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Abstract

The partial molal volumes of a series of homologous tetraalkylammonium iodides, bromides and
chlorides in a series of ethanol-water mixtures have been determined at 30° C. It was found that
general trend in variation of anionic partial volumes V°x- with the solvent composition is the same
for all the anions studied, i.e., Cl-, Br™ and I°, and that absolute values V°y. increase with the
size of anions in all solvent compositions.

The results also indicate that at 0.1 mole fraction ethanol the maximum structuredness of water
causes a minimum in the tetraalkylammonium cation partial molal volumes, while at 0.2-0.3 mole
fraction the solvent structure is such that the free volmume is a minimum and the electrostrictive effect

of halides ion is a maximum.
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Introduction

Since Debye-Hiickel limiting law was proposed for
the study of
electrolyte solutions, especially that of the tetraalkyl-

aqueous electrolyte solution in 1923,

ammonium halides has attracted special attention for
many years. This is because these salts are very
useful in examining the influence of certain factors,
such as association and hydration, on the concentra-
tion dependence of physico-chemical properties of
€lectrolyte solutions. Anomalous behavior of these
electrolytes has been observed in such properties as
activity coefficient, % enthalpy and entropy of
dilution, 4 heat capacity, %"® partial molal volume,
9~ partial molal expansibility, *'® partial molal
compressibility, }*~? ionic conductance, 2'~*% viscosity,
25~28) infra-red absorption of water, ?*~*» X.ray dif-
fraction, ¥ ultrasonic relaxation®” and solubility. 3%
Frank and Evans®®

tetraalkylammonium  ions

proposed that symmetrical
should promote water
structure as the hydrophobic nature of the ions
increases with the size. Much of the information on
hydrophobic hydration was provided by the tetraal-
kylammonium halide, since these salts are resonably
soluble in water and their hydrophobic character can
‘be varied by changing the size and nature of the alkyl
group, *” i.e., tetrapropyl and tetrabutylammonium
ions are strong hydrophobic structure makers while
tetramethylammonium ion is a weak structure breaker,
and tetraethylammonium ion is on the border line of
the two opposing effects. *® Although many workers
bave studied aqueous systems, little work has been
done to investigate the behavior of these salts in

binary solvent systems. *~¢®

Lee and Hyne*® reported partial molal volumes of
‘tetraalkylammonium chloride in ethanol-water mixtures,
.and interpreted these results in terms of varying size
and surface charge of the ions and the structure of
the binary solvent mixtures. Cho*® studied partial
molal volumes of tetraalkylammonium cholride in
isopropanol-water mixtures.

In this paper we report partial molal volumes of

four tetraalkylammonium iodides, and four tetrame-
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thyl and tetrapropyl-ammonium halides in a series
of ethanol-water mixtures at 30°C. Our interest was
to obtain more information about the structural
changes accompanying the addition of ethanol to liquid
water, using the hydrophobic and electrostrictive

effects of these salts as an experimental probe.

Experimental

Merk’s reagent grade tetraalkylammonium salts
were purified by recrystallization and dried in vacuo
as described in the literature.%%4"

Merk’s absclute ethanol was used without further
0.2%)

In all measurements,

purification (water content; throughout the

course of experiment. water
was redistilled twice and was equilibrated with
atmospheric carbon dioxide. All solutions were made
by weight(corrected to vacuum) and converted to
molarities from the known densities. *® All measure-
ments were made at 30.00 =+ 0. 01°C.

Densities were measured in a 25 ml. capacity pyc-
nometer calibrated with distilled water for 0.05-
0.0016 M solutions of salt. For each salt solution and
solvent, at least three measurements at 30°C were
taken and the average value is reported. Average
reproducibility of density was - 0.00003. All weigh-
ings were measured to fifth decimal Mettler H 20-T
semi-micro balance and compensated to values in
vacuum by removing buoyancy by air. Compensation
of buoyancy was performed by our previous treat-
ment. ¢ Computer IBM 1130, at the computing center,
S.N.U. was used for carring out all of these density
calculations. The apparent molal volumes ¢, were

calcuated from the density data by the equation

1000+m-M, _ 1000 >

B0 = 7 (1 7 )

where d, is the density of solvent, M, the molecular
weight of the salt, d the density of the solution,
and m its molality. ¢y values were determined for
each salt in each solvent composition over a concen-
tration range of approximately 0.0016 to 0.127. ¢
were then obtained from ¢y and its concentration

dependence using Masson®? equation.

J.KIChE, Vol 11, No.4, Aug.1973



234

¢v=0"+Svvm 2

¢% is ¢y at infinite dilution and Sy the limiting
slope. The precision of apparent molal volumes, ¢y
was =+ 0.1 ml, /mole at C = 0. 04 M using the equation
of Redich and Bigeleisen®®

100054, 1000(d—d,)oC
ic T crd, 3

where ¢d and §C are the uncertainties in density and

concentration.

Results and Discussion

1. Concentration dependence of densities:

A linear relationship*®(4) between density (d)
and concentration of tetraalkylammonium halides
was assumed to hold(# is an empirically determined

constant). The results are summarized in Table(1)

2. Concentration dependence of apparent moral

volumes

Illustrative examples of the plots of apparent molal
volumes. ¢y, against the square root of the salt con-
centration are shown for Pr,NI in various solvents in
Fig. 1. In all cases $y was found to vary linearly with
v m over the concentration range investigated. Values
of ¢°% and Sy obtained from Eq.2 are given in Table
Zand 3. It has been suggested®®®" that the positive
concentration dependence of the apparent molal volume
is primarily due to the salting out effect of ionic
electrostriction. The slope has maximum positive
value for Pr,NI at 0.2-0.3 mole fraction ethanol in
the ethanol-water binary solvent mixture. This ob-
servation of 2 maximum in the solvent composition
dependence of the slope Sy suggests that at least
some of the contributing factors that determine the
Sy value, probably electrostriction, is a maximum.
In 1931, Redlich and Rosenfeld®® applied the inter-
ionic attraction theory of Debye and Hiickel to the

concentration dependence of ¢y. By differentiating

d=d,(1+6-C) “) with respect to pressure, they obtained the theoretical
limiting slope, Sy, using the equation
Table 1. Parameters for density equations in aqueous solution
d=d,(1+6C)
T k Me,NI Et.NI f PryNI
°C | 6 | RMSD p | RMSD 6 | RMSD
30 | 2.9873x102 | 1.867X107 | 2.0453X107 |  1.253X107* | 1.7959X107 |  1.063X107*
35 2.9614 1711 2.0391 1. 269 L7601 1.182
40 2.9454 1.780 2. 0391 1.248 | L7501 1. 077
T * Me,NCI Bt,NI ‘ Pr,NCI
e ! 6 | RMSD 6 | RMSD | 6 | RMSD
30 | s700x10t | 16531070 | 1.5330x10 | 5.645%10°5 | —7.7079% 102 | 6. 7475x10°F
35 . 8.4100 LT85 ' 1502 5. 482 | 82304 | o.5423
40 . 81703 ' 1785 | 1512 | 5004 | —8.4945 6 7475
T ! Me,NBr KCl ! Pr,NBr
°C 6 | RMSD ) |  RmsD | 6 | RMSD
30 39676102 | 9.5422x1070 | 2.3177x107 | 2.583% 1074 } 2.8252X 1072 |  1.6528% 107
35 3.9458 | 1.6528 2.2957 | 2577 L 0.7727 1.7852
3.0175 2.3005 ° f 2. 641 | 27207 | L1687

40 ©3.9201
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Table 2. Partial molal volumes and limiting slope of. tetraalkylammonium iodides in ethanol-water mixtures ot 30°C
o Sv
XE:OH
MegNI Et,NI PrNI Bu, NI Me NI Et,NI {PrgNI Bu,NI
0.0 126.2 188.7 253.3 315.9 | 35 —8.2 —7.1 —6.6
0.1 122.1 180.0 244.8 308.8 7.8 9.6 7.1 7.6
0.2 108. 8 174.5 241.8 314.1 40.0 23.2 21.2 11.8
0.3 101.5 173.9 243.7 315.2 82.3 13.3 8..2 2.9
0.4 110.4 171.1 239.4 310.9 68.0 16.0 16.0 13.4
0.0 128.0 191.3 258. 4 317.3 4.0 ] —10.4 —20.4 E -3.3

* values at 40°C

Toble 3. Partial molal volumes of tetramethyl and tetrapropylammonium halides in ethanol-water mixtures at 30°C
. Me N* PryN*
Xron ‘
cr- Br- \ I- cr- ‘ Br- \ I-
0.0 107.7 115. 0 126. 2 1 231.0 ‘ 240.0 ‘} 253.3
0.1 104.3 110-2 122.1 i 218.4 2307 i 244.8
0.2 101.9 106. 1 108.8 223.0 ] 228.4 | 241.8
0.3 100.7 102.6 101.5 223.2 I 229.0 243.7
0.4 99.9 | 104.2 110. 4 220.1 l 228.0 239.4
It shows the usual linear dependence on the square
| root of the concentration and the influence of the
ov valence factor W, which is given by the number §;
{(mlmot™) | o of ions of species ¢ formed by one molecule of the
©
electrolyte and the valence Z; according
245 .
W=0.5 34, 2% (6)
240 '
The slope K for a uni-univalent electrolyte can be
o 0.0 m.f h
235 | expressed by means of the gas constant R, the
o G m.f charge @ of a univalent ion, and the compressibility
230 | . o 0.2 m.f B of the solvent. If the molal volumes is expressed
e 0.3 mi in ml /mole the coefficient is
225 L e C.4 m.f
X k= N?e® (8z/1000 D*RT)*5(3-1,D/0p-5/3) (7)

.05 .10 .25

mis2

Fig. 1 Apparent molal volumes of Pr,NI in various ethanol-
water mixtures at 30°C(m. f. =mole fraction ethanal)

(as a typical one)

¢V —_ ¢°V L k-W1'5'C“’5 (5)

= ¢y + Sy Co

We can take apparent molal volume ¢y is equal
to partial molal volume V° at infinite dilution, that
is, ¢%=V". The partial molal volumes of salts, V°,,
are obtained by extrapolating the plot of ¢v vs. v/ m
to the zero concentration. Here the slope Sy is an
experimental limiting slope.

The data presented in Table 2 also show that in
v m for all the

R.NI (except Me,NI) were negative at 30 - 40°C. The

water the Sy value of the ¢y ws.
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slopes become less negative at higher temperatures
for the -Et,N*, Pr,N* iodides; however, for Me/NI],
Sy increases with incresing temperature. The value
for Bu,NI is less negative with increasing tempera-
ture. This result it similar with the work of Wen
and Saito® for Bu,NBr (who found Sy=—9.0, —8.4
and —6.3 at 15, 25 and 30°C, respectively). Thus,
the Sy values in binary solvents decrease as the size

of the tetraalkylammonium ion increases.
3. lonic partial melal volumes

The additivity of the partial molal volumes of
electrolytes at infinite dilution in water has adequately
demonstrated by number of workers. 143936,

The values of V°, for consecutive homologous in a
tetraalkylammonium salt series having a common

anion may be represented by the equations:

Voravt- = Voriwr- — & (dm- W)
and  V%in1- = Vr/wr-—b0 (dm- W) )

where R”’, R’ and R are homologous alkyl groups
and (4m-W) is the change of molecular weight of
the salt in going up the homologous series from R to
R’ or from R’ to R’/
groups. The & value is almost constant for a series

i,e., by four methylene
with a commanion since the observed relations are, to
a satisfactory approximation, for all solvent systems,
linear (see Fig.2). In terms of the numerical data
however, some small but significant variations of

the coefficient 4 from a constant value arise as shown
in Table 4.

Table 4. Values of & from equation (7) at 30°C
b(ml. g CH;)
Xewon
MeyN* EtyN* Pr,N* BuyN*
0.0 ! 1.1144 1.1517 1. 1180
0.1 ' 1. 0321 1. 1545 1. 1429
0.2 | 1.1723 1. 1994 1. 2895
0.3 ! 1. 2893 1. 2443 1. 2770
0.4 1. 1224 1.1816 1. 2768

b=1.1844 (mean)
agreement with the works of Conway et.a

sjet3at A 11 M 4% 1973 83

l 10)

was found. These values are in

for

RNCI, R\NBr and RNI in aqueous solution (who
found average #=1.11) and Yoon®” for RNH,Cl(who
found 5=1.182).

The

differ according to the method used for its determina-

individual ionic partial volumes seems to
tion. The V- values are obtained by extrapolation
of Vg1 versus molecular weight of the cations,

R.N* to zero cation weight.

ov°
{mi~mol™")
0.2 " )
o4 //s 5
/ /l','
250 L /c

s

/)
&/////PQNI
150 200y //7

oo %9 r Et4NI
' /
,
'y
e
100 L .

50 A 'IM N
s eqNi

so by

o L N L . A

0 50 100 150 200 250

M.W. of Caticn

Fig. 2 Partial molal volumes of tetraalkyammenium iodides
as a function of the molecular weight of Cation in
Various ethanol-water mixtures ot 30°C

Since the large cations are chemically very similar,
and the relation in Fig. 2 is linear, it is reasonable
to assume that their actual ionic volume contribution
would tend to zero as their molecular weight tend
Therefore,

line in Fig. 2 to zero cation molecular weight should

to zerro. extrapolation of the straight

give directly the partial molal volume of the I” ion. '?

* jons gives a value of

This procedure for R,]
42.1 ml. /mol at 30°C based on a least squares plot.
The literature value is 42. 3 ml. /mol at 25°C. The
temperatuer dependence of the V°. value seems to
be small enough so that the difference in V9. is well
wihtin the experimental accuracy. Fig. 3 shows a deep

minimum in V% at 0.3 mole fraction ethanol. Since
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Fig. 3 lonic Partial Molar Volume of Halide lons as a Function
of Solvent Composition (mole fraction ethanol) at
30°C
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Fig. 4 lonic Partial Molal Volume of the Tetraalkylammonium
cations as a Function of Solvent Composition (mole
fraction ethanol) at 30°C
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icdide ion has a relatively high charge to surface
ratio, the minimum at 0.3 mole fraction is probably
due to the maximum in electrostriction effect, which
agrees with the conclusion derived from the maximum
value of the limiting slope at the same composition.
Comparison of the V. values for X~ =Cl~, Br-
and I” in various solvent compositions is made in
Table 5. General trends of V- values versus solvent
composition are seen to be the same for all the
anions, i.e., they all show minima at 0.3 mole
fraction ethanol. However the absolute values of V.
increases with the size of anions for all solvent

compositions in the order,

Voo < Vop,- < VO

It is noteworthy that for iodide no negative ionic
partial molal volumes are to be found, whereas for
chloride and bromide there are negative values of

Voy-.

Table 5. Comparison of V. values for X~ =Cl~, Br~

and I at 30°C.
Xrion [ Voo | V.- | Vo
0.0 ; 20.8 | 2.8 | 42.1
oL 1.2 | 22.5 ) 37.6
0.6 i -1.9 | 3.5 | 17.0
0.3 | —12.5 | —6.7 } 8.0
0.4 | 0.4 | 7.5 | 18.9

The ionic partial molal volumes of the cations can
be determined by subtracting the V°. value from

the partial molar volumes of salt Vo 1®

V°R4N‘ = VDR:N[ - VDI‘»
V“RAN* - V0R4NBr - voBr') (8)

and Voroe = Poivct — Voor

The individual ionic partial molal volumes of the
cation obtained in this manner are plotted against
solvent composition in Fig. 4. All the cations show
a minimum at 0.1 mole fraction and a maximum at
0.3 mole fraction. The marked similarity between
the curves in Fig. 4 for the four tetraalkylammonium

jons suggests that the same effects are operating,

J.XIChE, Vel 11, No.4, Aug. 1973
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although to varying degrees, in all cases. The ob-
served enhancement of the extremum effects as the
alkyl function is varied from methyl to z-butyl
supports the common effects are those of hydrophobic
interaction and size. It is interesting to note that
and least hydrophobic of the

cations, Me,N*, shows the double extremum charac-

even the smallest

teristic of predominate hydrophobic and size effects.

It is interesting to compare the cationic partial
mclal volumes determined by extrapolation method
of Conway'” using R,NI with those using R,NCL
If the Conway’s method of determining V%, values
is generally applicable the values of V% indepen-
dently determined with two series of halides should
agree to within experimental accuracies Tabele 6
shows the V%, value determined in this work using
iodide series and those determined by Lee and Hyne*®
using chloride series (see Table 6). Considering the
difference in the experimental temperature, agreement
of the sets is gratifying. Although there are signifi-
cant divergences in some cases due mainly to the
experimental errors, general agreement, especially
in the mixed solvents, constitutes a strong support
for the applicability of extrapolation technique in
determining the anionic partial molal volumes of
R\NL

Table 6. lonic partial Molal volumes of the tetraalkylam-
monium cations and iodide ion at 30°C
Xeow | MeN* | BtN* | PeN* | BuN* | 10
0.0 811 | m66 2112 238 421
0.1 f 84.5 142.4/ 207.2 271.2 37.6
0.2 Long | 157.60 2249 2971 17.0
0.3 93.6 | 165.9 235 7\ 307.3 8.0
0.4 95 220.5/ 292.0. 18.9

152. 2|

Calculated with Lee and Hyne’s data at 50.25°C*»

Xeow | MeN*| BuN* | PriN* | BuN* | CI-
0.0 | 8.3 | 1482 2154 2192 218
0.1 85.7 | 143.6| 206.6 274.4 12.4
0.2 8.8 | 155.8 220.4 288.5 —2.1
0.3 9.5 | 1618 229.3 283 -0.8
0.4 | 827 | 1468 2087 2.7 6.0

When the combined effects of cation and anion

are considered, however, the partial molal volume

BetBe M 11 A Al42 1973 83

picture change considerably. The electrostriction effect
of the jodide anion, which manifests itself as a mini-
mum at 0.3 mole fraction ethanol, is then in com-
petition with the hydrophobic and size effect of the
tetraalkylammonium cation, which is characterized

by a maximum at the same solvent composition.

320 |
° —n -
- \ ,0 \
0 i o ? BugNI
= °
250 | \
[}
ov° 240 | \e/ﬂ\a
- ® PraNI
{ral- mol ™) 4 \
180 -[ \
@0
170 T~
EtgN|
'3\
120 @
1o ° /" MegNi
100 @
o i 2 .3 4 5

X EtoH

Fig. 5 Partial Molal Volumes of Tetraalkylemmonium lcdide
as a Function of Solvent Composition (mole fraction
ethancl) at 30°C

The balance between these two competing effects
is illustrated in Fig. 5, where the partial molal
volumes of the salt species are plotted against solvent
composition. The maximum at 0.3 mole fraction
observed for the Me/NN* jon has now become a
minimum, indicating that the electrostriction eifect
of the iodide ion more than compensates for the small
hydrophobic and size effect of the tetramethylammo-
nium cation. As the cation effects become larger with
the size of cation, the electrostriction of iodide ion
is exactly compensated in tetraethylammonium and is
outweighed by the hydrophobic and size effects in
The only
(Table

tetrapropyl-and tetrabutylammonium salts.
literature value available is for water at 25°

7). Our value agrees well literature’s values.
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Table 7. Comparison of the partial molal volumes of tetraalkylammonium halides in H,O at 25°C
Salts 7 ml (g-mol)-?
Present work at 30°C Literature values at 25°C
Me,NCl 107.7 107.4,%  108. 1%
n-PrgNCI1 230.9 232,98 237,24
MeyNBr 115.0 114.25%  114.8% 114. 40"  114.26%
n-PryNBr 240.0 239. 387 239. 15 239,60 240. 8%
Me NI 126.2 125.8%  125.75%
Et, NI 188.7 185. 5%
7-PryNI 253.3 250. 95
n-BugNI 315.9 312. 4%

4. Structure of the binary solvent

The behavior of the partial molal volume of RN\I's
(R=Me, Et, Pr and Bu) and their component ions
as function of solvent composition can be used as a
probe to investigate the varying structure of binary
solvent system. Three characteristic features may be
identified.

Below Xgon=0.3, V°(I") was fourd to decrease
from 42.1 to 8.0 ml. /mol, while above Xg.on = 0.3,
V(1) was found to increase. The V°(R,N*) values
found to go through a minimum at Xg,on=0.1,
which is considered to occur due to the maximum
structuredness of water. *? At Xgou=0.3, the V°
(R,N*) value is maximum, which is considered to
be caused by the free volume of the solvent structure
being at a minimum. Thus these results are in good
agreement with Lee and Hyne’s results on RNCL

A) A minimum in partial molal volume of R,N*
ions (Fig. 4) and of the larger salts of the Bu,NI
(Fig. 5) at Xg,om=0. 1. : It is generally accepted that
structure of water is promoted by initial addition of
the ethanol, probably as a result of hydrophobic
interactions between the ethanol and the water and
this effect is maximum at ~0.1 mole fraction. At
the binary solvent composition where “ice-berg”
structure promotion is a maximum, there will be a
maximum of preformed “hole” into which the third
component solute molecule may fit without the
prerequisite of hole formation prior to dissolution.
Accordingly the “locking up” of solvent molecules
inside the void space formed by the large R,N* ions

could also attribute to the decrease in the ¢ys of the

R,N* halides at this solvent composition. This
phenomenon is clearly demonstrated in Fig. 4 and
to a lesser extent in Fig. 5 where the additional
complication of the competing effect of the iodide ion
tends to reduce this effect.

B) The Xg,ox=0.3 maximum: As the proportion
of ethanol in the mixture increases, the simple bulk
effect of the ethanol will begin to break down the
At Xpon=0.3 the

competition between pure water and pure ethanol

characteristic water structure.

structure results in the mixture having essentially a
close-packed structure with consequent minimum free
Xeon=0. 3,

preformed holes in the binary solvent and dissolution

volume. therefore, there are no
of the third component solute requires maximum
expansion of the solvent to accommodate the solute.
A maximum in ¢} of the R,NI should therefore be
observed.  The

behavior and in addition, show that the height of

plot in Fig.4 demonstrate such

the ¢) maximum is strictly size dependent, as would
be expected.

C) The 0.3 mole fraction minimum: V°(I7) ion
passes through a minimum 0.3 mole fraction. While
it was suggested that at this composition the solvent
was closest to close packed, it is clearly not strictly
close packed, and under the influence of the strong
charge field of the iodide ion, solvent molecules can
be electrostricted to form solvation shells, previously
described as “soft ice” ®% to distinguish such structural
ordering form that characteristic of hydrophobic
interaction at Xgou=0.1l. Such electrostriction
contraction of the solvent leads to the minimum in

V(1) at Xgon=0.3. It should also be noted (Fig.

J.KIChE, Vol.11, No.4, Aug.1973
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3) that the partial molal volume of the iodide ion
only begins to decrease rapidly beyond Xg,ou=0.1
after the hydrophobic structure making of the ethanol
has passed its maximum and the electrostriction effect
of the ion is essentially without competition.
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Nomenclature

b; constant (ml. /g) for a series with a common
anion

C; concentration (mole/1.)

D; dielectric constant

d, dy, density of solution and solvent, respectively

e; charge of univalent ion

M,; molecular weight of the salt

m; molality

N; Avogadro’s number

Z; charge on the ¢ ions

5; number of ions of species i formed by one
molecule

6; empirically determined constant

B; compressibility of the solvent

7; ionic radious

¢.; apparent molal volume

¢2(=V"?); partial molal volume

d¢; uncertainties in apparent molal volume

6C; uncertainties in concentration

dd; uncertainties in density

Adm. W; change of molecular weight of the salt

Xrwon: mole fraction of ethanol

mf; mole fraction

S,; experimental limiting slope
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