w ater at 30° C [2], calculated from 
the heats of vaporization, is 4.57, which is in excellent agreem ent with the 
value of 50%  obtained for the m axim um  deviation from  ideal behaviour.

T he encouraging results obtained thus far led us to test the validity of 
the proposed model still further, this time from  the point of view of the 
N .M .R ., which we had already done for w ater-ethanol solutions.

N .M .R . at high resolution m akes it possible to estim ate the electron 
density in the vicinity of the nuclei, by m easuring the chemical shift of the 
nuclei (and of the protons in particular). E very  phenom enon which disturbs 
this density, particu larly  m olecular interactions of the hydrogen bond type,

causes changes in the chemical shift. These changes are a function of quan
tities such as concentration tem perature, pressure and the frequency of N .M .R . 
m easurem ents.

M easurem ents, in water-propanol solutions, as a function of the con
centration were carried out 1957 by Zim m erm an and Foster. T hey  m easured 
at 40 M c/s the resonance field of the protons of the hydroxyl groups as a 
function of the concentrations, using the resonance signal of the CH3 group 
as a reference. T heir results show step-like changes of the resonance field 
of the hydroxyl group as a function of the concentration, with sudden varia
tions corresponding to m olecular ratios of alcohol to w ater of 6 : 1 ,  2 : 1 ,  
1 : 1 ,  1 : 2 .

T he results of our chemical shift m easurem ents as a function of the 
concentration for the water-propanol system at 30°C, are given in fig. 3.



P ietro  Luigi Indovina, The Viscosity o f Water-Propanol M ixtures, ecc. 57

W e have also used the m ethyl group as a reference for calculating the reson
ance fields of the hydroxyls.

The first observation th a t can be m ade is th a t the dependence of the 
resonance field of the hydroxyls does not show the step-like changes with 
sudden variations as do the m easurem ents of Zim m erm an and Foster. In 
addition, a general trend  is obtained as a function of the concentration, 
which is of the same type as th a t found for the w ater-ethanol solutions [4]: 
only one signal whose resonance field does not depend on the concentration, 
up to a propanol concentration in w ater of 50% , and two separate signals 
for higher concentrations (the m easurem ents of Zim m erm an and Foster give 
no evidence of the second signal). O f the two signals present at higher con
centrations, th a t which is observed at higher fields, th a t is, nearer to the

° /o  CH3 (CH2)2 OH in H20
Fig. 4.

signal of the m ethyl group, clearly shows its continuity with the only signal 
present at low concentrations. From  the point where the signal divides, the 
resonance field of the m ethyl group becomes displaced with increasing con
centration and its total area decreases zero as the percentage of w ater in the 
m ixture tennis towards zero. The second signal, which Appears at a propanol 
concentration higher than  50% , at first has a very small total area which 
increases with the concentration and gradually  joins the signals of the hydro
xyls of pure propanol.

W e next determ ined with the m axim um  possible precision the concen
tration  at which the signal of the propanol hydroxyl groups appears. This 
was done by draw ing a graph (fig. 4) in which the area of this signal was 
plotted on the ordinate and the percentage composition was plotted on the 
abscissa. E xtrapolating to zero area, a concentration of about 50%  is obtained.
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This concentration is inf good agreem ent w ith th a t at which there is a 
m axim um  deviation of the w ater-propanol solution from ideal behaviour, 
at 3O0 C.

To estim ate the errors associated with each experim ental point, the same 
criterion as described in detail in a previous paper [4] was used. The 
characteristics of the dependence of the chemical shift of the hydroxyl groups 
on concentrations, shown in fig. 3, can be interpreted w ithout any difficulty 
and fall w ithin the fram ework of the proposed model for the hydrogen 
bond [1].

As long as the concentration of propanol in w ater is lower than  th a t 
at which there is a m axim um  deviation of the viscosity of the solution from 
linear behaviour, all the alcohol molecules are linked to water, saturating 
the hydrogen bonds available in the polym olecular bonds of water. Con
sequently, all the protons of the hydroxyls occupy the same m olecular posi
tions because they  all take part in the hydrogen bridges which join two 
oxygen atoms. In  actual fact, the term inal protons of each chain of w ater 
molecules occupy slightly different m olecular positions. In  non-satured bonds, 
the term inal protons actually give rise to constant exchanges and each 
proton assumes a term inal position for a very brief period. T he resonance 
field of the protons of the therm inal hydroxyls is p robably  only slightly differ
ent from  th a t of the others. This difference is m ost p robably  responsible 
for the asym m etry of the signal, which can be observed by slowly changing 
the m agnetic field through the conditions of resonance.

W hen all the hydrogen bonds available in w ater are saturated  with m ole
cules of alcohol, an excess of alcohol can give rise to single molecules or to 
dim ers which m ix with the molecular aggregates present w ithout becoming 
bound to them . Thus, on the one hand, the viscosity of the solution begins to 
decrease, and, on the other, a second signal appears, whose area gradually  
increases due to the protons of the alcohol hydroxyl groups.

Two facts rem ain to be clarified. The first one (see fig. 3) relates to the 
resonance field of the protons belonging to the hydroxyls of the w ater mole
cules which are saturated  with alcohol molecules and their dependence to 
a m arked degree on the concentration when the latter is higher than  60 % . 
In  addition, the reason for which the area of the signal of the alcohol, shown 
in fig. 4, tends to saturation with increasing concentration m ust be explained.

Both these facts can be explained by noting th a t when a considerable 
excess of alcohol is present in the m ixture, above the am ount needed to 
saturate  the bonds available in water, the average structure of the polym o
lecular aggregates of w ater molecules is undoubtedly  affected. F irst of all, 
the average length of the chains undoubtedly  decreases and an ever increas
ing num ber of alcohol molecules become hydrated. I t m ust not be forgotten 
th a t hydrogen bonds are relatively weak and th a t therm al m otion is sufficient 
to produce the conditions in which every now and then a few are broken. 
W hen this occurs in the presence of an excess of alcohol, the two parts of 
the broken chain have a high probability  of becoming saturated , thus form-
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in g two shorter chains from  a longer one. Secondly, with an increase in the 
alcohol concentration, more complex aggregates can undoubtedly  be formed, 
containing different num bers of molecules, with an ever-increasing preval
ence of alcohol molecules.
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