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THERMODYNAMICS OF VISCOUS FLOW IN AQUEOUS
SOLUTIONS OF ALKYLTRIMETHYLAMMONIUM
BROMIDES

INTRODUCTION

In aqueous surfactant solutions the solute molecules can exist in the
monomeric form below the critical micelle concentration, CMC, but they
can be either in the monomeric or micellar forms, at surfactant con-
centrations exceeding the value of the CMC. Dissolution of an ionic sur-
factant in water below the CMC causes a contraction of volume and
a decrease in compressibility of the solution due to electrostriction or
interaction between the ionic groups of the surfactants and water as
well as to strong hydrophobic interactions between water and alkyl
chain of the solute.

In the previous paper [1] we have discussed the solute-solvent inter-
actions in dilute aqueous solutions of several alkyltrimethylammonium
bromides in terms of the effect of temperature and the solute structure
on the constants of the Joles-Dole equation [2].

In this paper the interaction between the amphiphilic solute and water
will be discussed on the basis of the Einstein-Vand’s equation [5] and the
enthalpy and entropy of activation for the viscous flow in aqueous solu-
tions of alkyltrimethylammonium bromides, CyTAB, having alkyl chains
of hexyl, octyl, decyl, dodecyl and tetradecyl.

EXPERIMENTAL

A special grade samples of n-hexyltrimethylammonium bromide
(CsTAB), n-octyltrimethylammonium bromide (CsTAB), n-decyltrimethyl-
ammonium bromide (CTAB), n-dodecyltrimethylammonium bromide
(C2TAB), and n-tetradecyltrimethylammonium bromide (C{TAB), were
the same as those used previously [1, 3]. Densities of the solutions were
measured using Ostwald type pycnometers of ca. 20 em? capacity. Pycno-
meters were calibrated as described previously [3]. Viscosity measure-
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ments have been performed using the Ubbelohde type viscosimeter.
Since the samples are known to exhibit surface activity the results of
viscosity measurements were corrected for the surface tension effect
of the solutions at each temperature. All measurements have been per-
formed at different temperatures within the range 15-45°C at 5°C
intervals. The temperature of the solutions was adjusted within +0.01°C
of the specified temperature.

TREATMENT OF VISCOSITY DATA

According to the hydrodynamic theory of viscosity the relative visco-
sity of the solution, #re;=#/7,, is related to the volume fraction of the
solute, @ and the molal solute concentration, C. The relationship can be
represented by equations proposed by Breslau and Miller {4] or that of
Vand [5].

The Breslau-Miller equation {4] is given by

mrer=1+2.5 &+B &2=1+2.5 Vg C+B VZ,C? (1)

which is usually used in the following form

Heel ™ 1

where 7 and 7, are the viscosities of the solution and the solvent, re-
spectively. Vgy is the hydrodynamic volume of the solute and B is
a constant related to the solute-solvent interactions.

The Einstein-Vand [5] relation is given by

25 P AN
1-Q® 1-QVgyC

and it is usually represented in a linear form as

2.5 C/In 7re1=1/Vgy—QC (4)

(©)

ln Nrel =

where Vgy is the hydrodynamic volume of the solute and Q is the expe-
rimental constant and it is supposed to be a sensitive measure of the
solute-solvent interactions.

Viscosity data have also been analysed on the basis of the theory of
absolute reaction rates developed by Eyring et al. [6]. According to the
theory the free energy of activation for the viscous flow per mole of the
solution is given by

G#=RT In (yV/h N,) (5)
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and that per mole of the pure solvent is

Gg =RT In (1, Vo/h N4) (6)
where V and V, are the molar volumes of the moving unit and the
pure solvent, respectively, h — Planck’s constant, No — Avogadro’s

constant. The change in the value of the activation free energy for the
viscous flow, AG*, due to the presence of the solute is defined as

AG#=G#—G# =RT In (4V/7,V,) (7)

The values of the quotient V/V, in eq. (7) can be calculated from the
density of the solutions

V/V,=[1+1000 C (V;—M/0o)] no/(ne-+ny) (8)

where C is the molar solute concentration, M; (g mol—!) and V, (cm?
mol—1) are the molecular weight and the apparent molar volume of the
solute in the solution, n; and n, are the numbers of the solute and sol-
vent molecules in the solution, respectively, and g, (g cm—3) is the solvent
density.

The values of AG* have been described by means of the second degree
function of temperature. By differentiation of the fitted curve with
respect to temperature, T, the values of the activation entropy for the
viscous flow, AS*, have been determined at each temperature from the
slope of the fitted curve using the Gibbs — Helmholtz relationship

ASH#=—[d(AG#)/dT]p (9)
where P is the external pressure.

The activation enthalpy for the viscous flow, AH*, was calculated
basing on the well known thermodynamical relation

AH#=AG#+T AS# (10)

RESULTS AND DISCUSSION

The values of empirical parameters of egs. (1) and (3) at various tem-
peratures are listed in Tables 1 and 2, respectively.

The value of Vgy (or Vgy) allows us to estimate the value of the
effective number of water molecules (the hydration parameter, Z) invol-
ved in the viscous flow of the solute. The values of Z defined by

Z=VEv/Vo (1 1)

where V, stands for the molar volume of the pure solvent (water) at
the temperature of the experiment, are listed in Table 3.
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Table 1
Vpn(em?® mol ™) and B Parameters of the Breslau-Miller’s Equation for Alkyltrimethylammonium
Bromides in the Monomeric Form in Aqueous Solutions at Various Temperatures

Temp. (°C) b SR 35 T e
i 2283 | 2165 | 2087 | 2049 | 1972 | 1894 | 1818
Bty PNk SoRplie Bl Sona SRy L S 500
S 2034 | 2836 | 2778 | 2661 | 2583 | 2427 | 2269
’ B | B e e e BOIAS R o O | =0
cotap Yeu | 3867 | 3712 | 3557 | 3329 | 3286 | 3135 | 2780
10:0°57R S 021098 o 1 R T R s T P s el 2107
coap V| S48 | 513 [ 4s6s | 4652 | 4506 | 4219 | 3973
10008 —715 | —812 | —914 |—1021 |-1101 |—1233 |-1446
L — | 6000 | se31 | s326 | sw02 | 4877 | 4572
b - |-1745 |-2023 |-2285 [-2516 |-2782 |-3197
Table 2

Viy(cm*mol™*) and Q Parameters of the Einstein-Vand’s Equation for Alkyltrimethylammonium
Bromides in the Monomeric Form in Aqueous Solutions at Various Temperatures

Temp. (°C) 15 20 25 RS 40 45
DA TAD Y aY 2283 | 2165 | 2088 | 2050 | 1972 | 1890 | 1819 E-

(3 Q —-2.1 -2.2 -23 —-23 —24 —26 —-27
Vev 2933 | 2836 | 2778 | 2661 | 2583 | 2428 | 2270 t
S Las Q -1.8 —1.8 —1.8 —1.9 -20 -21 —22 1
Vev 387.1 371.6 356.1 3332 329.0 314.0 278.6 i
Rias Q —-5.2 —5.6 —6.1 —6.1 -17.1 —-179 -9.9 {
C..TAB Vev 545.4 514.9 488.4 467.3 452.8 4304 400.1 \
i Q —35.7 —40.9 —46.5 —52.7 -573 —65.1 —178.1 5
C. TAB Vev - 603.8 567.4 537.3 515.2 493.2 463.3 C

28 Q - —84.6 —99.5 |—1138 |[—126.7 [—141.8 |—1659
I
The value of Z can be interpreted as the number of water molecules I
replaced by the solute in the structure of water and a certain number r
of water molecules attached to the solute during the viscous flow. It was 1
shown previously [3, 7] that the increase in temperature causes the in- V
crease in the value of the apparent (or the partial) molar volume of u

CnTAB monomers in aqueous solutions. In contrary, the values of both }

Vem and Vgy show the opposite tendency. It suggests that in spite of the c
thermal expansion of the solute in the solution the total number of p

solvent (water) molecules involved in the viscous flow decreases with S
increasing temperature. This result can be attributed to a decrease of
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the solute-solvent interactions with increasing temperature attributable
to the partial dehydration of the hydrophobic part of the meolecule. A si-
milar temperature induced dehydration process of the hydrophobic part
of surfactant monomers in aqueous solutions was suggested basing on
the analysis of ultrasound velocity and adiabatic compressibility data
in aqueous solutions of CyTAB [3].

Table 3
Hydration Parameter, Z, of Alkyltrimethylammonium Bromides in the Monomeric Form in
Aqueous Solutions at Various Temperatures

Temp. (°C) | C,TAB C,TAB C,,TAB C,,TAB C,,TAB

15 12.7 163 21.5 303 <

20 12.0 158 20.6 28.6 335
25 11.6 154 19.8 27.1 315
30 11.4 148 18.5 26.0 29.9
35 11.0 143 18.3 252 28.6
40 10.5 135 174 239 274
45 10.1 12.6 155 222 25.7

The parameters B and Q in eqgs. (1) and (3), respectively; can be re-
garded as sensitive measures of the solute-solvent interactions. Figure
1 shows the values of the interaction parameter, Q, of the Einstein-
-Vand equation plotted as a function of the number of carbon atoms of
the alkyl chain of the solute. For comparison, the value of Q reported
by Choudhury and Majumdar [8] for C,;TAB at 35°C was also included
in Fig. 1. The most striking in the plot is of course the discontinuity in
the behavior of value of Q observed above ca. Cy at each temperature
which can be attributed to the difference in the mode of hydration
around the alkyl chain of the surfactant monomer, i.e., to the absence:
or presence of hydrophobic hydration.

The analysis of the numerical values of the interaction parameters,
B or Q, can give some information on the shape of the moving units.
Low negative value of B or Q indicates that the moving units can be
regarded as approximately spherical, while the increase in negative va-
lues of B or Q observed at higher temperatures and for longer derivati-
ves, suggests larger deviations from the spherical shape of the moving
units.

The activation parameters for the viscous flow depend on the solute:
concentration and temperature. Effect of concentration on the activation
parameters for hexyltrimethylammonium bromide (C¢TAB) in aqueous:
solutions at 25° is given in Table 4.

The values of AG# are positive in the temperature range investigated

105




[l ool s T e

t

[

-200 | | I | | [ | t
o e o sialh s S e B DGR PER SRS 3

: N }

Fig. 1. Effect of the number of carbon atoms in the alkyl chain of the alkyl chain I:

of alkyltrimethylammonium bromides on the value of the Einstein-Vand inter-
action parameter, Q, in aqueous solutions at various temperatures.

Symbols: (O) — 15°C; (©) — 20°C; (@) — 25°C; (m) — 30°C; (@) — 35°C; (@) — & o1
40°C; (@) — 45°C. The value for C, TAB at 35°C from Ref. [8]. i




and they linearly increase with the solute concentration. According to
Singh and Tomar [12] the non-linearity of free energy of activation for
the viscous flow with the concentration of the added solute indicates
the formation of the solute-solvent agregates, as the principal kinetic
entity. Therefore, one can suppose that the possible solute-solvent aggre-
gation does not occur in the solutions.

Table 4
Effect of Hexyltrimethylammonium Bromide Concentration on Activation Parame-
ters for the Viscous Flow in Aqueous Solutions at 25°C

Concentration AGH AH™ ASH
mol dm™? J mol™! J mol™! J mol™! K~!
0.010 y 12.5 26.8 0.05
0.017 20.5 458 0.08
0.023 272 62.1 0.12
0.040 46.8 108.0 0.21
0.058 65.3 155.8 0.30
0.084 92.8 220.3 0.43
0.101 110.5 2669 0.52
0.129 139.3 336.8 0.66

As can be seen in Table 4 the activation enthalpy for the viscous
flow, AH¥, increases with increasing solute concentration. The value of
AH# can be regarded as a measures of the energy barier to the fluid mo-
tion. The increase in the value of AH# with the solute concentration in-
dicates the decrease in fluidity of the solution.

Effect of temperature on the thermodynamical parameters of the
activation for the viscous flow is shown in Table 5. The values repor-
ted in Table 5 are based on the solute concentration of 1 mol/kg in orded
to be compared with the values published in literature (13, 14]. It should
be noted, however, that the data for higher derivatives are of only hypo-
thetical nature, because for CyTAB having alkyl chains longer than Cg
the micelle formation takes place at much lower solute concentrations
[15]. Nevertheless, it allows us to compare the thermodynamical quanti-
ties for the viscous flow for different solutes at the same concentration.

One can see that the value of AG# increases with increasing length of
the hydrocarbon moiety of the solute, while it decreases with tempera-
ture. The negative slope of the plot of AG# vs. temperature corresponds
to the positive value of the entropy of activation for the viscous flow.
It indicates that the flow is favored entropically.

It can be seen in Table 5 that the value of AH# increases with increa-
sing number of carbon atoms in the alkyl chain of the solute. Although
it is difficult to compare our values of AH# with the values of the acti-
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vation energy for the viscous flow, E#, published by Tanaka et al. [13],
it can be easily shown that the two sets of data give the same contribu-
tion (within the experimental error) from the CH, group to the value
of AH, derived from the viscosity measurements carried out at 25°C.
The contribution of one methylene group to the value of AH#, dAH#/dN,
is (0.555%0.05) kJ mol—!, while the corresponding contribution to the
value of E#, dE#/dN, amounts to (0.553 +0.09) kJ mol—.

Table 5

Activation Free Energy, AG* (kJ mol™?!), Enthalpy, AH* (k] mol™'), and Entropy,

AS* (J mol™!K™!), for the Viscous Flow in Aqueous Solutions of Alkyltrimethylammonium
Bromides at Various Temperatures

Temp. (°C) 15 20 A 30 35 l w0 | 4
AG* | 091 | 088 | 086 = 086 | 084 | 082 0.80
C,TABAH* | 091 | 114 | 139 | 201 | 166 | 196 | 203 212
As* | 00 | 09 1.8 25 27 36 39 42

i i 4 Wt ca <o -

AG ST ST R B3 = 111 | 110 | 106 1.01

C,TAB AH* | 174 | 181 | 18 | 268 | 196 | 204 | 208 2.13
As* | 21 23 25 34 28 o2k 35

AG* | 140 | 137 | 135 s 139 | 129 | 126 1.24

C,,TAB AH* | 320 | 312 | 303 | 356 | 293 | 28 | 276 2.56
as* | 63 6.0 57 5.7 54 5.1 48 4.5

AG* | 163 | 156 | 151 ¥ 146 | 143 | 137 128

C,,TAB AH* | 509 | 485 | 460 | 540 | 436 | 412 | 384 352
As* | 120 | 112 | 104 | 109 9.6 8.7 79 7.1

AG* | 181*| 174 | 166 2 160 | 155 | 150 141
C,.TAB AH* | 638*| 600 | 558 - $17 | 1760 | da3 385
As* | 159* | 145 | 131 - |18 |104 | 90 | 77

Note: (*) — data from Ref. [13] correspond to the values AE# and AS#: (+) — estimated value,

Variation of the activation entropy for the viscous flow, AS#, with
temperature is more complex. For lower derivatives the value of AS#
increases, while that for longer ones decreases with increasing tempera-
ture. It seems reasonable to suppose that the observed difference in
temperature dependence of AS# reflects, to some extend, the difference
in temperature dependence of the contributions from the polar head
group and the hydrophobic part of the molecule.

It can be seen in Table 5 that at a given temperature the value of
AS#* increases linearly with the length of the hydrocarbon moiety of
the solute. Therefore, the value of AS* can be split into the contribu-
tions from the constituent groups, that is

AS#=AS# (HG)+N AS# (CHy) (12)




where ASH# (HG) and AS# (CH,) are the activation entropy contributions
from the polar head group and the CH, group, respectively, and N is
the number of carbon atoms in the alkyl chain of the solute. It is diffi-
cult, however, to compare our results with the values of AS# at 25°C
published by Tanaka et al. [13], since the two sets of the AS# values
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Fig. 2, Effect of temperature on the values of group contributions to the activation
entropy of for the viscous flow and the effective hydrophilic hydration radius,
Ny, in aqueous solutions of alkyltrimethylammonium bromides,
Symbols: (O) — ASH# (HG);(@) — AS# (CH,); (()) — Ny,
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were obtained using different treatments of the experimental viscosity
data. Nevertheless, it can be easily shown that the two sets of the data
give a similar contribution from the CH, group, (1.53%+0.19) J mol—t K-1
and (1.37%0.34) J mol—! K~1 [13], respectively.

As can be seen in Fig. 2 the value of AS¥ (HG) is negative (in
the temperature range investigated), and it increases linearly with tem-
perature from —16.9 J mol—t K—1 at 15°C to —2.6 J mol~! K-1 at 45°C.
In contrast to the case of AS¥#(HG), the value of the CH, group contribu-
tion, AS¥ (CH,), is positive, and it decreases linearly with increasing tem-
perature from 2.36 J mol—! K- at 15°C to 0.75 J mol—! K-! at 45°C.
Since the effects of the two groups have opposite signs, therefore, it
seems reasonable to suppose that there is a certain alkyl chain length,
Ni, at which the contributions of the polar head group and the alkyl
chain of the molecule are balanced, i.e. AS¥=0. The value of N; can be
regarded as a measure of the effective range of the hydrophilic (or polar)
hydration. Above that distance the hydrophobic hydration around the
alkyl chain of the solute seems to dominate at each temperature investi-
gated.

Figure 2 shows the value of N; calculated at various temperatures.
At lower temperatures the value of N; slightly decreases with increa-
sing temperature, but above ca. 30 - 35°C the decrease is more pronoun-
ced. The observed change in the value of the slope, dNy/dT, at ca. 30 -
- 35°C can be attributed to the change in the state of hydration around
the alkyl chain of the solute during the viscous flow, i.e. to the partial
,melting” of the water of hydrophobic hydration.

In conclusion, we can state that the thermodynamical analysis of
viscosity data provides a valuable source of information on the nature
of the hydration state of surfactant monomers in aqueous solutions.
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TERMODYNAMIKA LEPKIEGO PRZEPLYWU W WODNYCH

ROZTWORACH BROMKOW
ALKILOTRIMETYLOAMONIOWYCH

Streszczenie

W pracy przedstawiono analize wynikéw pomiaréw lepkosci wodnych roztwo-

ré6w bromkéw alkilotrimetyloamoniowych, CyTAB, zawierajgcych 6, 8, 10, 12 i 14
atoméw wegla w lancuchu alkilowym, dla stezen nizszych od warto$ci krytycznego-
stezenia micelarnego, CMC, w zakresie temperatur 15-45°C. Lepko$¢ roztworbéw
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Q, 9% B
5 Xf 4
5,83
opisano przy pomocy réwnan Breslau-Millera i Einsteina-Vanda. Wyznaczono
efektywna objeto$¢ czasteczek monomeréw w wodnych roztworach oraz wartosci
parametrow oddzialywan substancja rozpuszczona-rozpuszczalnik. Stwierdzono, ze
w nizszych temperaturach nizsze pochodne wykazuja niewielkie odchylenia od
ksztaltu kulistego, przy czym wielko§¢é tych odchylen szybko wzrasta ze wzrostem
zaré6wno temperatury jak i dilugo$ci lancucha alkilowego czgsteczki. Obliczono pa-
rametry termodynamiczne aktywacji dla lepkiego przepltywu: AGH#, AH# i AS#.

Stwierdzono rézny udziat czeSci polarnej i lancucha alifatycznego czasteczki
CyTAB do wartosci entropii aktywacji dla lepkiego przeptywu.

Pommappa 3emmnbexn
Kadenpa obuieir TexHoIOr MU

TEPMOJVHAMMKA BSI3KOI'O ITPOTEKAHWSA
B BOJHbIX PACTBOPAX
AJIKMJIOTPUMETWIOAMMO HMEBBIX BPOMUAOB

Copepxanue

B pabGore mnpeacraBieH aHaIM3 pe3yJLTATOB U3MEPEeHMi BABKOCTM BOAHBIX
pPacTBOPOB aJKWJIOTPUMMETUIOAMMOHNEBbIX Opommupos, CyTAB, uveronmx 6, 8, 10, 12
¥ 14 aTOMOB yrJjepojia B aJKMJIOBOM ey, JAJA KOHUEHTPALMii HU3UIMX 4YeM BeJu-
YMHA KPUTUYECKOM MUUEJIAPHOM KoHuenrpauuu, CMC, B npezgese TeMmmeparyp
15 - 45°C. BA3KOCTH PaCTBOPOB ObIIA OMMCAHA € IIOMONILIO YypaBHeHWI Bpeciay-
-Muanepa u Duuiureitna-Banga., Obo3naueno 3MpdhexTUBHBIL 00BEM MOJEKYJ MO-
HOMEPOB B BOJHBIX PaCTBOpPax a TakKe BeJMYMHBI TIapaMeTpPOB B3aUMOJEHCTBUIA
PacTBOPUMMOE BELIeCTBO — PaCTBOPUTEJNL, ¥ CTAHOBJEHO, YTO B 00Jiee HUBKUX TEM-
nepatypax HU3LIME [IPOM3BOAHBIE MMEIOT HeOOJbLIMEe OTKJIOHEHUS OT IapOBUIAHON
(bOopMEBI, MPUYEM BEAMUMHA 9TUX OTKJIOHEHUM OBICTPO YBEIMYMBAETCH KakK C yBEJIU-
YeHueM TeMIepaTypbl TakK M JJIMHBI aJKUJIOBOM LENyu MOJIeKyJbl. BblIM TOACYMTAHBI
TePMOJAMHAMUYHEIE ITapaMeTPhl aKTUBALMM JJA BA3KOro nporexkanus: AGH, AH#
n ASH, YeranosieHO pa3sHyIO OO IOJAPHOM 4YacT ¥ anudaTUYecKoil Lenm MoJe-
xkynbl CyTAB K BeauuuHe SHTPONIMM AKTUBALMM AJS BA3ZKOrO TIPOTEKAHUS.
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