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This paper describes the influence of counterions on the unidirec-
tional growth of micelles formed by alkylpyridinium surfactants in
aqueous solution. It is shown that the growth of spherical micelles to
form wormlike micelles is strongly dependent on counterion struc-
ture. More hydrophobic counterions induce the formation of worm-
like micelles at lower surfactant concentrations. Next to hydropho-
bicity and the type of substituent, the substitution pattern of the
aromatic ring plays the most important role in micellar growth. The
formation of a network of entangled, elongated wormlike micelles by
alkylpyridinium surfactants with o-hydroxybenzoate and p-chloro-
benzoate counterions is discussed in terms of surfactant structure. It
is concluded that, next to counterion structure, the microenvironment
of the counterion (substituent) in the Stern region and the structure of
the surfactant monomer (i.e., the surfactant cation) play the most
important role in the formation of these elongated wormlike micelles.
Headgroup effects are proposed to be the main driving force for this
phenomenon.  © 1998 Academic Press
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tants; microcalorimetry; counterions.

INTRODUCTION

reflects this decrease in apolar surface area that is exposec
water upon micellar growth.

Electrostatic headgroup repulsions per se can play an ir
portant role. It has been found that the tendency to gro
decreases if the counterion is changed from iodide to bromic
to chloride (1). This is not surprising if the degree of counte
rion binding for spherical micelles is taken into account. Fo
cationic surfactants, chloride counterions have the lowest d
gree of counterion binding and the counterions are locate
further away from the micellar surface. Therefore, electrostat
headgroup repulsions are relatively large and the optimal hea
group size is large, which leads to a hampering of micells
growth. n-Cetyltrimethylammonium bromide forms wormlike
micelles at relatively high concentrations (7, 8). Addition of
electrolytes or certain organic counterions to spherical micelle
also induces the formation of wormlike micelles (9, 10). In the
presence of strongly binding counterions (7), such as eithi
salicylate orp-chlorobenzoate, long, threadlike micelles are
formed at very low concentration (around MM)) which form
an entangled network. These solutions are characterized by
striking onset of viscoelasticity.

Wormlike micelles may be extremely long (many thousand

Most single-chained surfactants form spherical micelles gt angstroms), are rather flexible, and undergo transformatiol

agueous solution at concentrations above their critical micellg g relatively short time scale (11). These micellar reactior
concentration. Increasing the concentration of surfactant, ad€nsist of a forward (scission) reaction, in which the micellg
ing salts, or adding certain characteristic organic Coumeriogﬁontaneously breaks at a random point along its length, anc
leads to the formation of wormlike micelles by unidirectionglgyerse (recombination) reaction, in which one micelle com
micellar growth. The presence of wormlike micelles is oftegines with another.

reflected in an increase in relative viscosity (1). An increase inc|ausenet al. (12) published electron micrographs of

counterion binding is observed at the sphere-to-worm rangistyirimethylammonium chioride/sodium chloride/sodium sa
tions of ionic micelles (2-4). Porte and Appell (5) computegyate solutions, as a function of the salicylate concentratior

degrees of counterion binding which are 7% higher fer gjiciate ions bind more strongly to the micellar surface tha

cetylpyridinium bromide in the cylindrical part of the aggreygrige jons and consequently displace them. An entangle

gates than for those in the spherical part. A decrease in intﬁé’twork of long, wormlike micelles (diameter about 50 A) is
micellar interactions and a further reduction of the apolz%r

) ) Pen when sufficient salicylate is added.
surface area that is exposed to water are the main reasons

h of spherical micelles. For 1 hvirddodecviovri %he reason these micelles form extremely long, wormlik
grr?lvl;l:n ioodisge e!zaenmtlr::e;pilschgrr}ge-nzg)t gfo 50 kiqr/n%);q- micelles is still unclear. The growth of micelles, as induced b

salicylate ions, is not observed when the hydroxy group on tf
1 Present address: Unilever Research Laboratory, Olivier van Noortlaan 195‘,8”)/,' ',””9 is in either thenetaor the para_ position (7). This

3133 AT Viaardingen, The Netherlands. specificity is also found for surfactants with chlorobenzoate &
2To whom correspondence should be addressed. the counterion, but in a reverse way.

245 0021-9797/98 $25.00

Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.



246 BIJMA, RANK, AND ENGBERTS

N\ . _ N\ .
CH3(CH2)11—<\:/\/N—CHG I CHa(CH2)11 @N—cm ooc‘—©70|
1 10
HO
CH3(CH2)11 @N*—CHB Br CHs(CHa)o ——@NL—CFB 'ooc@
2 11
HO
CHs(CHz)ﬂ—@NLCHa '038—© CH3(CHa)11 —*@»cm 'ooc@
3 12
HO
/ \ + - + /7 -
CHa(CH2)11 N—CHz 03S CHs CHz(CH2)13 -—-—N_ CHa (e]0]#]
4 13
HO
7\ - CHa(CHs —-N CHs  "0OC
CHga(CH2)11 ——CN—CH3 038 OH 3( 15 .
5 14
HO
7 \¢ . 7N .
CHa(CH2)11 —CN—CHs 00C CH3z(CH2)11 . N—C2Hs o0C
6 15
HO
7Y
C}'b(CH2)11 . N—CH3 -OOC——Q—-OH CH3(CH2)11 —CN:—'C3H7 'OOC
7 16
OH HO
7 N : 7 N\ -
CH3(CH2)11 N—CHz "00C CHg(CH2)11 . N=—C3HeOH oocC
8 17
Ho CHs HO
7\ . e
CHa(CH2)11 —QN——CHs oocC CHa(CHa) ‘O 00c
9 18
SCHEME 1

Micellar growth has been observed by light scattering (18mphasis on the counterion type and the substitution pattern
14), viscosity (15, 16), flow birefringence (17), afid NMR  the aromatic ring of the counterion (see Scheme 1). Sevel
line broadening experiments (18). In this paper micellar growdikylpyridinium salicylate surfactants have been studiec
is studied by usingdH NMR spectroscopy, putting particularStructural features that have been varied (see Scheme 1)
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clude: (i) chain length of the hydrophobic moiety, (ii) headehain), 22.0 (pyr-CH), 22.6-31.8 (CH, alkyl chain), 61.3
group size, (iii) headgroup hydrophobicity, and (iv) position ofN"-CH,), 116.1 (CH, counterion), 117.0 (CH, counterion),

the alkyl chain in the pyridinium ring. 120.0 (C, counterion), 128.7 (CH, pyridinium ring), 130.4 (CH,
counterion), 132.0 (CH, counterion), 143.6 (CH, pyridinium
EXPERIMENTAL ring), 158.7 (C, pyridinium ring), 162.3 (COH, counterion),
173.6 (COQO, counterion) ppm.
Synthesis Analysis: calculated, 75.84 %C, 9.66 %H, 3.28 %N; found

The synthesis of surfactanisand 2 (6) and3-9 (19) has 75.96 %C, 9.56 %H, 3.41 %N.

been described previously. o _

The synthesis of the fi-alkyl-4-methylpyridinium bromide 1-n-Hexadecyl-4-methylpyridinium Salicylate (14)
surfactant was performed similarly to the procedure described 1 _
previously (19). The counterion exchange procedure has alsézOr the”H NMR (CDCl;, 200 MH2),5 = 0.84 (3H, 1), 1.22
been reported (19). (26H, b), 1.80 (2H, b), 2.47 (3H, s), 4.49 (2H, t), 6.66 (2H, m),

The synthesis of 1-alkyl-#-dodecylpyridinium bromide 7'1413(’1"" m), 7.62 (2H, d), 7.81 (1H, d), 8.81 (2H, d) ppm. Fo
and 1-methyl-2a-dodecylpyridinium bromide is describedN® ~C NMR (CDCL, 200 MHz), 6 = 14.1 (CH, 4-alkyl
elsewhere (6). The salts (sodium salicylate, sodium bromicfé‘,?'”)’ 21.9 (pyr-Ch), 22.6-31.9 (CH alkyl chain), 61.3
sodium chloride, sodiunp-chlorobenzoate, and sodium ben{N -CH), 116.1 (CH, counterion), 117.0 (CH, counterion),

zoate) were used as received (Aldrich). 120.0 (C, counterion), 128.7 (CH, pyridinium ring), 130.4 (CH,
counterion), 132.0 (CH, counterion), 143.6 (CH, pyridinium
1-Methyl-4-n-decylpyridinium Salicylate (11) ring), 158.7 (C, pyridinium ring), 162.3 (COH, counterion),

173.6 (COQO, counterion) ppm.

1 —
For the"H NMR (CDCl;, 200 MHz),6 = 0.87 (3H, 1), 1.25 Analysis: calculated, 76.44 %C, 9.95 %H, 3.07 %N; found
(14H, b), 1.56 (2H, b), 2.66 (2H, 1), 4.46 (3H, s), 6.69 (2H, m);¢ 7 %C, 9.89 %H, 3.05 %N.

7.17 (1H, m), 7.55 (2H, d), 7.78 (1H, d), 8.90 (2H, d) ppm. For

the *C NMR (CDCL, 200 MHz), § = 14.1 (CH, 4-alkyl o ,

chain), 22.6-35.6 (CH alkyl chain), 47.7 (N-CHy), 116.1 1-Ethyl-4-n-dodecylpyridinium Salicylate (15)

(CH, counterion), 117.1 (CH, counterion), 120.0 (C, counte- For the*H NMR (CDCl,, 200 MHz), = 0.80 (3H, t), 1.19

rion), 127.5 (CH, pyridinium ring), 130.3 (CH, counterion)(lsH' b), 1.47 (5H, m), 2.65 (2H, 1), 4.54 (2H, 1), 6.63 (2H, m),
S 12 (1H, m), 7.55 (2H, d), 7.78 (1H, d), 8.86 (2H, d) ppm. Fol
the °C NMR (CDCl, 200 MHz), 8 = 14.0 (CH, 4-alkyl
&hain), 16.6 (CH, l-alkyl chain), 22.6-35.7 (CK alkyl
Chain), 56.5 (N-CH,), 116.1 (CH, counterion), 117.1 (CH,
counterion), 120.0 (C, counterion), 127.9 (CH, pyridinium
ring), 130.4 (CH, counterion), 132.1 (CH, counterion), 143.
(CH, pyridinium ring), 162.2 (C, pyridinium ring), 163.0
For the'H NMR (CDCl,, 200 MHz),5 = 0.83 (3H, t), 1.13 (COH, counterion), 173.6 (COQ counterion) ppm.
(18H, b), 1.78 (2H, b), 2.45 (3H, s), 4.46 (2H, 1), 6.64 (2H, m), Analysis: calculated (0.5 mol% crystal water), 73.89 %C
7.13 (1H, m), 7.60 (2H, d), 7.78 (1H, d), 8.77 (2H, d) ppm. Fag 54 %,H, 3.31 %N; found, 73.51 %C, 9.54 %H, 3.20 %N.
the *C NMR (CDCL, 200 MHz), § = 14.1 (CH, 4-alkyl
(N--Ch 116.1 (Ch1. counteron), 117.0 (CH. aounterony 1™ P1OPY4-n-dodecyipyridinium Saliytate (16)
120.0 (C, counterion), 128.7 (CH, pyridinium ring), 130.4 (CH, For thelH—NMR (CDCl, 200 MHz),5 = 0.82 (6H, 1), 1.21
counterion), 132.0 (CH, counterion), 143.6 (CH, pyridiniun@lgH' b), 1.53 (2H, m), 1.86 (2H, m), 2.67 (2H, 1), 4.47 (2H, 1),
ring), 158.7 (C, pyrid?nium ring), 162.2 (COH, counterion)g gg (2H, m), 7.14 (1H, m), 7.59 (2H, d), 7.81 (1H, d), 8.86
173.5 (COO, counterion) ppm. 2H, d) ppm. For thé*C—NMR (CDCL, 200 MHz),8 = 10.4
Ana'yS|S: calculated, 75.15 %C, 9.33 %H, 3.51 %N; fOUﬂ(éCHS, 1—a|ky| Chain), 14.1 (C%l 4-a|ky| chain), 22.6-35.7
74.93 %C, 9.23 %H, 3.58 %N. (CH,, alkyl chain), 62.5 (N-CH,), 116.1 (CH, counterion),
117.1 (CH, counterion), 120.0 (C, counterion), 127.8 (CH
pyridinium ring), 130.4 (CH, counterion), 132.1 (CH, counter-
For the'H NMR (CDCl,, 200 MHz),5 = 0.84 (3H, t), 1.21 ion), 143.9 (CH, pyridinium ring), 162.2 (C, pyridinium ring),
(22H, b), 1.80 (2H, b), 2.48 (3H, s), 4.49 (2H, t), 6.64 (2H, m)163.0 (COH, counterion), 173.7 (COQcounterion) ppm.
7.15 (1H, m), 7.62 (2H, d), 7.81 (1H, d), 8.82 (2H, d) ppm. For Analysis: calculated, 75.84 %C, 9.66 %H, 3.28 %N; found
the 3C NMR (CDCl, 200 MHz), 8 = 14.1 (CH, 4-alkyl 76.01 %C, 9.71 %H, 3.39 %N.

pyridinium ring), 162.7 (COH, counterion), 173.5 (COQO
counterion) ppm.

Analysis: calculated, 74.36 %C, 9.06 %H, 3.75 %N; foun
74.35 %C, 8.95 %H, 3.77 %N.

1-n-Dodecyl-4-methylpyridinium Salicylate (12)

1-n-Tetradecyl-4-methylpyridinium Salicylate (13)



248 BIJMA, RANK, AND ENGBERTS

1-(3-Hydroxy-n-propyl)-4-n-dodecylpyridinium before use. In a typical experiment the main cell and referenc
Salicylate (17) cell were totally filled with water (1.3 mL). The syringe con-

For the’H-NMR (CDCL, 200 MHz),5 = 0.89 (3H, 1), 1.27 tained a surfactant solution having a concentration approx

(18H,b), 1.59 (2H, m), 2:20 (2H, m), 2.73 (2H, 0, 3.67 (2H, o= B0 R0 100, S T e e i o
4.87 (2H, 1), 6.78 (2H, m), 7.23 (1H, m), 7.60 (2H, m), 7.8 '

een achieved, the first aliquot was injected (5#10. The
(1H, d), ?‘97 (2H, d) ppm. For t.héSC_NMR (CDCL, 200 heat absorbed or evolved was recorded, and subsequently
MHz), 5 = 14.1 (CH, 4-alkyl chain), 22.6-35.7 (C4 alkyl next aliqguot was injected after thermal equilibrium was reache
chain), 57.2 B-CH,, 1-alkyl chain), 58.6 (N-CH,), 100.0 d I q

(CH,OH), 116.3 (CH, counterion), 117.1 (CH counterion)(typica”y .210 s between injections and an injectipn time o
120.0 (C,counterion) ’127.6 (CH p’yridinium riné) 1305 (C 0 s). This procedure was repeated until the desired conce

counterion), 132.5 (CH, counterion), 144.2 (CH, pyridiniung?nuggarig?svgzs(gorg;eg'9-)rhe raw data were analyzed usi

fing), 161.9 (C, pyridinium ring), 163.0 (COH, counterion), The difference in enthalpy of dilution below and above the

172.1 (COQ, counterion) ppm. . .
Analysis: calculated (0.5 mol% crystal water), 71.65 %CC,: mga\{cviztzl?tneasotfh?ni r;tllha;ﬁ%r?f ngrceelfalfgr?;?;g)r;rgzn?.th
9.35 %H, 3.09 %N; found, 71.98 %C, 9.20 %H, 3.08 %N. capaciies of miceliization w u n e
enthalpies of micellization as a function of temperature in th

1-Methyl-2-n-dodecylpyridinium Salicylate (18) temperature range 30-60°C.
For the'H-NMR (CDCL, 200 MHz),8 = 0.88 (3H, t), 1.26
(18H, b), 1.65 (2H, m), 2.90 (2H, t), 4.42 (3H, s), 6.68 (2H, m), RESULTS AND DISCUSSION
7.17 (1H, m), 7.54 (1H, d), 7.76 (2H, d), 8.14 (1H, d), 9.43
(1H, b) ppm. For thé*C—NMR (CDCL, 200 MHz),8 = 14.1 Influence of Counterions on Micellar Growth
(CHs, 4-alkyl chain), 22.7-32.8 (Cllalkyl chain), 45.5 (N - _ _ N
CHs), 116.1 (CH, counterion), 117.0 (CH, counterion), 125.8 The concentration at which a sphere-to-worm transitio
(C, counterion), 127.0 (CH, pyridinium ring), 130.4 (CH:[akes place in aqueous solution is highly dependent on tt
counterion), 131.9 (CH, counterion), 144.4 (CH, pyridiniunmolecular architecture of the surfactant, and this change
ring), 148.0 (CH, pyridinium ring), 158.1 (C, pyridinium ring),2dgregate morphology can be followed usfity NMR. Mo-
162.2 (COH, counterion), 173.5 (COQcounterion) ppm. tions of spherical micelles in solution are isotropic on the
Analysis: calculated (1 mol% crystal water), 71.91 %C, 9.44MR time scale. The motions of the much larger wormlike

%H, 3.35 %N; found, 71.91 %C, 8.83 %H, 3.48 %N. micelles are slower and anisotropic. The linewidths of all C—t
resonances of the surfactants in spherical micelles are ratt
CMC Measurements sharp, whereas the line widths of all C—H resonances of su

. ] ) _factant molecules in wormlike micelles are broad (22). Sinc
Critical micelle concentrations and degrees of counteriQfege changes in linewidth occur at sphere-to-worm transitior

binding were determined using conductivity measuremenfgy critical wormlike micelle concentration (CWMC) can be
Conduct!vmes were measure_d using a Wa_y_ne—Kerr A“tOb%lélculated from a plot of the peak width at half height,,)
ance Universal Bridge B642 fitted with a Philips electrode P\Versus the concentration of surfactant (Fig. 1). An S-shape

9h512101 wnf:jq ceLI con:lslt?nt of ?'71 ch The sglunons WEr® curve is obtained. The CWMC was identified as the surfactal
thermostatted in the cell for at least 15 min before measur&s. antration where micelles started to grow.

ments were initiated. The conductivity cell was equipped with sphere-to-worm transition can also be studied using

a magnetic stirring device. The surfactant concentration in t@ﬁ)calorimetry This technique yields the CWMC and the en
ce_II was increased by addition (mmrosynqge) of 30 to;0 thalpy change associated with the sphere-to-worm transition. L
aliquots of a concentrated surfactant solution to the conductm—g this technique, we observed a transition for surfactaatt a

ity medium. Concentrations were corrected for volum oncentration of 45 M when wormlike micelles (at concentra-

changes. CMC values were taken from the intersection of & s far above the CWMC) were injected stepwise into wate

tangents drawn before and after the break in the conductivity.]/ﬁis CWMC value agrees with the value (6) obtained usifg
concentration plot. The degree of counterion binding is tak

. . o R, 45 mM. The enthalpy change associated with the sphert
as 1 minus the ratio of slopes of the conductivity vs conceps orm transition —0.5 kJ mol L is attributed to a further
tration curve above and below the CMC (20). o '

decrease in apolar surface area exposed to water. Because tt
enthalpies are small, measurements of a CWMC using microcal
rimetry can experimentally be difficult.

Enthalpograms were recorded using a Microcal Omega ti-The influence of counterions on the CWMC of 1-methyl-4-
tration microcalorimeter (Microcal, Northampton, MA). All n-dodecylpyridinium surfactants is shown in Table 1. It ap.
water used was doubly distilled and all solutions were degasgeghrs that the CWMC is strongly dependent on the nature

Titration Microcalorimetry
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3 Counterion binding increases (19) on going from surfactar
° 5 to 3 to 4, in which the substituent in the counterion is
30 ° hydrophilic for 5 and hydrophobic fo4, suggesting a link

. between hydrophobicity and the degree of counterion bindin
254 The CWMC values, however, do not follow this trend. This
means that besides electrostatic interactions other interactic
20 ° must play an important role in determining the micellar
] growth. The difference in CWMC betwe&uand4 is explained
154 o on the basis of enhanced hydrophobic interactions betwe:
counterion and surfactant monomer in the aggregate. The r
oo atively low CWMC for surfactanb cannot be explained on the
b ©° basis of either electrostatic interactions or hydrophobicity. As
suming that wormlike micelles still have an appreciable degre

o 50 w00 150 200 250 of water penetration (19), interactions between the hydrox
[Surfactant] / mM group and water presumably promotes micellar growth relativ

FIG.1. Line width at peak half height\,,,) of the alkyl chain resonance t0 surfactanB. The same trend is seen when surfact@asd
of surfactan® at ca. 1.2 ppm in BO as a function of surfactant concentration/ are compared. The hydroxy—water interactions seem to |
at 30°C. more pronounced in the process of micellar growth than in th

process of micellization, since the CMC values and degrees
the counterion. Changing the counterion from iodide to br@ounterion binding only show small differences (19) for sur-
mide strongly inhibits micellar growth. factants6 and 7.

Gamboeaet al. (16, 23) studied the aggregation behavior of A hydroxy substituent at theneta position (surfactanB)
n-cetyltrimethylammonium tosylate surfactants in aqueous sexperiences a favorable microenvironment (the hydroxy grot
lution. Spherical micelles are initially formed at a concentraxow points into the Stern layer). Although hydroxy—solven
tion of 0.26 nM; these micelles start to grow above thénteractions are enhanced, each counterion is “tilted” witl
CWMC (15 niv). respect to the surfactant monomer. Counterion—solvent inte

Previously we have shown that aromatic counterions peraetions tend to decrease optimal headgroup areas, wheree
trate between headgroups (19). These surfactants usually hdWed” orientation of counterions increases the optimal head
a high degree of counterion binding and aromatic counteriogeoup areas. For surfactant&nd8 these factors balance, and
may display favorable interactions with the pyridinium headwormlike micelles start to form at about the same concentr:
groups. As a result, the optimal headgroup area is smallgon. Underwood and Anacker (25) reported aggregation nun
compared to bromide, and these surfactants are able to unddygs for decyltrimethylammonium micelles with substitutec
sphere-to-worm transitions at relatively low concentrationbenzoate counterions. The micelle with benzoate as counteri
This is reflected in the relatively low CWMC for surfactéhit has an aggregation number of 53, witthydroxybenzoate 48,
A methyl substituent in thpara position @) results in a lower and with m-hydroxybenzoate 68. These different aggregatio
CMC (19), a higher degree of counterion binding, and a stron-
ger tendency to grow, because interactions between the coun- TABLE 1
terion and surfactant headgroup are enhanced. Ga®ibah  Influence of Counterions on the Sphere-to-Worm Transition of
(16) examined the influence of counterions on the viscosity ofl-Methyl-4-n-dodecylpyridinium Surfactants in D,O at 30°C
solutions containing cetyltrimethylammonium salts (CTA

AV, [ Hz
o]

salts) and reported that strongly bound counterions produce a Aggregate cwMC
.. . . . . Surfactant morphology (mM) CWMC/CMC
more dramatic increase in relative viscosity.

Tosylate and benzenesulphonate counterions are bound; M—SM—WM 4% 18°
more strongly (24) than, for example, bromide at the micellar 2 M-SM-WM ca. 600 ca. 12%
surface as a result of both electrostatic and hydrophobic inter- 3 M-SM-WM 40 20
actions with the headgroup. A relative viscosity of 7.000 is * M‘EM‘wm 23 12
re_cord_ed (1§) _for the CTAB/NaNststem, V\_/hereas the r_el— 6 M—SM—WM 0 17
ative viscosity is 100.000 for the same cationic surfactant in the M—SM—WM 19, 22 7
presence of added sodium tosylate. Furthermore, tosylate is8 M-SM-WM 19 10
more effective than benzenesulfonate in increasing the relative 9 M-WM 0.7 —

viscosities of CTA salts. These data are in accordance with the I . .

measurements reported in this paper: tosviate is also moreWM, wormlike micelles; SM, spherical micelles; M, monomers.
. P p_ P o _y According to Ref. (5).

effective than benzenesulfonate in inducing the sphere-tos vieasured using microcalorimetry.

worm transition of alkylpyridinium surfactants. 9No indication of the presence of spherical micelles was found.
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numbers most likely point to differences in microenvironments TABLE 2

of the counterions which have an influence on the interactiondnfluence of Molecular Architecture on the CWMC and

determining micellization and micellar growth. Counterion Binding of Alkylpyridinium Salicylate Surfactants
Wormlike micelles start to grow in very dilute solutions forat 30°C

surfactant9. Salicylate ions orient parallel to the surfactant

; CcWMC B
monomer and hydroxy groups consequently experience favor- g factant (mM) (%)
able environments. With hydroxy groups in thetho position,
there is a distinct hydrophobic part in the counterion, compris- 9 0.7 87
ing the larger part of the aromatic ring, and a narrow hydro- 11 34 93
philic part comprising the carboxylate group and the hydroxy ig 3'33 3‘2
group in close proximity. Such a division, as well as the 14 01 71
hydrogen bonding stabilization at the micellar interface, is 15 0.7 82
absent for the other hydroxybenzoate counterions.dtiml. 16 0.6 83
(26) already stressed the importance of such a division in i; 2-2 gg

hydrophobic and hydrophilic regions in the formation of
wormlike m'Ce“eS_ for a SOIuth_ﬂ Conta'r_“ng nearly_equal @This surfactant forms more or less spherical micelles.
amounts of cetyltrimethylammonium bromide and sodium sa-

licylate.
Decreasing the length of the hydrophobic moiety of the
Influence of the Molecular Architecture of Surfactant surfactant @ vs 11) results in an increase in the CWMC by
Monomers on the Formation qf _Eptangleq Networks of about a factor of 2 per methylene group. The same trend ai
Wormlike Micelles by Alkylpyridinium Salicylate value is found when surfactant®, 13,and14 are compared.

Surfactants: The Critical Wormlike Micelle Concentration Nusselderet al. (6, 27) studied the aggregation behavior of
. . . I _ 1-alkyl-4-n-dodecylpyridinium iodide surfactants in water a
Salicylate ions are most effective in facilitating mmellagooC The CMC and CWMC decrease upon increasing hea

growth; extremely long wormlike micelles may be formed iy roup hydrophobicity. This pattern was attributed to favorabl
ondon dispersion interactions between the 1-alkyl chain:

very dilute solutions. Previously we have shown that next
electrostatic interactions, hydrophobic interactions and coup-. . ST
. . . ; is favorable interaction is counteracted by a decrease
terion—solvent interactions play the most important role (19). . . -
Pratlon of the headgroup region. As far as the stability of th
regate is concerned, the first effect is dominant and tt

This section describes a study of the structural requirements
the surfactant (cationic) monomers necessary to induce t@ . .

( ) y C decreases, and hence the Gibbs energy of micelle fc
g]ation decreases.

unusual micellar growth.
The influence of molecular architecture of surfactant mon ) : )
mers on the CWMC and the degree of counterion binding for AS IS shown in Table 2, the influence of headgroup hydro
alkylpyridinium salicylate surfactants are reported in Table pNobicity on the CWMCgand15-17 is only moderate. This
14 NMR spectra in DO, at a concentration of twice theSuggests that the gain in 1—§\Ikyl chaln. |nteract|oqs is ne_arl
CMC, revealed sharp peaks for surfactdd, whereas rela- balancc_ad .by Fhe decrease in cou_nterlon—water |ntelract|or
tively broad peaks were observed for the other surfactafi§'en iodide is compared with salicylate as counterion, th
reported in Table 2. The present results indicate that surfactdfiférence in aggregation behavior (i.e., CMC as a function c
12 aggregates in spherical micelles above the CMC, wherd¥gadgroup hydrophobicity) appears to be related to the hydr
the other surfactants form wormlike micellar structures undepobicity of the microenvironment of the counterion. Counte
similar conditions. Surfactar® has the most pronounced agfion hydration appears to play a much stronger role in th
gregation behavior and forms extremely long, wormlike maggregation behavior of surfactants with salicylate counterior
celles upon aggregation (solutions just above the CWMC f8an with iodide counterions.
this surfactant are viscoelastic). This remarkable growth isThe higher CWMC of18, as compared with that d, is
absent for surfactantsl and13—18,which probably first form attributed to the unsymmetric nature of the surfactant monom
wormlike micelles of moderate length (where no viscoelastid8. Nusselderet al. (27) studied the effect on the CMC and
ity is observed). At higher concentrations these wormlike mM&EWMC of changing the alkyl chain from the 4- to the 2-po-
celles grow and may form a network of entangled wormlikgition in the pyridinium ring for 1-methyk-dodecylpyridinium
micelles, depending on the molecular architecture of the sipdide surfactants. The concentration at which wormlike mi
factant monomer. UsingH NMR line-broadening experi- celles are formed is higher for the unsymmetric surfactant the
ments, it was found that spherical micelles formed by surfafsr the symmetric one. On the basis of packing constraints ar
tant 12 start to grow at a concentration of 4Mn(at 30°C) to headgroup areas, a higher CWMC &8 would be anticipated,
form wormlike micelles of moderate length. when compared t@8.
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Enthalpies of Micellization TABLE 4
Heat Capacities of Micellization as a Function of Surfactant

Surfactant9 apparently forms the most “structured” aggre- Structure for Alkylpyridinium Salicylate Surfactants
gates. The surfactant monomers pack closely, and electrostatic
headgroup repulsions are mitigated by a high degree of coun- AmicCp

- L . Surfactant (I molrtK™%
terion binding. The hydrocarbon—water contact is strongly re-
duced upon micellization. The counterion has electrostatic and 9 _533
hydrophobic interactions with the surfactant monomers in the 11 —436
micelles, and the counterion has favorable interactions with the 12 —476
solvent. Also, the distinct hydrophobic—hydrophilic separation ! —544
of regions in the counterion contributes to an favorable enthal- E :%‘71
pic contribution to micellization. That surfacta@itpossesses 16 _513
the most exothermic enthalpy of micellization for all surfac- 17 —429
tants studied in this paper can be understood in these terms. 18 —462

(See Table 3).

As anticipated, a decrease in hydrocarbon chain length re-
:vlftl:f IlnlzLedsi zexlozt)heF::zlvcioeSst:;/aif\)/g %far\?éczlrl:cz)\?vtrzo?hgot?gﬁsymmetric nature of surfactarii8 results in less exothermic

o enthalpies of micellization.

thalpy of micellization was unaffected by the headgroup hy- P
drophobicity of 1-alkyl-4n-dodecylpyridinium iodide surfac- Heat Capacities of Micellization
tants, although the Gibbs energy of micellization decreases _ S )
upon increasing headgroup hydrophobicity (19). However, The heat capacity of micellization mainly reflects the effec
when headgroup hydrophobicity increas&s 15, and 16) of hydrophobic interactions on the micellization process. Whe
enthalpies of micellization become less exothermic for 1-alkyi?€ chain length of the alkyl group of the surfactant increase
4-n-dodecylpyridinium salicylate surfactants. This trend réh€ heat capacity of micellization becomes more negative.
veals the importance of the microenvironment of the counte-Although the differences are small, this trend is also ob
rions. A hydrophobic environment results in less favorabRerved for alkylpyridinium salicylate surfactants. When surfac

counterion hydration, which leads to a less exothermic ef@nts9 and 11 are compared, a change in heat capacity C

H H 7 1 -1
thalpy of micellization. This trend again highlights the imporMicellization of about=50 J mol™ K ~* per methylene group

tance of counterion—water interactions for the aggregation #g-calculated. A value of-25 J mol * K™ per CH, group is
havior of alkylpyridinium salicylate surfactants. Surfactat obtamed_ for surfacta_nﬂ52—14.Heat c_apacmes _Of mlcelllzat|on_
has a relatively hydrophilic 1-alkyl chain and a relativel)florase”es of _alkyltrlmethylammonlulm l}gomlde surfactants it
exothermic enthalpy of micellization. The hydrophobicity ofd4€0US sgluﬂon (27) are302 J mol }f 7flor decyl-, —406
the 1-alkyl chain, expressed as the sum of Rekkers (2810l K~ for dodecyl-,~499 Jmol “ K for tetradecyl-,
hydrophobic fragmental constant&f(, is 1.232 for ethyl, ahd —573 J mol™ K~* for hexadecyltrimethylammonium

1.762 forn-propyl, and 0.099 for 3-hydroxg-propyl. The less bromide in aqueoijs é(ilution. This decr_ea_se in he_at capacity
about—45 J mol' = K™= per CH, group is in pleasing accor-

dance with our data. (See Table 4).
No trend in heat capacity of micelle formation as a

Enthalpies of Micellization (in kJ mol™*) at Different Temper- function of headgroup hydrophobicity is observed. How.

atures as a Function of Surfactant Structure for Alkylpyridinium €V€r surfactantiS—_l_?reveal that more hydrophobic head-
Salicylate Surfactants groups (e.g., containing 1-alkyl chains) yield more negativ

heat capacities of micellization. The fact that surfact@nt
T(°C) does not fit into this series could be due to the fact that thi
surfactant forms long, wormlike micelles. This results in &

TABLE 3

Surfactant 30 40 >0 0 " more efficient and stronger reduction of the apolar hydro
9 —22.4 281 338 _38.1 _carbon phai_n—V\_/ater contact, th_ereby making the heat cape
11 -17.8 —-22.6 —-26.9 -30.8 ity of micellization more negative.
12 -17.4 -225 -277 -31.6
13 —186 —238 —-29.8 —34.7 Formation of Entangled Networks of Wormlike Micelles
14 —20.9 —27.0 —33.7 —37.9  py Alkylpyridinium Salicylate Surfactants
15 -19.4 -225 -28.4 -31.4
16 —-17.4 —-23.7 —28.8 —-32.9 Interestingly, solutions of cationic surfactants with adde
1 —203 —258 —300 =332 godium salicylate do not always form viscoelastic solutions
18 -18.2 -225 -29.1 -31.4

This phenomenon depends strongly on the molecular archite
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| Monomer to aggregate transition (CWMC)
Concentration region where no viscoelasticity is observed

Viscoelastic surfactant solutions

18 >100 mM

13 >100 mM

12 >100 mM

11 >50 mM

16

Surfactant

17

15

14

0 5 10 15 20 25
[Surfactant] / mM

FIG. 2. Concentration at which an entangled network of wormlike micelles is formed at room temperature as a function of surfactant structure

ture of the surfactant monomer. Figure 2 shows the influencedhium salicylate surfactants lowers the CEWC. Surfactaht
surfactant structure on the critical concentration where vigrms an entangled network of wormlike micelles at 2.8m
coelasticity is first observed. The reported critical entanglechich is 20 times the CWMC. Increasing the chain length o
wormlike micelles concentration (CEWC) is the concentratiaime alkyl group results in stronger interactions between th
where wormlike micelles start to overlap and entangle. Visurfactant monomers favoring the formation of larger aggre
coelasticity is revealed by swirling a surfactant solution of gates. The CEWC for surfactai¥ was observed visually, and
given concentration and visually observing the recoil dalso using titration microcalorimetry. Upon injection of a con-
trapped air bubbles. The solution was diluted stepwise and ttentrated surfactant solution of surfactddtinto water, a large
minimum concentration for viscoelasticity was determine@xothermic monomer-to-wormlike micelle transition was ob
The solutions were allowed to equilibrate for two days and ttserved at 0.1 . Upon increasing the concentration of sur-
experiment was repeated. Dilution was repeated to a concéctant in the sample cell, a second endothermic transition w.
tration at which viscoelasticity had disappeared. observed at 2.0 M. The enthalpy change associated with this
As can be seen in Fig. 2, surfact&ninduces the formation process (ca. 1 kJ mot) is attributed to the formation of an
of an entangled network of wormlike micelles at concentrantangled network of wormlike micelles from unentanglec
tions directly above the CWMC. Increasing headgroup sizeormlike micelles. Viscoelasticity was observed (see Fig. 2)
results in a strong increase in the CEWC, and in fact rmncentrations above 2.0Nh Due to this phenomenon the
viscoelasticity could be detected up to a concentration of 189ringe will experience a force opposite to the stirring direc
mM for surfactantl2. tion. This force, which arises from the entanglements, results
Increasing the chain length in thenlalkyl-4-methylpyri- small irregular heat effects.
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celles is observed at concentrations below 104, ralthough
salicylate ions associate strongly at the surface of these n

101 celles. Apparently, the unsymmetric nature of the surfactar
o 8- inhibits the growth of wormlike micelles because interaction:
E_ . between surfactant monomers are less favorable due to t
unsymmetric nature of the molecule. Consequently, the opt

44 mal headgroup area is larger as compare8. fbhe minimum
2l v M requirements for growth of wormlike micelles are not met ir
dilute solutions, and therefore growth of wormlike micelles is

¢ much less pronounced.

2] Solutions containing 1-methyl#dodecylpyridiniump-chloro-
0 20 40 60 8 100 benzoate are also viscoelastic at concentrations aboveN.2 n
Time (min) (CWMC = 0.7 miM). The hydrophobic chloro substituent is in

FIG. 3. Titration microcalorimetric output for solutions of surfactéht g favorable environment and micellar growth is facilitated, bu
Baseline instabilities, indicating the presence of an entangled network ﬁ’ét as effectively as for salicylaté))(
wormlike micelles, are observed beyond the CEWC.

) o . Counterions Which Are Able To Induce Viscoelasticity
Experimentally, baseline instabilities were observed at sur-jn syrfactant Solutions

factant concentrations above 2.0/of surfactantLl4. Baseline
instabilities also occur at concentrations above the CEWC forAs shown before, the detailed molecular structure of th
agueous solutions of surfacta®iFig. 3). aromatic counterion affects the formation of a network o
The decrease in CEWC upon increasing headgroup hydemtangled wormlike micelles. Below we discuss the role ©
phobicity is further illustrated byH NMR experiments, which various aromatic counterions in this process.
indicate that the counterions are located between pyridiniumGravsholt (7) reported that cetyltrimethylammonium surfac
headgroups. Quite substantial upfield shifts are found for thents form viscoelastic solutions witithydroxybenzoate (sa-
pyridinium ring protons, indicating the close approach of thiicylate) as a counterion, whereas solutions wihand m-
pyridinium headgroups and the aromatic counterions. Whagdroxybenzoate counterions do not. Rather unexpected
headgroup hydrophobicity increases, growth of wormlike me-chlorobenzoate is ineffective, whereas theand m-chloro-
celles is hampered. A more apolar environment affects thenzoates do form viscoelastic solutions. The anion of metl
counterion hydration and therefore influences the concentratigsalicylic acid is able to induce the formation of a network of
at which an entangled network of wormlike micelles is formedvormlike micelles when the methyl substituent is placed on th
Hydrogen bonding between counterions and water appears3té, or 5 position (26). Toluates (33) are effective in the
facilitate the formation of very long, wormlike micelles. In ouformation of very long wormlike micelles when the methyl
laboratories (30), the aggregation behavior of surfac®amis substituent igpara or meta, but the o-toluate-containing sur-
also been studied in water/urea and water/tetramethylurea nfactant does not form viscoelastic solutions. Broetral. (34)
tures. As expected, the CMC increases with increasing ureastudied the aggregation behavior of cetyltrimethylammoniur
tetramethylurea concentration. Furthermore, the viscoelastidigomide with added sodium naphthalenesulfonate. At conce
found for surfactan® in water was absent in bothNd urea or trations of 20 nM or higher, viscoelasticity was observed, anc
8 M tetramethylurea. Recently (31), it was argued that uredove 100 rivl a gel was formed. As shown previously (19),
molecules are mainly located near headgroups at the micellae microenvironment and orientation of counterions are irr
surface. These findings substantiate the importance of courgertant parameters for micellization and micellar growth. Rel
rion—water (e.g., hydrogen bonding) interactions. atively hydrophobic substituents (chloro or methyl) seem to b
Besides headgroup hydrophobicity, the 4-alkyl chain lengthost effective when they reside in more hydrophobic parts
also has a large influence on the CEWC (see Fig. 2). Thte Stern region. When these substituents point out of the Ste
results for surfactantd and11 reveal a relation between chainregion, unfavorable substituent—water interactions hamper n
length of the hydrophobic moiety and appearance of viscoela®ilar growth. The hydroxy group, in contrast, is a hydrophilic
ticity. Measurements by Sakaigucéi al. (32) on the aggre- substituent; therefore it favors thetho position, because it
gation behavior of cetyltrimethylammonium bromide solutiontakes part in hydrogen-bonding interactions with water prese
containing equimolar amounts of salicylic acid are in accom the Stern layer. Headgroup stabilization through hydroger
dance with our findings. These solutions exhibit strong vikonding interactions between counterions and water furthi
coelasticity. Solutions containing equimolar amounts of dodéacilitates micellar growth. When the hydroxy substituent is
cyltrimethylammonium bromide and salicylic acid are ngpositioned at the meta position, it points out of the Stern regiol
viscoelastic. but its unfavorable orientation (tilting of counterions with
For surfactantl8 no network of entangled wormlike mi- respect to the headgroup) prevents a close approach of surf
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tant monomers and consequently does not favor micellar ] ' ' ‘ L ]
growth. 1 000009°7799%%000 6 o

Only a limited number of studies are known in which the ] OOOO oOOOoooOOOOO
aromatic counterion is not added as a salt to a cationic surfac- 1 o o%0
tant. Gravsholt (7), for example, prepared a series of surfac-2 o
tants with different counterions using an ion exchanger. Fre- £
quently, however, studies (25, 34) used commercially available§ ] o
cationic surfactants, e.g., cetyltrimethylammonium bromide, < 005+ 1
and added sodium salts of the desired counterion. S ]

The latter procedure means that the measurements are in fact
performed in mixed aqueous electrolyte solutions. Apart from g0 ]
this, micellization and micellar growth is also dependent on the T

counterion concentration, when the counterion is added to the ! . . . . . . 1 . .
0.0 0.5 1.0 1.5 2.0 25

surfactant solution. Linet al. (26) studied the aggregation ,
. . . . . Molar Ratio

behavior of cetyltrimethylammonium bromide/5-methylsali- o ] T o

cylic acid as a function of the molar ratio of surfactant/coun- "G4 Titration of sodium bromide into 1-methyl-#dodecylpyridinium
. . ) . lodide micelles. Plot of the enthalpy change vs molar ratio, [salt]/[surfactant

terion (C4C,) using cryo-electron microscopy. At a molar ratio

of 0.1, only spherical micelles having a diameter of about 60 A

could be detected. At a molar ratio of 0.2, wormlike micelle,

with the same d'a.mete“ started io form. At a molar ”_3“0 of O. rich (38) proposed that helical ribbons are formed when cety

long, wormlike micelles started to form. At molar ratios of 0.

: ; {imethylammonium bromide and salicylic acid are dissolver
and 0.5, the wormlike micelles became very long and started.to . ) |
. . . ... . in water. These ribbons are reported to have a diameter of
overlap, but there were still spherical micelles coexisting in the . . :
) . .. However, a satisfactory theory which explains the rhec
solution. When the molar ratio reached 0.7, very few sphen(ial ; : : ; . j
. . : orglcal behavior (when viscoelastic solutions are formed &
micelles were present and wormlike micelles started to form a . . . :
; . .extremely low concentration) of wormlike micellar systems i
entangled network. At a 1.1 molar ratio of 5-methylsaI|cyI|%ti" lacking (26)
acid and cetyltrimethylammonium bromide, the solution be- 9 '
came y|3|bly turbid. Ve5|_cles were obse_rved using Cryo'('lle/ﬁ'ddition of Salt to Micelles Formed by Cationic Surfactants
tron microscopy. Cetyltrimethylammomium bromide formed
(26) spherical micelles whem-hydroxybenzoic acid was Bartetet al. (24) studied the association of anions to cationi
added, and short, wormlike micelles coexisting with sphericalicelles and explained their results in terms of competitiol
micelles whemm-hydroxybenzoic acid was added. between different anions for binding to micelles. When eithe
The factors which determine the growth of wormlike mitosylate or benzenesulfonate was added to cetyltrimethylar
celles to such an extent that they form viscoelastic solutionsrabnium bromide micelles, bromide ions were completely dis
extremely low concentration are not understood. Bzad. (35) placed by tosylate or benzenesulfonate ions. Tosylate al
proposed a micellar chain model. An important parameter ienzenesulfonate interact with micelles of cetyltrimethylam
the orientation of the counterion at the micellar surface. monium both electrostatically and hydrophobically. Differ-
correlation was suggested (35) between this orientation and #mees in binding between tosylate and benzenesulfonate w
worm-inducing efficiency. found, however. Th@-methyl group in the tosylate enhances
The carboxylate moieties of salicylate am@hlorobenzoate the binding of this anion to the surface of cationic micelle:
ions project out of the micellar surface (18, 35). This conditiorelative to benzenesulfonate. Blandareegl. (39) studied the
is claimed to be favorable for the formation of polymer-likenteraction between dimethyldioctadecylammonium bromid
chains of spherical micelles linked through counterions. Thegesicles and sulfate anions in aqueous solution. Results we
micellar chains are responsible (18, 35) for the viscoelasticityiscussed in terms of two factors: (i) vesicle—dianion interac
Becausam-hydroxybenzoate counterions have “tilted” orientations which are exothermic and (ii) headgroup dehydratio
tions, this counterion cannot serve as a bridge between spheith bromide displacement which is endothermic.
ical micelles. Here we focus on the interaction between anions and ce
Anet disagrees with these views (36). On the basis of NMiBnic micelles. Special emphasis will be put on the interactio
relaxation data, he concluded that salicylate ions have vdygtween anions which are able to induce the formation of
different tumbling motions in mobile and in viscoelastic minetwork of wormlike micelles, e.g., salicylate apechloro-
cellar solutions. Therefore, the suggestion that viscoelastienzoate, and spherical micelles.
solutions contain linked spherical micelles is not likely. Ulmius The enthalpy change per mole of added salt as a function
et al. (37) suggested that the properties of these solutions #ine molar ratio upon titration of sodium bromide to 1-methyl-

caused by a periodic colloidal structure, formed as a result #h-dodecylpyridinium iodide micelles is shown in Fig. 4. The

e repulsive force between the aggregates. Fuhrop and H
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] ' J ' T methylsulfonate is about 0.47, and the minimum in the entha
07 0O000000000000000000000004 pogram is now located at a molar ratio of about 0.54. 1-Methy!
5000000%° 4-n-dodecylpyridinium benzoate micelles have a degree «
] 500 counterion dissociation of 0.23; addition of sodium salicylate
-2 o a to these micelles gave a minimum in the enthalpogram at
] o molar ratio of 0.22.
As salicylate concentration increases the spherical m
4] 4 celles formed by cationic surfactants start to grow (26). A
] higher molar ratios wormlike micelles steadily grow anc
{° eventually form an entangled network. A plateau in the
. ] enthalpogram is observed after a certain size of the worn
o like micelles is reached (Fig. 5). Further addition of sodiun
— . . . . . . salicylate leads to a transition having an enthalpy change
00 05 10 18 20 25 about 2—-3 kJ mal*. This transition is observed for addition
Molar Ratio . . .
FIG. 5. Titration of sodium salicylate into 1-methyl+dodecylpyri- of sodium _se_1I|_cyIat_e tp micelles formed by 1-methyhd-
dinium iodide micelles. Plot of the enthalpy change vs molar ratio, [saltHOdeCylpy”dmlum iodide, methylsulfonate, and benzoate
[surfactant]. and might be due to a micelle-to-bilayer transition. Addition
of salicylic acid (SA) to cetyltrimethylammonium bromide
(CTAB) results in the formation of vesicles when the molat
heat effects, measured by titration microcalorimetry, are smeditio (SA/CTAB) exceeds unity (26).
and result mainly from the dilution of sodium bromide in a Addition of p-chlorobenzoate to spherical micelles of
micellar solution and the competitive binding between iodide-methyl-4n-dodecylpyridinium iodide surfactants revealed
and bromide at the micellar surface. Because iodide ions hamnilar enthalpograms. At molar ratios pfchlorobenzoate to
a smaller hydrated radius than bromide ions, iodide ions haltrenethyl-4-n-dodecylpyridinium iodide greater than unity nc
a stronger interaction with cationic micelles. Displacement ¢fansition was observed, however. The enthalpograms wi
iodide by bromide is only moderately effective and heat effect@rge heat effects and characteristic minima are not observ
due to this exchange are small. When a bromide ion displacelsen other hydrophobic counterions (e.g., benzoate) are add
an iodide anion from the micellar surface, the bromide ion t® spherical micelles. For example, the heat effects observ
partially dehydrated (endothermic), the headgroup repulsiomgon addition of sodium benzoate to spherical micelles forme
increase (endothermic), and the iodide ions move from thy 1-methyl-4n-dodecylpyridinium iodide are smaller by a
micellar surface to the bulk solution, where they become mdi@ctor of 50. The observed enthalpograms, with their stron
strongly hydrated (exothermic). The overall enthalpy changeagothermic heat effects and minima, are characteristic for tf
endothermic, reflecting the fact that displacement of iodide lagldition of counterions which induce the formation of a net
bromide at the micellar surface is enthalpically unfavorableiork of wormlike micelles to a solution of spherical micelles.
Heat effects due to injection of a sodium bromide solution, of It has been proposed that upon micellization ¢Reydroxy
the same concentration, into water are small and exotherngeoup of the salicylate ion could be deprotonated (38). Thi
The exothermicity is due to the fact that the thermodynamicalbecond deprotonation would strongly influence the micellize
nonideal properties are more pronounced in the syringe, atican of cationic surfactants with salicylate counterions. There
result of the high salt concentration. fore, the titration of sodium salicylate to micelles formed by
Addition of sodium salicylate to spherical micelles is act-methyl-4n-dodecylpyridinium iodide was also performed as
companied by enormously large heat effects. The enthal@ofunction of the pH. The pH was varied from 4 to 11. The
gram differs greatly from that for addition of “simple” salts toobserved enthalpograms revealed the same features. The
micelles (compare Figs. 4 and 5). served minimum and enthalpy of transition were in the sam
At low molar ratios (i.e., at low concentrations of sodiunorder of magnitude, independent of the pH. Our pH-depende
salicylate) the observed heat effects are mainly due to threeasurements, thus, suggest that the hydroxy group is r
interaction of salicylate ions with the cationic micellar surfaceleprotonated when cationic surfactant with salicylate count
The observed minimum at low molar ratios corresponds tori@ns are studied in aqueous solution.
value which is equal to the degree of counterion dissociation at
the micellar surface (which is about 0.18 for iodide (19)). This CONCLUSIONS
minimum was also found when sodium salicylate was added
to micelles with different degrees of counterion dissociation. This paper describes a detailed study of the influence «
Addition of salicylate to 1-methyl-4-n-dodecylpyridiniumcounterions on the unidirectional growth of spherical micelle
methylsulfonate micelles yielded an enthalpogram which has form wormlike micelles. It is shown that this growth
similar features. The degree of counterion dissociation sfrongly depends on the type and structure of the counterio

AH / KCalimole
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Counterion size, hydration, and structure (e.g., substitutiéh Ozeki, S., and lkeda, S, Colloid Interface Sci77, 219 (1980).
pattern of the aromatic counterion) all play an important role #- gar:nboa, C.,and Sdgeda,kL.,J. Colloid Inéehrface Ssc.1313,5g§ (1386),
the growth of spherical micelles to form wormlike micellest/" Scheraga, H. A, and Backus, J. &.Am. Chem. S0¢3, 5108 (1951).
. . 18. Manohar, C., Rao, U. R. K., Valaulikar, B. S., and lyer, R. 3.Chem.
Dependmg on the _molecular ar_chltecture of the surf:_;\ct'c_mt Soc., Chem. Commurg79 (1986).
cation and (aromatic) counteranion, and on the substitutig® gijma, K., and Engberts, J. B. F. Nangmuir13, 4843 (1997).
pattern of the aromatic counterion, extremely long wormlikeo. Evans, H. C.J. Chem. Soc579 (1956); De Lisi, R., Fiscario, E., Milioto,
micelles may be formed. These solutions exhibit viscoelastic S J. Solution Cheml17, 1015 (1988).

behavior. A favorable balance of interactions among the s@& Bima, K., Blandamer, M. J., and Engberts, J. B. F.lNngmuir14, 79

. . . (1998).
factant Catl(_)n’ the co_unteranlon, and the solvent is propose%g Nery, H., Marshal, Y. P., and Canet, D.,Colloid Interface Sci77,174
be responsible for this phenomenon. (1980).
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