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ACOUSTIC BEHAVIOUR OF CETYLPYRIDINIUM
BROMIDE (CPB) IN METHANOL

ANIL KUMAR

Department of Chemistry, Institute of Basic Sciences ( Agra University ), Khandari Road,
Agra 282002, India.

( Received 22 June 1989)

Ultrasonic velocity measurement has been employed to obtain various acoustic parameters and the critical
micelle concentration CMC (0.045 mol m~?), which is found to be in good agreement with the one
determined by conductance method (0.042 mol m ~ 3), for methanolic solutions of cetylpyridinium bromide
CPB at 313.15 K. The results show that there is a significant interaction between solute and solvent
molecules in dilute solutions. The values for intermolecular free length L’ computed from thermodynamic
method given by Eyring and Hirschfelder, are in good agreement with those of L, evaluated from ultrasonic
data using Jacobson’s relation. Several other parameters, viz. molecular radius r,,, space filling factor r;
(B/V) and collision factor S, have also been evaluated from collision factor theory CFT of Schaaffs.

KEY WORDS: Ultrasonic velocity, critical concentration.

INTRODUCTION

Ultrasonic measurements may provide information concerning the structure of
electrolytic solutions since they take into account the important consequences of ion
solvation, such as reduced volume and compressibility of the solvent molecules. It is
well established that when an electrolyte is added to polar liquids, the ions tend to
establish a new structure wherein the solvent dipoles are oriented about each ion.
Since the electric fields of the ions exert a considerable electrostrictive effect on the
surrounding solvent molecules, the volume as well as the compressibility of the
solvent molecules is reduced substantially.

NMR!2, IR** and Raman® have been used to study molecular interactions. The
propagation of ultrasound waves and measurement of their speed®!° and
absorption'!'!? have been shown to be useful in the study of molecular interactions
in inorganic, organic and organo-metallic binary systems. Recently, research
workers!3!8 have employed ultrasonic measurements as their study-matrix to look
into the important consequences of ion-solvent interactions vis-a-vis the structure of
electrolytic solutions.

The present work has been initiated with a view to secure information on ion-
solvent interactions, to determine critical micelle concentration CMC and several
acoustic parameters for cetylpyridinium bromide CPB in methanol.
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EXPERIMENTAL

Cetylpyridinium bromide CPB, a sigma product, was crystallised twice from ethanol-
acetone, washed with ethyl ether, and dried under vacuum for at least 48 h before use.
All solutions were prepared by mass using reagent-grade methanol (E. Merck) of
stated purity 99.5 9%, which was refluxed on sodium for 12 h and fractionally distilled
before use. The solutions were kept at a constant temperature for about 2 h in a
thermostat.

A multifrequency ultrasonic interferometer (M-83, Mittal Enterprises, New Delhi),
operating at a frequency of 4 MHz, was employed to measure the ultrasonic velocity
of the methanolic solutions of CPB at a constant temperature 313.15 ( + 0.01) K. The
maximum uncertainty of velocity result was + 0.2%,. The densities of solutions were
measured by a dilatometer, which was caliberated with distilled water and benzene,
and buoyancy corrected. The volume of dilatometer was 15 ml and the accuracy of the
density results was =+ 0.0001.

METHOD OF CALCULATIONS

The various acoustic parameters (Table 1), viz adiabatic compressibility B, specific
acoustic impedance Z, intermolecular free length L, apparent molar compressibility
¢y, solvation number Sn, molar sound velocity R, molar sound compressibility w and
average molar weight of the solution M, have been evaluated using the following
relationships:

1

B= o0’ (1)
Z=pv )

1/2
L - [g] 3)

_ 1000 BoM

b = Cpo (poB-Bop) + o 4)

n p
Sn=-"(1-" 5
! "z( ﬁo) ©®)
R=M: s (6)

p

= E -1/7 7
w p () @)

M=X1M1+X2M2 (8)



37

S8Pt £8°0vYy 05°Tr8 [474Y 876 86'86v1 P6'8¢ £6'8 w0l ¥'86L 8111 o
0LpE hedViqd 17°8¢8 LS 80°0¢ 9gLES] viet 888 [41Va! 6'L6L [ARN] o
1294% 66'6tY 19°¢€8 £TCs STIt SEeest it6t t8'8 1201 yLeL 8011 010
6£Pe [A\3:33 4 SP°6L8 8IS Spe 91¥S91 05°6t 6L'8 1€0°1 0'L6L £ol1 600
Yive SULEY [4aY4] £1es 96'tE LTl 69°6¢ SL'8 o'l §96L 3601 800
60ve w9ty 88°0¢8 8°0CS 09°¢e 879081 066t 0L'8 o'l 096L £601 L00
£6'LE (42434 918 i 4174Y £1'8¢ 899761 60°0¥ 998 w901 §S6L 8801 900
8L¢EE | 4% 4 00CI8 6615 LYy 9LL60T 8TOY 1978 Lol 056l £801 SO0
[AR%Y 019y 00°L08 6'8IS ov'ey 145 £:1%4 090y 123 68071 Iv6L SLO1 00
Ly'ee 8S Sy 78108 L'LIS 14244 $8'097C S6'0v Ly 8001 TvoL 9901 t00
et £S5Vt 6£°96L £91¢ 14244 8TLSTT 9t'1¥ 8¢'8 oti’l 8't6L 9501 200
9lee olite 88°06L 6¥iS 14244 §99¢7T oL'lYy 67’8 (A2 y'eol 9ol 100
[_jow, N w w
W) | joweu (Ol x"—) (,00x’1) , S by , N

uonnjos  {,0f x °¢) (N, Jow cw) (ug) g wbusp (.. 01 x7) (.01 %4) , sw(aj
Jo 1yBrom Aumnyoa (01 X M) e ((WIND, Jow e aquinu 1582 1dwio> 2a4f 2ouppadui Anpg ;e by Ap0)aa ¢ Wjow
Apjnadjow aojows  Anpqissaaduo) (01 X ¥) uoy avjouwt i} onsnoow  ~1ssa4dwios (d) 2u0s (D) uou
abvisay 1aanddy punos wjopy 1120134 punos ajoyy  -pajos juaanddy -ouLIdIUf Jfirads  oupypipy  Ansuaq -pal) ~DAIIIN0 D

SO0 F ) ¥I€I€ Yo siojowrred 511SNOOE ISY}0 PUB ANDOJAA dIUOSEI[() | d|qeL

TT0Z AJenuer 8z z£:80 : I Papeo |juwod



08: 32 28 January 2011

Downl oaded At:

38 A. KUMAR

where p,, p; B, B 1., ny; X, X, and M,, M, are the density, adiabatic compressibi-
lity, number of moles, mole fractions and molar weights of solvent and solute,
respectively; and K, C, v, M are the temperature dependent Jacobson’s constant'®,
concentration, ultrasonic velocity and average molar weight of the solution, respec-
tively.

The acoustic parameters for collision factor theory CFT, viz. molecular radius r,,
space filling factor r; and collision factor S, and those for computing intermolecular
free length L, from thermodynamic method, viz. molar volume V;, available volume
V, and surface area per mole Y, have been evaluated as under:

Vo=Vr—=V, )]

Vo= Vy [1 - (T/Tc)°-3] (10)
Ly =2V/Y (11)

Y = (36nNV3)!3 (12)

where T, T, V,, N are the experimental temperature, critical temperature, molar
volume at 0°K and Avagadro’s number, respectively.

Schaaffs?® on the basis of collision factor theory CFT, developed the following
relationship for the ultrasonic velocity in pure liquids:

v=V,Sr; = V,S(B/V) (13)

where v, = 1600 ms ™, S is the collision factor, r,( = B/V) is the space filling factor, V
is the volume of the pure liquid and B is the actual volume of the molecule, given by
the relationship:

B="T 0N (14)

where r,, stands for molecular radius. The values of the molecular radius (r,) have
been computed using the relations given by Schaaffs2® and Rao et al?!.

1\ 1/3

r., Schaaffs = o/ |:1 — ﬁ{(l + 33) — 1}:| (15)
1\1/2 1/3

P Ra0=<xl|:1 —B{(l +B> - 1}] (16)

where o' = (3V/167N)'/?, f = (yRT/M ,v?): y is the ratio of the principal specific heats,
R is the gas constant, M is the molecular weight, and T is the absolute temperature.

RESULTS AND DISCUSSION

The various acoustic parameters computed from the ultrasonic velocity o( + 0.2%)
for methanolic solutions cetylpyridinium bromide CPB are recorded in Table 1. The
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variation of velocity v with concentration C can be related to the variation of density p
and adiabatic compressibility § with concentration:

1
= /= 17
b \/pﬁ (17

dv  v(l dp 1 OB
de 2<pac+'ﬁ%) (18)

Therefore,

The derivatives dp/0c and 08/0C are opposite in sign with the latter negative and
numerically larger. Thus the velocity increases with increasing concentration (Table
1).

The variation of ultrasonic velocity v with concentration C follows the relationship:
v=V,+GC (19)

where V; is the ultrasonic velocity in pure solvent and G is Garnsey’s constant?2, The
computed value of G for methanolic solutions of CPB is 5.75 x 102. The ultrasonic
velocity o( + 0.29%), adiabatic compressibility f( + 0.59) and density ( + 0.0001),
when plotted as a function of CPB concentration C, show an intersection of two
straight lines at definite concentration, CMC (0.045 mol m ™) of CPB in methanol
(Figure 1). However, the value of CMC for methanolic solutions of CPB at 313.15 K
as determined by conductance method is 0.042 mol m ~3. These plots (Figure 1) when
extrapolated to zero concentration give pure solvent values (V, = 1.038 x 10° ms™ !,
po = 0.7930 x 10°> kg m~3, B, =1.174 x 107° m?N™') in accordance with the
experimental values (V, = 1.035 x 10° ms™!, p, =0.7920 x 10°kg m~3, B, =
1.170 x 10~°m?N "), indicating that CPB molecules do not aggregate to an appre-
ciable extent below the CMC.

From the Debye-Huckel theory, it follows that the apparent molar compressibility
¢+ 28%,) as well as apparent molar volume ¢ ,( + 309) are related to the molar
concentration C by the relationship:

O = P + S CY? (20)
¢, = ¢y +5,C'12 (21)

It is observed (Figure 2) that the plot of both ¢, versus C'/? and ¢, versus C'/? for
solutions of CPB in methanol are not linear. The departure of linearity predicted by
equations (20 and 21) may be due to the stepwise dissociation or association of CPB
in the solvent. Khare?? reported that the solutions of NaHSO, and KHSO, showed
an abrupt change of slope when ¢, is plotted versus the square root of concentration.
This change in slope (uncertainty in the low concentration slope being of the order of
5 to 10%) was ascribed?? to the dissociation of HSO, into H* and SO3~ at low
concentrations and not to a gradual shift to that predicted by Debye-Hiickel theory.

The decrease in the values of  and increase in the values of both apparent molar
compressibility ¢, and molar sound compressibility w, with the increase in CPB
concentration (Table 1), may be attributed to the fact that CPB molecules in dilute
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Figure 1 Plots of ultrasonic velocity (v), density (p) and adiabatic compressibility () as a function of
concentration (C) of methanolic solutions of CPB at 313.15 K.

solutions are considerably ionised into C,;¢H;3;N(CH;); and Br~. These ions are
surrounded by a thin film of solvent molecules firmly bound and oriented towards the
ions. The orientation of solvent molecules around the ions is attributed to the
influence of the electrostatic field of the ions and thus the internal pressure increases,
which reduces the compressibility of the solutions, i.e. the solutions become harder to
compress®*. The decrease in B, increase in the values of both ¢, and w at higher
concentrations may be explained on the basis of close-packing of ionic head-groups in
the micelles, resulting in an increase in ionic repulsion and, finally, internal pressure.

The decrease in the values of intermolecular free length L, (£0.2 %) and increase in
the values of specific acoustic impedance Z ( &+ 0.2 %) with increase in CPB concentra-
tion can be explained on the basis of lyophobic interaction between CPB and solvent
molecuies, which increases the intermolecular distance, leaving relatively wider gaps
between the molecules and thus becoming the main cause of obstruction to the
propagation of ultrasound waves.

Passynskii*® has developed a slightly different equation for the calculation of
solvation numbers Sn. If the ions and the primary solvation sheaths are assured to be
incompressible, then

VB =nV3ifo (1 — X) (22)
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Figure 2 Plots of apparent molar compressibility (¢,) and apparent molar volume (¢,) as a function of
square root of concentration (C/?) of methanolic solutions of CPB at 313.15 K.

where V, V9 and X signify volume of the solution containing n, moles of solute, partial
molar volume of pure solvent and the fraction of the solvent in solution which is
incompressible. The solvation number for the electrolyte can then be calculated from

the equation:
n, n, VB >
Sn=—X=—{(1—--— (23)
n, n, ( ny V(l)ﬁo

Passynskii?® assumed that V = n, V9 for dilute solutions, therefore, Equ. (23) can be
written:

The above expression, which has been used for evaluating solvation number Sn (Table
1), is the same as Eq. (5).

PCL—C
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Table 2 The values of solvation number Sn for CPB and other
electrolytes.

Electrolyte Sn Temp (K) Reference
Cetylpyridinium bromide 29.28-44.94 313.15 Table 1
Barium butyrate 8.5-16.1 313.15 18
Strontium butyrate 8.2-23.7 313.15 18
Lanthanum laurate 59.5-63.8 313.15 15
Lanthanum caprate 40.5-48.9 313.15 15
Cobalt acetate 28.5 298.15 26
Beryllium chloride 8.5 - 25
Lithium sulphate 17.3 - 27
Barium bromide 154 - 26

The values of Sn( + 309%,) correspond to the number of solvent molecules in the
primary solvation sheaths of the ions. On account of electrostriction, molecules in the
solvation sheath will be highly compressed so that these molecules will be less
compressible than those in the bulk of the solution when an external pressure is
applied. The compressibility of solvent molecules near but not in the primary
solvation sheaths is the same as that of pure solvent. The values of Sn (Table 1) are
indicative more of electrostriction effects of the ions on surrounding solvent molecules
than of the actual primary solvation numbers. The values of Sn (Table 2) are in good
agreement with other solvation numbers in the literature!3-18:25-27,

Marks?7-2® attempted to obtain further information concerning ionic solvation in
solutions through the consideration of so called molar sound velocity R, [R =
(M/p)v'”?]. This constant was found by Rao?° to be independent of temperature for
various unassociated liquids. Marks?”-2® examined that the value for the ratio:
p(vo)'3/py(v)}/3, evaluated at 293.15 K with 273.15 K as reference, increased linearly
with concentration for several sulphates?” and hydroxide2®. Similar results were
observed by Subrahamanyam and Bhimasenachar3® for various univalent chlorides
and uni-and divalent nitrates. The increase in the ratio: p(v,)!/*/p,(v)!/3, produced by
the ionic solutes was ascribed to the strong interaction of the ions with the solvent
molecules. It is observed that molar sound velocity R( + 0.05%) increases with
increase in CPB concentration (Table 1), and the value for the ratio: p(v,)'/3/p (v)'/3,
evaluated for pre-micellar region of methanolic solutions of CPB at 313.15 K, varied
between 0.995 and 0.997.

The values for intermolecular free length L, available volume ¥, and surface area
per mole Y, as recorded in Table 3, have also been evaluated from thermodynamic
method given by Eyring and Hirschfelder3!, employing Eqs (9)-(12). The values for
intermolecular free length L', computed from thermodynamic method (Table 3) are in
good agreement with those of L, (Table 1) calculated from ultrasonic data using
Jacobson’s relation'®. It is observed that over the entire concentration range, the
values of L are more consistent than those of L,. However, available volume V, and
surface area per mole Y decrease with increase in concentration.

Several other parameters, viz molecular radius r,, space filling factor r; (B/V) and
collision factor S, have been evaluated (Table 3) from collision factor theory CFT of
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Schaaffs2? using Eqs (13)-(16). In the collision factor theory, the molecular radius r,, is
evaluated using Eq. (15) and (16). These values are employed in the calculation of the
actual volume per mole, B, using Eq. (14). From the experimental values for the
ultrasound velocities and space filling factor (B/V), the collision factor S has been
computed from Eq. (13). The values of r,, r; and S evaluated for both Rao and
Schaaffs are recorded in Table 3. It is observed (Table 3) that the values of r,, and r; for
Rao are higher than their respective values for Schaaffs whereas S Schaaffs is greater
than S Rao (Table 3). The evaluated values of collision factor S for both Rao and
Schaafls are consistent over the entire range of concentration.
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