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ABSTRACT: Density and sound velocity data for aqueous solutions at 298.2 K containing alkyltrimethylammonium
bromides and sodium alkylsulphates were analysed to yield partial molar volumes and isentropic compressions. The
calculated contributions of methylene groups to the properties of alkyltrimethylammonium cations and alkylsulphate
anions show no dependence on position in the alkyl chains and a common contribution to the ionic partial molar
volumes over the range methylin-octyl for the sulphates anutpropyl < n-hexyl for the alkyltrimethylammonium

ions. However, a switch in head group from trimethylammonium to sulphate changes the contribution of methylene
groups to estimated partial molar isentropic compressibilities. The reasons for this sensitivity are discussed in terms of
hydration characteristic§l 1998 John Wiley & Sons, Ltd.

KEYWORDS: alkyltrimethylammonium bromides; sodium alkylsulphates; partial molar volumes; partial molar
isentropic compressibilities; hydration

INTRODUCTION The kinetic data and possible criticisms indicated
above prompted the study reported here. We measured
The hydration of solute molecules in aqueous soldtisn  the densities of and (low frequency ultrasonic) sound
determined by a subtle balance between the hydrophobicvelocities in aqueous solutions containing either alkyl-
and hydrophilic characteristics of groups within a given trimethylammonium bromidesl) or sodium alkylsul-
solute molecule. Kinetic data for well characterized phates|).
reactions can be used to comment on this balance by
reference to the effect of added soldtes, for example,
the dependence of rate constants for hydrolysis of an R—OSQ~ Na' Il
ester. Recently, we showed that for added organic solutes
having the general formula RX, the pattern of the  The aim was to compare the impact of a change from
dependence of rate constants on solutes having a constaritead group—NMg"™ to head group—OS£ on the
hydrophilic group X can be understobtin terms of properties of alkyl chains in aqueous solution in the
incremental contributions from the GHyroups in the  cation () and anion i ). We show that the increment in
alkyl group R. For another series having a different limiting partial molar volumeV(RX;aq)y* per CH group
hydrophilic group X, the patterns formed by the is surprisingly insensitive but that the increment in
dependence of the rate constant on the molality of the calculated limiting partial molar isentropic compressi-
added solute RX can be understood again in terms ofbility ks (RX;aqf* is sensitive to the hydrophilic head
incremental contributiond.However, the pattern is not  group X. Nevertheless, within each set of properties the
identical because the hydrophobic characteristics of alkyl dependences on the number of hydrophobic @kbups
groups R are sensitive to the nature of the polar headform relatively simple patterns with constant increments
group. These conclusions were reached on the basis oper additional methylene group.
kinetic data and are therefore open to criticism that such
data probe indirectly the hydration characteristics of
added solute RX by virtue of added solute—kinetic probe EXPERIMENTAL
interactions.

R—N"Mez Br™ |

Materials. The alkyltrimethylammonium salts and so-

*Correspondence toM. J. Blandamer, Department of Chemistry, dium _alkyISUIphateS were prepared using the methods
University of Leicester, University Road, Leicester, LE1 7RH, UK. described previousl§.All solutions were prepared by
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Table 1. Limiting partial molar volumes and compressions for sodium alkylsulphates (aq) and alkyltrimethylammonium bromides

(aqg) at 298.2 K

Compounds R o(V;; agy® (cm®*mol™)  V; (cm® mol™) ¢ (xs; agy™ (cm® mol * bar )
Sodiumalkylsulphates Me 63.4+ 0.3 —-5.7+3.0 —-39.1+0.4
Et 78.2+0.1 -1.5+0.8 —-46.2+ 0.2
n-Pr 94.7+ 0.1 —-08+1.2 —47.4+0.4
n-Bu 111.8+0.1 -3.8+1.7 —-46.3+ 0.9
n-Pe 127.5+ 0.1 —-22+1.0 —49.1+ 0.6
n-Hep 157.1+ 0.1 -1.0+0.7 —55.3+ 0.6
n-Oct 169.8+ 0.2 9.0+ 2.0 —60.7+0.4
Alkyltrimethylammoniumbromides n-Pr 146.0£ 0.1 —-2.0+£1.0 —6.5+1.0
n-Bu 161.9+ 0.1 —-2.3+0.9 —-75+0.3
n-Pe 177.3+0.3 -0.8+2.0 -9.3+0.9
n-Hex 194.2+ 0.4 —-6.9+3.2 —-7.7+1.0

weightusingdoubly distilled water. The samesolutions
were usedin the measurementsf density and sound
velocity. The molalities of the solutions covered the
range0.04-0.16mol kg~ *.

Densities and partial molar volumes. Densitie$® were
measuredusing a PaarModel DMA 60 digital densit-
ometer. The error in thesedensity measurementsvas
estimatedto be +3x10 °g cm>. The measurements
weremadeon solutionsat 25.00+ 0.05°C, the densityof
water being takenas 0.9970429 g cm 3. The apparent
molarvolumeof asolutej in aqueousolution(at298.2K
andambientpressurehaving molality my anddensity p
(aq) wascalculatedusingthe equation

® (Vi ag)=[m p (@d)pr” O] " [p2 () - p (aq)]
+ M/ p (aq) 1)

Where p;" (l) is the density of water at the same
temperatureand pressureand M; is the molar massof
solute j. Equation (1) yields ¢(V;; aq) for solute| at
molality my.

Sound velocities and isentropic compressions. The

speed of sound in the aqueoussalt solutions was
measuredusing the ‘sing-around’ technique®®° The

solutionswere placedin a gold-platedbrasscylinder of

length ca 4 cm through which passedthe ultrasonic
pulses. The frequency of these pulseswas measured
using a Philips PM6666 timer counter,averagingover

periods of 10 s. The La Place equation relates the

(equilibrium) isentropic compressibility kg(aq) of an

aqueousolutionto the measuredlow-frequency)sound
velocity u andthe densityp(aq):

rs(@a)=[u’ p (aq)] (2)

The isentropiccompressibilityof water (at 298.2K and
ambientpressure)4.4774x 10> bar *, wascalculated
using the sound velocity reportedby Del Grossoand

0 1998JohnWiley & Sons,Ltd.

Mader*!. The correspondingsentropic compressibility
of watef is 8.17x 107* m* mol™* bar*. For dilute
aqueoussolutionsat 298.2K (andambientpressure)the
apparenimolar isentropiccompressibility¢ (isj; aq) for
solutej is conventionallygiven by

d(xsi ag)=[m p@aa) pi” 0] * [xs (aq)- ks1 ()]
+ Kgj (aq) ¢(V;; aq) (3

RESULTS

Apparent molar volumes, ¢(Vj; aq)

The measureddensitiesfor sodiumalkylsulphategaq),

RSQ; “Na', where R=Me, Et, n-propyl, n-butyl, n-

pentyl, n-heptyl and n-octyl, and for alkyltrimethyl-

ammoniumbromidesRMesN"Br—, whereR = n-propyl,

n-butyl, n-pentyl and n-hexyl, were usedin conjunction
with equation(1) to yield the correspondingapparent
molar volumes ¢(V;; aq) at molarity my. For thesel:1

salts,the Debye—Higkel limiting law (DHLL) predictsa

lineardependencef ¢(V;; ag)on (cj/c,)l’z, is whereg; is

the concentratiorof salt given by the productmy p (aq)

and ¢, =1 mol dm 3. The slopé?*® of this predicted
linear dependences,, for aqueoussolutionsof 1:1 salts
at 298.2K andambientpressurés 1.868mol dm™>. The

dependencesf ¢(V;; aq)onmolarity my werefittedto the

equation

[6(V;; ad)- S (G / &) = $(V;; aqy*

+ Vi (my/n) 4)
where¢(V;; aq)” is the limiting apparentmolar volume
of saltj [ (V;; aq)*] andVj; is a volumetric interaction
parametedescribingheextentto which the propertiesof

thesesolution differ from thosedefinedby ¢(V;; aq)y™]
andthe DHLL. Theresultsaresummarisedn Table 1.
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Apparent molar
&ks;; aq)

isentropic compressibilities,

The dependenceof ¢(ks; aq) on concentration
followed the generalpattern

(ks a0)= d(xs; aq) + A’ (gfe)'? (5)

whereA' is dependenon thesolute!***Thedependence
of ¢(xsj; aqg) on concentrationc; wasfitted to equation
(5), for eachsalt the aim beingto estimatethe quantity
¢(xsj;, aq)”. For all systemsreportedhere equation(5)
accountedfor the results satisfactorily, leading to the
resultssummarizedn Table1.

DISCUSSION

There is merit in considering the volumetric and
compressibilitydataseparatelyln both caseshowever,
we concentratattentionon the limiting propertiesp(V;;
aq)” and ¢(xs; aqy” because,as describedin the
Introduction, the aim of this study was to probe the
impact of hydrophilic headgroupson the propertiesof
the linked hydrophobic alkyl chains. This series of
solutes was chosen in order to highlight possible
differencesbetweenthe roles of anionic and cationic
headgroups*®

The limiting partial molar volumes of the alkyl
sulphateswere related to the number of methylene
groupsin the alkyl chainusingthe equation

o(V;; agy° =V[l—I - OSQ;~ Na'] + nV[CH,] (6)

The symbol I—I represents terminal hydrogento the
hydrophobicalkyl chainin orderto contrastit with, for
example,the H atom in the hydrogensulphateanion
HOSQO; andthe H atomsattachedo the oniumion in,
for example, monomethylammoium  bromide,
MeHsN"Br—. Thus,for R=Me n=1, for R=Et n=2,
etc. Inspectionof the datain Table 1 showsthat this
pattern is not closely followed by the longer chain
alkylsulphates. Nevertheless,a least-squaresanalysis
basedon equation(6) and the datain Table 1 yielded
the V[l—I --- OSQ; Na'] = 48.84 2.3 cm® mol™* with
VICH,] =15.2+ 0.2 cm® mol™%; this estimateis con-
sistentwith previously reported volumetric datal’ A
similar analysisshowedthat each methylenegroup in
V[l—I --- NMez"Br~] contributesl6.0cm® mol~* to the
saltpartialmolarvolumes(seealso™®"8). A comparison
is possiblewith the contributiond® madeby CH, groups
to the limiting partial molar volumesfor monoalkylam-
moniumbromidesin aqueoussolutions,RNH; Br~. For
examplet® [V(EtNH;"Br—; aqf® — V(MeNH; Br—;
aqy*] equals16.81cm® mol~. The averageincrement
permethylenegroupovertherangefrom MeNH; Br~ to
n-CgH1/NH3"Br~ is 16.1 cm® mol . In the case of
tetraalkylammoium ions® the mean increment per
methylene group is 15.4 cm® mol~’. Basedon the

0 1998JohnWiley & Sons,Ltd.

calculatedmethyleneincrementin conjunctionwith the
estimatefor I—I --- N*MesBr—, the predictedlimiting

partial molar volume for Me,;N"Br—(aq) is 113.9cm?®

mol~*, which is satisfactorilycloseto the valuereported
by Perronand Desnoyer¥’ of 114.35cm® mol 2.

The consistencyof thesemethylenegroupincrements
in partial molarvolumespromptsthe conclusionthatthe
changein headgroupfrom — NMe;" to — OSQ;™ has
no effect on the hydration characteristicof the alkyl
chain over the rangel<n <8 in (CHy), The compres-
sibility datawereanalysedn ananalogougashionusing
the following equatione.qg.for the alkylsulphates:

d)(KSj; a.q))O =kg[l—I - OSO; " Nat] + nks[CH2] (7)

A least-squareanalysisof the datain Table 1 showed
thatis[l—I - OSQ; Na'] = —(38.1+ 1.8) x 10 “cm®
mol~! bar* and ks [CH,] = —(2.6+ 0.4) x 10°* cm®
mol~! bar ™. In comparisona similar analysisshowed
that kg [I—I -~ NMes Br] = —(5.4+2.4)x 10 % cn®
mol™* bar? and, from the slope, ks [CH,]=
—(0.54+0.52)x 10* cm® mol™! bar’. Mathieson
and Conway”® reported estimatesof ionic compressi-
bilities using xs [Cl;aq)=—17x 10% cm® mol ™!
barti.e.xs[Na"; ag)= —33.5x 10~ cm®> mol * bar*
and ks [Br—; aq)=—9.5x 10* cm® mol™* bar™. In
theseterms we arriveatthefollowing estimatesics [I—I
~-NMe3*] = +4.1x 10 *cm®mol ' bar *andkg[1—|I
- 0SQ; ] = —4.6 x 10~ *cm®mol~tbar . Thecontrast
betweenthe two headgroupsis consistentwith the fact
that I—I -~ NMes" is hydrophobic whereasl—I ---
OSQO;~ is a hydrophilic head group. For example,
Mathiesonand Conway® estimatedthat ks [Me,N™;
aq)=+5.4x 104 cm ® mol~* bar .

Turning to the contributionsto «s; (aq) madeto each
soluteby a CH, group,for RMesN* Br~ the impact of
eachCH, groupover the rangefrom R = n-propyl to n-
hexyl is small, being zerowithin the estimatedstandard
error.Indeed basen thedifferencereported5 between
ks (BuuN™; aqy® andxs (PuN™; ag)y*, the contribution
per CH, groupis —1.9x 10~% cm® mol~* bar . Hence
thereis no clearevidenceeitherfor the alkylsulphatesr
for the alkyltrimethylammoniumions of any striking
dependencef contributionsby CH, groupsbasedon
positionin the alkyl chain, at leastup to andincluding
hexyl derivatives. There is, however, strong evidence
that, in termsof isentropiccompressibilitiesthe hydro-
philic headgroupplaysanimportantrole.

Thereis aninterestingcontrasiconcerningconclusions
drawn from volumetric data and from compressibility
data about the impact of each CH, group in the
alkylsulphate anion and the alkyltrimethylammonium
cations. According to the patternof the partial molar
volumesthe contributionsare similar, but accordingto
the patternof partial isentropic compressibilitiesthese
contributionsareheadgroupdependentOneexplanation
would arguethat the changein partial molar volume
includesa contributionfrom the intrinsic volume of a
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methylenegroup. In contrast,partial molar compressi-
bilities are a more direct measureof the hydration
characteristicsThen,in theseterms,we concludethatthe
switchfrom — OSQ;~ to — NMe;" headgroupshasa
profound influence on the hydration of linked hydro-
phobicalkyl groups.
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