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The chemical shifts and the apparent activity coefficients of water
dissolved in CHNO,, C,H,Cl,, and CH, have been determined as
a function of the water activity. For C,H;NO, the results are best
understood in terms of & monomer-dimer equilibrium, whereas for
C,H,Cl; no conclusive choice could be made between a monomer-
dimer and a monomer-trimer equilibrium; in both cases, however,
the monomer is the dominant species. These conclusions are drawn
from the fit of the experimental apparent activity coefficient to the
proposed model and from considerations regarding the chemical
shifts of the species. In C{H, polymeric species are detected only by
the NMR technique and can be estimated not to exceed 3.5 9% of
the total water content.

The state of aggregation of water dissolved in various organic solvents
has been studied previously by several methods. From specific volume
and viscosity data Gordon et al.! concluded that water to a large extent is
polymerized in benzene and toluene. However, from partition and solute
isopiestic measurements Hogfeldt and Bolander 2 and Christian et al.® found
that water is predominantly monomeric in these systems. Hogfeldt and
Bolander investigated nitrobenzene as well and found for the higher water
activities deviations from monomeric behaviour. Corresponding deviations
were later on found in several organic solvents by Johnson et al.%:5 and Master-
ton and Gendrano ® using similar techniques and were by these authors
interpreted as due to formation of polymeric water species. However, for all
solvents investigated the monomer was found to be the predominant molecular
species. In a recent investigation 7 of the extraction of HCl and HNO; by
benzene we have combined the partition technique with a high resolution
NMR-investigation of the organic phase. From this study some further evidence
was obtained indicating that water is monomeric in benzene (e.g. from the
chemical shift of the water protons).

The purpose of the present investigation was to make use of this combina-
tion of the NMR and partition techniques for a detailed investigation of the
molecular state of water in nitrobenzene, 1,2-dichloroethane, and benzene.
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WATER IN ORGANIC SOLVENTS 1331

EXPERIMENTAL

The samples were prepared and analyzed as described previously by Hégfeldt and
Bolander.2 The purity of the solvents was checked by VPC and was found to be: C,H,NO,
(99.8 %), C.:H,CI, (99.9 %), and C;H, (99.9 %). The NMR-measurements were carried
out using a Varian A-60A apparatus equipped with a Varian variable temperature probe
and a Varian variable temperature controller V-6040. The chemical shifts were determined
by means of the side-band technique using a Hewlett-Packard 200CD audio oscillator
and a Hewlett-Packard 3734A electronic frequency counter. The shift determination
was made 3 —5 times for each sample, resulting in a standard deviation of about +0.1—
0.2 ¢/s. The temperature was kept at 25 +1°C in the partition experiments as well as in
the NMR-experiments. In the latter experiments the temperature was determined by
inserting a small capillary tube containing ethyleneglycol or methanol. The capillary
tube was centered in the sample tubes, which allowed the temperature to be determined,
while the samples were rotated.

EVALUATION AND PRESENTATION OF THE DATA

Partition experiments. The equilibrium investigated is:

H,0(aq) = H,O(org) (1)
At equilibrium we have:

Ky = an,o/{H,0} (2)

where K, is the thermodynamic distribution coefficient and a0 and {H,0}
are the activities of water in the organic and the aqueous phase, respectively.
As the standard state for water in the aqueous phase we chose the pure liquid
and for the organic phase we use the definition:

ano/[Hy0] - 1 as [H,0] —» 0 (3)

where [H,0] is the stoichiometric concentration of water in the organic phase
(in moles/l). By introducing the corresponding apparent activity coefficient yg,o

[Hy0] - ymo = amo (4)
eqn. (2) becomes:
Yo = Ky - {Hzo} (5)
: [(H,0]

As already mentioned the extraction of water by the organic phase can
be described mainly as an extraction of water monomers.

H,0(aq) = (H,0);(org) (6)
[H,0] = K,{H,0) (1)

1.e.

The observed deviations from eqn. (7) have been interpreted as due to
formation of polymeric species rather than to variations of the activity coeffici-
ents for the species in the organic phase. The assumption of formation of
polymeric species is given experimental support by the NMR-measurements
presented below.
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1332 ODBERG AND HOGFELDT

The existence of polymeric water species in the organic phase can be
described by the following equilibra:

2H,0(aq) = (H,0),(org) (8)
3H,0(aq) = (Hy0);(org)

elc.

Assuming constant activity coefficients for the various species the total
amount of extracted water is:

[H0] = 3nK,{H,0}" (9)

From eqns. (5) and (9) we now obtain:
_ _KolH,03 (10)
T8O = SUK,{H,0)"

If water is extracted as the two species (H,0), and (H,0), a linear variation
of 1/ym,o with {H,0}*! is obtained. It is thus possible, in favourable cases,
to determine the association number, n, and the equilibrium constants from
a straight line.

N M R-measurements. The water protons in the organic phase give rise to
one resonance line only. This does not necessarily indicate, however, that
only one species is present, since the proton lifetime at different sites is presum-
ably so short due to rapid rearrangements and possibly also due to proton
exchange, that one resonance line at an average position is to be expected.®
If the chemical shift between the exchanging sites is very large the rate of
exchange may not be sufficiently high to result in a complete averaging and
in such a case, a broadening of the observed resonance line can occur.” This
effect, however, has not been observed in the present investigation.

For rapid exchange the observed resonance line position is given by 8

Vobs = Z”;’P; (11)

where », is the resonance frequency for protons at site ¢ and p; is the proton
fraction at that site. Assuming that monomers and dimers are formed the
observed resonance line position would be

. K {H,0} _— 2K,{H,0}
=7 K {H,0}F2K,{H, 01 ' K {H,0}+2K,{H,0F

ve o (12)

or
1

Yobs = 11 9K,K,1{H,0}

(v142K,K 7 H{H,0}v,) (13)

The expression given by eqn. (13) can be expanded in a series:
vobs:vl_x(71—72)+x2(111—-'p2)+... (14)

where =2K,K,"1{H,0}. If the amount of polymeric species is small, then x
is small, and eqn. (14) or corresponding expressions for other combinations
of water species can be used to get an idea of the shape of the curve that
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WATER IN ORGANIC SOLVENTS 1333

should be expected. It should be noted that in eqn. (12) we have assumed that
all the protons in (H,0), have the same resonance frequency. It is, however,
very likely that this condition is fulfilled due to rapid intramolecular proton
exchange. ,

The way we have treated our data is briefly as follows. From the partition
measurements we have evaluated the equilibrium constants. The values
obtained for these constants were then used to determine the chemical shifts
of the different species from the NMR-data. These chemical shifts have been
discussed and compared with a proposed molecular model. We have also
tried to fit the partition and NMR-data simultaneously by varying all the
parameters. However, the covariation was found to be too strong to give a
well defined minimum for our experimental material.

We have also measured the chemical shifts for some samples at 43°C.
These measurements are discussed after the subsequent detailed description
of the different systems.

RESULTS AND DISCUSSION

Water-nitrobenzene

Partition experiments. Water solutions of CaCl, and LiCl were equilibrated
with C¢gH;NO,. From the water content in the organic phase, given in Table 1,
and the water activity in the CaCl, ® and LiCl 1° solutions the activity coefficient

Table 1. Solubility of water in nitrobenzene at different water activities.

Water activity Water solubility

mM
0.136 21.3
0.349 46.6
0.469 67.6
0.545 81.4
0.593 84.9
0.676 101.3
0.711 109.1
0.750 113.0
0.822 128.8
0.859 136.1
0.875 139.1
0.923 147.6
0.959 155.0
0.989 168.3
1.000 158.2

was evaluated according to eqn. (5). As the distribution coefficient K, we
have taken the value of [H,0]/{H,0} extrapolated to {H,0}=0 (see eqns.
(2) and (3)). The activity coefficients obtained are shown in Fig. 1. Every
point is an average of measurements on two different samples. In order to
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1334 ODBERG AND HOGFELDT

make the deviations from eqn. (7) easy to recognize we have chosen to illustrate
the activity coefficients rather than the solubility of water in CgHNO,,
though the fitting of our experimental results to a molecular model was made
with respect to the amount of water extracted according to eqn. (9). This
fitting procedure was carried out using the least squares program LETA-
GROPVRID by Sillén and Ingri!! adapted to the present problem by Warn-
qvist.!2 The following combinations of molecular species were tried: H,O;
H,0 and (H,0),; H,O and (H,0);; HyO and (H,0),. All combinations gave a
better fitting than H,O alone; the fitting being best for monomers and dimers,
getting successively poorer for the higher polymers. We should perhaps also
point out that we do not consider our experimental data accurate enough
to allow us to fit the data to more than one polymeric species with a reasonable
significance.

The resulting values for the monomer dimer description, which are also
illustrated in Fig. 1, are

H,0(aq) = (H,0),(org) K, = (1.2440.03)x 1671 M
2H,0(aq) = (H,0),(org) K, = (1.8540.18)x 102 M

The present system has also been studied by Johnson et al.,5 who also pre-
ferred a description in terms of monomers and dimers and from their K values
on the mole fraction scale one obtains the following constants:

K, = (1.31240.015) x 10 M K, = (1.804-0.09)x 102 M

i.e. a difference of 3.5 9, which is approximately within the limits of the
reported uncertainties. It is remarkable that we get the lower values using
partition techniques while Johnson ef al.® get the higher values using iso-
piestic measurements. Since our nitrobenzene was 99.8 9, pure the differences

(15)
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Fig. 1. The inverse of the stoichiometric Fig. 2. The chemical shift for the water
activity coefficient for water in nitro- protons in nitrobenzene relative to benzene
benzene 1/yH,0 versus the water activity as an external standard, 4w, versus the
in the aqueous phase {H,O}. @ CaCl,- water activity in the aqueous phase,
experiments; O LiCl-experiments; — cal- {H,0} @ LiCl-experiments; O CaCl,-
culated from eqn. (10) with constants experiments; — calculated from eqn. (12)
given by eqn. (15). with constants given by eqn. (16).

Acta Chem. Scand. 23 (1969) No. 4



WATER IN ORGANIC SOLVENTS 1335

can hardly be due to impurities in our samples but might be attributed to
differences in the methods of water determination.

N M R-measurements. The chemical shift of the water protons in the
CgH;NO,-phase has been determined relative to CgHg as an external standard.
From eqn. (12) the chemical shift is expected to change with the water activity.
This is in fact the case as can be seen from Fig. 2. Every point represents an
average of measurements from two different samples. The susceptibility
change of the organic solvent due to the dissolved water is far too small to
cause any significant line shift. By equilibrating the organic phase with a
solution of AgNO, we have checked that no salt is dissolved into the organic
phase along with the water. Such a test was made for all systems and in no
case could any traces of AgCl be observed. The spread in the experimental
shifts, which is somewhat greater than the error of determination, reflects
their strong temperature dependence (cf. below). We have fitted the chemical
shifts obtained to a curve of the form given by eqn. (12) by varying the chemical
shifts of the different species while keeping the equilibrium constants fixed.
The result for a description with monomers and dimers is (¢f. Fig. 2)

V1=YH,0), = 2937i03 C/S; Vo = VY(H,0), = 248:{_—_1 C/S (16)
The above chemical shifts, the corresponding shifts in the other systems, the

shift for liquid water, determined in a separate experiment, and the shift of
water vapor !* are compared in Fig. 3. All shifts are given with benzene as

[(Hzmz]%az HP(g)
CH, U Hp(U) [(Hp)‘]cﬂ% [( HZO)JCGHG
B I N N )
0 100 200 |3'00 o G
H
BZO)‘]%”J‘%
[(Hp)z]csﬁsrqoz

Fig. 3. The chemical shifts for water species in nitrobenzene 1,2-dichloroethane, and
benzene relative to benzene. All shifts are corrected for bulk susceptibility differences.

a reference and are also corrected for bulk susceptibility differences between
the different solvents. Anticipating the subsequent discussion of the shifts
given by eqn. (16) we remark that the water resonance line position in nitro-
benzene and in the other systems as well is far removed from the resonance
line for pure water. This observation obviously indicates that water is not
highly associated in these solvents.
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1336 ODBERG AND HOGFELDT

As compared to a free water molecule in the vapor phase, a water monomer
in nitrobenzene is most probably affected by hydrogen bonding to the nitro
groups as is reflected in the high water solubility in nitrobenzene. Such an
interaction gives rise to a hydrogen bonding shift to lower field (i.e. towards
the benzene reference).’® In an aromatic solvent the dissolved molecules pref-
erably occupy positions above and below the plane of the ring. The ring
current induced in the aromatic molecules 4 causes in this case a shift to
higher field for the dissolved molecules that we shall call in the following
the aromatic solvation shift.’> Both these effects can be of considerable magni-
tude (100 c¢/s). In order to account completely for the effect of the solvent
on the chemical shift of the dissolved molecule we should also, following
Buckingham et al.,'% include the terms gy, and oy, i.e. the effect due to the
van der Waals forces between the solute and solvent molecules and the con-
tribution due to the electric field of the dipole moment of the dissolved mole-
cule. Both these effects cause a decrease of the shielding of the dissolved
molecule and yield shifts to lower field amounting to 10—20 ¢/s each.

Reeves and Schneider 17 studied the chemical shift of chloroform in different
aromatic solvents. They found that the aromatic solvation effect normally was
the predominant effect. However, for nitrobenzene it was approximately
cancelled by the effect of hydrogen bonding. If we make the reasonable
assumption that hydrogen bonding is of greater relative importance for the
water-nitrobenzene system, the observed resonance line position for the
water monomer in nitrobenzene is readily understood.

Let us suppose that the water dimer has a linear structure, according to
Fig. 4.

H
/ / Fig. 4. Proposed structure for the water
He—0oiiis s H——0 dimer.

In this molecule one hydrogen is taking part in a hydrogen bond between
the water molecules, whereas the other three hydrogens have properties
similar to those in the monomer. In order to obtain an estimate of the
resonance frequency of the dimer we assume that the resonance frequency
for the hydrogen bonded proton is equal to the proton resonance frequency
of liquid water (Fig. 3) and that the resonance frequency of the other protons
equals the resonance frequency of the monomer. Accordingly

Va0, = {rmon +§ 7.0,
= }X117.24+3 X 293.7 = 249 ¢fs (17)
As can be seen the agreement with the experimental result is even better
than could be expected from using this simplified calculation method. From
our partition and NMR-measurements we have in an analogous way evaluated

the chemical shifts supposing that the system can be described in terms of
monomers and trimers. The result is:

V(H,0), = 2916j:02 C/S; V(H,0); = 240:|:2 C/S (18)
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WATER IN ORGANIC SOLVENTS 1337

By reasoning similar to those in eqn. (17) a linear trimer should have a shift
of 233 ¢fs.

We may thus conclude that the partition data as well as the NMR data
are best interpreted in terms of a monomer-polymer equilibrium, such that
the polymer concentration is much less than the monomer concentration.
The polymeric species fitting the available data best is the dimer.

It would be tempting to speculate on the detailed structure of the various
complexes. We do, however, consider the experimental material insufficient
as yet, and it should also be noted that what we have simply written as (H,0),
(Hy0)y; (Hy0);...) might very well consist of an equilibrium mixture of
various structures.

Water-1,2-dichloroethane

Partition experiments. The same measurements as for CgH;NO, were per-
formed. The results are given in Table 2 and Fig. 5. As can be seen from Fig. 5
and as has been claimed by Johnson ef al.* and Masterton and Gendrano,*

Table 2. Solubility of water in 1,2-dichloroethane at different water activities (taken
from a smoothed curve).

Water activity Water solubility '
mM
0.178 20.7 {
0.224 27.0 \
0.282 32.8 |
0.355 ; 40.5 J
0.447 ; 50.3 l
0.562 62.2 |
0.631 70.5 1
0.708 80.3 }
0.794 92.6 |
0.841 99.0 l
0.891 106.5 [
0.944 114.0
1.000 123.0 }

the observed deviations from eqn. (7) are smaller for this system as compared
to the H,0-CgH;NO, system.

Using the same program as before we have tried to fit our data to different
models, such that the water exists as monomers or monomers and polymers
(up to tetramers). Again the fitting is better for any of the combinations than
for monomers alone, monomers--dimers and monomers--trimers being the
best and being equally good within a few percent as determined from the
error square sum. When the effect of the polymer on the apparent activity
coefficients is as small as in the present system, a comparatively large deviation
in one single point may severely effect the results. We therefore drew a smoothed
curve through our experimental points. When the association constants
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Fig. 5. The inverse of the stoichiometric
activity coefficient for water in 1,2-
dichloroethane, 1/yu,0, versus the water
activity in the aqueous phase {H,O}.
@ CaCl,-experiments; O LiCl-experiments;
-— calculated from eqn. (10) with constants
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were determined from this curve we obtained slightly different constants
and in this case the error square sum was 25 9, less for the trimer than for
the dimer assumption, the two sets of equilibrium constants being:

K, = (1.0740.03)x 102 M K, = (1.10+0.01)x 10 M
K,= (6.8 £1.6) x103M K. = (38 4£0.7) x103M

The set of equilibrium constants given by eqn. (19) is illustrated by the full
drawn curve in Fig. 5.

For this system Johnson et al.* preferred a description with trimers or
tetramers giving for the trimers

K, = (1.083+0.02) X 10-1 M K, = (5.841.2)x 103 M

and stated that their data could not be fitted within experimental error to a
dimeric description. Masterton and Gendrano,® however, claimed that their
data for the same system can be equally well explained by either 4 monomer-
dimer or a monomer-trimer equilibrium. We have recalculated their data
using our program and found that the fitting is somewhat better for the
monomer-dimer combination which is also the one for which their equilibrium
constants, viz.

(19) (20)

K= 1131x10"'M K,=69x103M
(av.dev.40.0002)
are given.

Considering the small amounts of polymeric species present in this system
we do not find it surprising that more than one set of equilibrium constants
can adequately account for the thermodynamic measurements.

NMR-measurements. The chemical shift of water in dichloroethane at
various water activities measured relative to dichloroethane as an internal
standard is given in Fig. 6. The resonance line position of dichloroethane
was checked relative to C;Hg as our external standard. The varying chemical
shift indicates the existence of more than one species in the organic phase.
Using the method outlined for nitrobenzene we have calculated the chemical
shifts for the various combinations. The results are given in Table 3 (relative
to benzene).
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WATER IN ORGANIC SOLVENTS 1339

Table 3. Chemical shifts relative to benzene in 1,2-dichloroethane, t=25°C for different
assumptions of existing polymeric water species.

|

I Species vy Yy '
’ H,0; (H,0), e/s c/s l
H,0; (H,0), 297.74-0.1 251.9+1.4
H,0; (H,0), 296.4 4+-0.1 250.1+0.9
H,0; (H,0), 296.0 +-0.1 248.6 +2.4

As can be seen from Fig. 3 the chemical shift of the monomer is about
100 c/s shifted towards lower field relative to the water vapor. This shift can be
readily understood in terms of the oy- and gy-effects and the assumption that
the water molecule is weakly hydrogen bonded to the chlorine atoms which
is also reflected in the relatively high solubility of water in dichloroethane.
The shifts of the various linear polymeric species can again be estimated in
accordance with eqn. (17). For a linear dimer we get 253 c/s, for a trimer
237 c¢/s and for a tetramer 230 c¢/s. Comparing these figures to those in Table 3
it is seen that a monomer-dimer description is favoured. However, we must
also consider the possibility of the existence of cyclic polymeric species. In a
cyclic species (e.g. a trimer) the hydrogen bonded protons are no longer on the
line connecting the oxygen atoms and this will lead to weaker hydrogen bonds.
We can then no longer approximate the resonance frequency of this hydrogen
bonded proton to the resonance frequency of liquid water, but must instead
use a resonance frequency that is shifted towards higher field. If this latter
chemical shift is used we might very well obtain a calculated chemical shift

c/s

295

292

0 0.5 1
{H,0}

0 0.5 1
{H,0}

Fig. 6. The chemical shift for the water
protons in 1,2-dichloroethane relative to
benzene as an external standard, Av,
versus the water activity in aqueous phase,
{H,0}, @® LiCl-experiments; O CaCl,-
experiments; — calculated from eqn. (12)
with », and », given in Table 3; — — — cal-
culated from eqn. (12) with », och », given
in Table 3.
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1340 ODBERG AND HOGFELDT

in agreement with the experimental one in Table 3. It should also be observed
from Table 3 and Fig. 6 that the agreement with the experimental chemical
shifts is best for the monomer-trimer description. During an investigation of the
hydration of acetone in 1,2-dichloroethane Lin ef al.'® also measured the reso-
nance frequency for water in dichloroethane and used the assumption of the
existence of cyclic trimers to explain their results.

From the presented observations we have clear indications that water is
to some degree associated in 1,2-dichloroethane. The polymeric species suggest-
ed by us are a linear dimer or a cyclic trimer (or both). We do, however, not
regard the available data sufficient to make a conclusive choice between
these two.

Benzene-water

Partition experiments. Earlier measurements 274,87 ag well ag this investiga-
tion have shown that the apparent activity coefficient of water in benzene
stays constant within the estimated experimental error at these low water
concentrations. This result implies that water exists in benzene as monomers.

NM R-measurements. The results from the analogous NMR-measurements
for this system are shown in Fig. 7. The low water concentrations in this
system yield a very low signal to noise ratio that makes it difficult to determine
the chemical shifts to much better than 4-0.5 ¢/s. As is seen from Fig. 7 there
is in fact a variation of the resonance line position with the water activity
in the aqueous phase also in this system, indicating the formation of polymeric
species.

If the chemical shift of a dimer is calculated as previously we get
Ya,0,=334 cf/s. From this figure we find that the highest fraction of water
present as dimers, at unit activity, would be 3.5 %,, an amount which is hard
to detect by the techniques used so far. Other species than the linear dimer
would give an even lower fraction of polymers. Thus our observation of a
rather small degree of association can therefore hardly be considered to be
in contradiction with the earlier thermodynamic measurements.

The resonance line position for the water monomers in benzene is shifted
26 c/s towards higher field relative to water vapor (c¢f. Fig. 3). The van der
Waals and dipole effects cause shifts to lower field but the aromatic solvation
shift gives a shift to higher field which more than cancels this. A highly poly-
merized species would have very high contributions to the chemical shift
from hydrogen bonding and seems therefore very improbable also from the
NMR-measurements.

Temperature effects

Before investigating the effect of temperature on the water signal in our
systems we checked the influence of temperature on our reference substances
by measuring the shift of C,H,Cl, relative to CgHg at the two selected tempera-
tures.

Temp. VeH,Cl,
25°C 155.9
43°C 157.8

Acta Chem. Scand. 23 (1969) No. 4
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The temperature rise is likely to shift the benzene signal to lower field,
due to a weakening of the anisotropy, i.e. the aromatic solvation shift, with
the more rapid motions of the benzene molecules. This temperature effect is
somewhat analogous to the observed dilution shifts of aromatics. In a first
approximation we thus consider the C,H,Cl, signal to be temperature in-
dependent.

The chemical shifts of the water protons in the samples equilibrated with
pure water are given in Table 4.

Table 4. The chemical shift of water in organic solvents at t=25°C and ¢t=43°C.

Shift c/s
Organic solvent - Reference
g i 25°C 1 43°C substance
C,H,NO, 283.5 | 292.5 CH,
C,H.Cl, 127.5 \ 130.5 C.H,Cl,
C.H, 4035 403.2 C,H,

Nitrobenzene. We have a pronounced shift to higher field depending on
weakened hydrogen bonds between water and nitrobenzene and weakened
hydrogen bonds between water molecules ((H,0),—>2(H,0),). The observed
temperature effect may be further increased due to unequal weakening with
temperature of the aromatic solvation effects for the reference protons in
benzene and the water protons in nitrobenzene.

1,2-Dichloroethane. Here, too, we have a shift towards higher field probably
due to dimer dissociation and to weakened hydrogen bonds between dichloro-
ethane and water.

Benzene. The water shift is almost independent of temperature. The
expected effect is of the order of 1 ¢/s. Such an effect is difficult to observe and
can also be hidden by a small difference in the weakening of the aromatic
solvation effect for the benzene protons and the water protons.

These observations concerning the temperature effects thus lend quali-
tative support to the interpretation of the data given above.
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