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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 (Cx9TAB), n-dodecyltrimethylammonium bromide 
(C+ TAB), and n-tetradecyltrimethylammonium bromide (CyTAB), were 
the same as those used previously [1, 3]. Densities of the solutions were 
measured using Ostwald type pycnometers of ca. 20 cm3 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 5C 
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, nrerFn/7o, is related to the volume fraction of the 
solute, b and the molal solute concentration, C. The relationship can be 
represented by equations proposed by Breslau and Miller f4] or that of 
Vand [5]. 

The Breslau-Miller equation [4] is given by 

tre 512.5 B+B B2=1-+-2.5 Vpy CHB VżyC? (1) 
which is usually used in the following form 

Fret 1 

= 2.5 Vau +BVŻy C ()) 

where 7 and 4, are the viscosities of the solution and the solvent, re- 
spectively. Vpm 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 

256 25VgyC 
1I-Q6 1-QVpyC 

and it is usually represented in a linear form as 

2.5 C/ln nrer =" 1/Vsy —QC (4) 

(3) In7,4= 

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 anałysed 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 

GF=RT ln (4V/h Na) (5) 
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and that per mole of the pure solvent is 

G$ =RT ln (7 Vo/h NA) (6) 
where V and V, are the molar volumes of the moving unit and the 
pure solvent, respectively, h — Planck's constant, Ną — Avogadro's 
constant. The change in the value of the activation free energy for the 
viscous flow, AGF, due to the presence of the solute is defined as 

AGE=Gi—G$ =RT In (7V/76Vv) (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 (04 —My/06)] No/(no-+n;) (8) 
where C is the molar solute concentration, M; (g mol-1) and V, (cm? 
mol!) 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 go (g cm—*) 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 

AS*F=— [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 
NHF=AG*+-T AS* (10) 

RESULTS AND DISCUSSION 

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

The value of Vpm (0r Vzy) 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=Vspvy/Vo (11) 

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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Bromides in the Monomeric Form in Aqueous Solutions at Various Temperatures 

30 35 40 45 

Table 1 
Vzx(cm?* mol” *) and B Parameters of the Breslau-Miller's Equation for Alkyltrimethylammonium 

"Temp. (*C) 5-720 25 | MEZA ABB 
FEL ARE. 228.3 | 216.5 | 208.7 | 2049 | 1972 | 1894 | 1818 

PRD 20 523 „Z SAO CA PZA REST ONES 
POKYC. 293,4 | 283.6 | 277.8 | 2661 | 2583 | 2427 | 2269 

KALOSSA 2180 ETA SZT SARE FCP SYS | 2200h 224 
Gdy tYmć 386.7 | 3712 | 3557 | 3329 | 3286 | 313.5 | 278.0 
IOOSAB 2020-1020] IZA S134 IIS wl -"104 
"rap Vu | 5438 | 5131 | 4865 | 4652 | 4506 | 4279 | 397.3 

TOD —115 | -812 | -914 |-1021 |-1101 |-1233 |-1446 zim > me. wade „12 mk - z nd A SiE kS e sika Sao AEAZZ oedema ARA ł amen mim 

VE 6000 | 563.1 | 532.6 | 5102 | 487.7 | 4572 
iż 0B - |-1745 |-2023 |-228.5 |-2516 |-2782 |-319.7 

Table 2 
Vęy(cm* mol” *) and Q Parameters of the Einstein-Vand's Equation for Alkyltrimethylammonium 

Bromides in the Monomeric Form in Aqueous Solutions at Various Temperatures 

Tesp:COJOWAJ sej. OWA] Wos ZJ PPSD |. 745 
ANY 228.3 | 2165 | 208.8 | 2050 | 197.2 | 1890 | 1819 
6 Q zwi |Zztljr<Stydk ŻE |k<Wzd| SYyWI EG 

zn AE 293.3 | 283.6 | 277.8 | 266.1 | 258.3 | 2428 | 2270 
a Q "18, sze f|sz18) |SETOG] 255% 221 1702 

Vzy 387.1 | 3716 | 3561 | 333.2 | 3290 | 3140 | 2786 
SRO —52 || —56 | -61 | -61 | =71 | —79 | —99 
RSE 5454 | 5149 | 4884 | 467.3 | 4528 | 4304 | 4001 

12 Q —35.7 | —409 | —46.5 | —527 | —573 | —651 | —78.1 

ME - 603.8 | 567.4 | 537.3 | 5152 | 4932 | 4633 
e BLO - | -846 | -99.5 |-1138 |-1267 |-1418 |-1659 

The value of Z can be interpreted as the number of water molecules 
replaced by the solute in the structure of water and a certain number 
of water molecules attached to the solute during the viscous flow. It was 
shown previously [3, 7] that the increase in temperature causes the in- 
crease in the value of the apparent (or the partial) molar volume of 
CNTAB monomers in aqueous solutions. In contrary, the values of both 
VsBm and Vyy show the opposite tendency. It suggests that in spite of the 
thermal expansion of the solute in the solution the total number of 
solvent (water) molecules involved in the viscous flow decreases with 
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 molecule. 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 CATAB C,oTAB C;;TAB CuTAB 
15 12.7 | 16.3 215 30.3 - 
20 12.0 15.8 20.6 28.6 33.5 
25 11.6 15.4 19.8 27.1 31.5 
30 11.4 14.8 18.5 26.0 29.9 
35 11.0 14.3 18.3 25.2 28.6 
40 10.5 13.5 17,4 23.9 27,4 
45 10.1 12.6 15.5 22.2 25.7 

———— -—— nne aa mL 

The parameters B and Q in eqs. (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 CyTAB 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. Cs 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- 
łues 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 (CsTAB) in aqueous. 
solutions at 250 is given in Table 4. 

The values of AG* are positive in the temperature range investigated 
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Fig. 1. Effect of the number of carbon atoms in the alkyl chain of the alkyl chain | h 
of alkyltrimethylammonium bromides on the value of the Einstein-Vand inter- | 
action parameter, Q, in aqueous solutions at various temperatures. | 
Symbols: (O) — 159C; (©) — 209C; (GQ) — 2579C; (a) — 309C; (0) — 359C; (0) — | si 
40?C; (©) — 459C. 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 AG* AH * AS* 
mol dm”* J mol”! J mol”! | Jmol"' KK”: 

dk. Rate L_ A > | | MIRONA 0.010 | 12.5 26.8 | 0.05 
0.017 20.5 45.8 | 0.08 
0.023 27.2 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 
0.101 110.5 266.9 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 Cs 
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- 

107 



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 2539C. 
The contribution of one methylene group to the value of AH*, dAH*/dN, 
is (0.555:0.05) kJ mol-t, while the corresponding contribution to the 
value of Et, dE*/dN, amounts to (0.553 :£ 0.09) kJ mol". 

Tabie 5 
Activation Free Energy, AG* (kJ mol”'), Enthalpy, AH* (kJ mol”'), and Entropy, 
AS* (J mol” !K"") for the Viscous Flow in Aqueous Solutions of Alkyltrimethylammonium 

Bromides at Various Tempcratures 

__Tenip. (O) | 15 | ooo r 25 | 25* boso | 35 | wo | «s 
4G* | 091 | 088 | 086 : - | 0.86 | 084 | 082 0.80 

CGTABAL* | 091 | 114 | 139 | 201 | 166 ; 196 | 203 2.12 
AS* | 00 0.9 1.8 25) 27 | 3.6 3.9 42 
AG* | Li5 | Ll4 , 113 - 111 | LI0 | 105 101 

C,TAB AH * | 174 | 181 | 189 | 268 | 196 : 204 | 208 213 
AS* | 21 | 23 25 0 34 | 28 | 3.0 3.3 35 
AG* | 140 , 1.37 | 135 | - | 139 | 129 | 126 1.24 

C,oTAB AH* | 320 | 312 | 303 | 3.56 | 293 | 286 | 276 156 
4S* | 63 60 | ST O 57 | 54 | 51 4.8 15 
AG* | 163 | 156 | 151 - | 146 | 143 | 137 128 

CTAB AH* | 509 | 485 | 460 | 540 | 436 | 4412 | 384 3.52 
AS* |120 |1t2 | 104 | 109 9.6 | 87 | 79 , 71 LLL LĄ wn A aa 1 Jm mm -|- - 4 -—-—L. _— 

4G* | L81* | 1.74 | 166 | - 1.60 | 1.55 i 1.50 1.41 
C,„TAB AH* | 638* | 600 | 5.58 - | 517 | 4.16 | 433 3.85 

aS" | 159% | 145 | BA | - "118 |104 , 90 | 7.7 
Note: (*) — data from Ref. [13] correspond to the values AE%* and ASŻ: (+) — 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* inereases 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 

ASi =ASt (HG)-+N ASt (CH;) (12) 



where AS* (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, 
N;, in aqueous solutions of alkyltrimethylammonium bromides, 

Symbols: (O) — ASF (HG)A$) — ASF (CH;); (D) — Nę. 
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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-! 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-1 K-! at 15?C to —2.6 J mol”! K-! at 459C. 
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-1 K—! at 15?C to 0.75 J mol-! K”! at 459C. 
Since the effects of the two groups have opposite signs, therefore, it 
seems reasonable to suppose that there is a certain alkyl chain length, 
N,, 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, dN,dT, at ca. 30- 
-350C 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 PRZEPŁYWU W WODNYCH 
ROZTWORACH BROMKÓW 

ALKILOTRIMETYLOAMONIOWYCH 

Streszczenie 

W pracy przedstawiono analizę wyników pomiarów lepkości wodnych roztwo- 
rów bromków alkilotrimetyloamoniowych, CyTAB, zawierających 6, 8, 10, 12 i 14 
atomów węgla w łańcuchu alkilowym, dla stężeń niższych od wartości krytycznego 
stężenia micelarnego, CMC, w zakresie temperatur 15-459%C. Lepkość roztworów 
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ŻY 5/5 
opisano przy pomocy równań Breslau-Millera i Einsteina-Vanda. Wyznaczono 
efektywną objętość cząsteczek monomerów w wodnych roztworach oraz wartości 
parametrów oddziaływań substancja rozpuszczona-rozpuszczalnik. Stwierdzono, że 
w niższych temperaturach niższe pochodne wykazują niewielkie odchylenia od 
kształtu kulistego, przy czym wielkość tych odchyleń szybko wzrasta ze wzrostem 
zarówno temperatury jak i długości łańcucha alkilowego cząsteczki. Obliczono pa- 
rametry termodynamiczne aktywacji dla lepkiego przepływu: AG, AH+ i AS+. 
Stwierdzono różny udział części polarnej i łańcucha alifatycznego cząsteczki 
CNTAB do wartości entropii aktywacji dla lepkiego przepływu. 

Pernuapą 3eJIMHbCKA 
Kacperpa o6rqe TeXHOJIOTUM 

TEPMOJMHAMHKA BA3KOTO IIPOTEKAHHA 
B BOJIHbBIX PACTBOPAX 

AJIKAJIOTPAMETYJIOAMMO HHEBBIX 5POMH/|OB 

Conepxanne 

B paóore npeącTaBJIeH aHaJM3 pe3yJlbTaTOB M3MepeHui BA3KOCTM BOĄHbIX 
pacTBOpoB aJIKMJIOTPUMETUJIOAMMOHMEBbIX OÓDOMMJNOB, CyYTAB, umerolqnx 6, 8, 10, 12 
u 14 aTOMOB yrJiepoqła B AJKMJIOBOŃ EM, NIA KOHICHTPANMIi HKZLIAX HEM BEJIM- 
UMHAa KDPUTUAECKOŃ MULNEJJIAPHOA KOHHCHTPANMM, CMC, B npeqeje TeMreparyp 
15-45?C. Ba3KOCTŁ paCTBOPOB ObIIA ONMCAHA € INOMOIĄbIO ypaBHeHui Bpecnay- 
-Muuiepa u OhHirefHa-BaHxqa. OOo3HaueHo 3cbheKTUBHbIAi OÓŁÓM MOJIEKYJI MO- 
HOMEepoB B BOĄHbIX paCTBOpax a TAaKXKE BEJIMAUHBI TIADAMETPOB B3AUMOĄEACTBMIA 
pacTBOpuMo0e BeIHeCTBO — pacTROpUTEJIb. YCTAHOBJIEHO, UTO B OOJlee HU3KUX TEM- 
reparupax HuU3IHIMe IHPOU3BONHbIe MUMEIOT HEeOOJLINME OTKJIOHEHKA OT LIAPOBUĄHOJ 
CbopM5I, IpuU6M BEJIMHMHA JTUX OTKJIOHeHUA ObBICTPO yBEJIMUMBAETCA KAK € YyBEJU- 
HueHMEM TEMIIEepATypbl TaK M XĄJIMHbI AJIKMJIOBOŃ LEIIM MOJEKYJIbBI. BbuIM NOĄCHMTAHBI 
TepMONUHAaMMHHBIE IIADpAMETDBI AKTUBANMM NIA BA3KOTO nporekanna: AG, AHfk 
u AS, YcTaHoBJIeHo pa3HyIo NOJIIO HNOJIAPHOŃ UACTM M aJMcaTuieckoń HeNM MOJIE- 
Kyjlbl CyTAB K BEIMYMHE SHTPOIUM AKTUBAHMM NIA BA3KOTO IIPOTEKAHMA. 
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