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2-(Acylaminoethyl)trimethylammonium
chloride surfactants: synthesis and
properties of aqueous solutions

Abstract The title cationic
surfactants have been synthesized by
reaction of carboxylic acids with
N,N-dimethylethylenediamine to
give an intermediate amidoamine.
The latter was quaternized with
methyl iodide; the product was
transformed into the corresponding
chloride surfactant by ion-exchange
on a macroporous resin. Adsorption
and aggregation of these surfactants
in H,O have been studied by surface
tension measurement. Additionally,
solution conductivity, electromotive
force (H,O), and Fourier transform
IR spectroscopy (D,0O) have been
employed to investigate micelle for-
mation. Increasing the length of R
resulted in the following changes: an
increase in the micelle aggregation
number; a decrease in the minimum
area per surfactant at the solution/
air interface, the critical micelle con-
centration, and the degree of counter-
ion dissociation. Gibbs free energies
of adsorption at the solution/air
interface and micelle formation in
water were calculated and compared
to those of alkyltrimethylammonium

Introduction

Understanding the relationship between the structure
of surfactants and the properties of their aqueous
solutions is relevant to important applications, inter
alia, foaming, detergency, and emulsification. Examples

chlorides. The contribution to these
free energies from surfactant
methylene groups (in the hydro-
phobic tail) and the head group was
calculated. The former are similar to
those of other cationic surfactants.
The corresponding free-energy con-
tributions of head groups are smaller
(i.e., more negative), indicating that
the transfer of this group from bulk
water to the interface (for adsorp-
tion) and/or to the micelle (aggre-
gate formation) is more favorable.
This is attributed to intermolecular
hydrogen bonding of monomers at
the interface, and/or in the aggre-
gate, via the amide group, in agree-
ment with our Fourier transform IR
data. Our results are compatible
with a micellar interface closer to the
amide nitrogen than to the quater-
nary ammonium ion.

Keywords 2-(Acylaminoethyl)tri-
methylammonium chloride surfac-
tants - Properties of cationic
surfactants - Critical micelle concen-
tration - Counterion dissociation -
Aggregation number

include the dependence of electrolyte-induced changes
insolution viscosity and rheology of surfactants on the

nature of the counterion and the dependence of the
number and the microstructure of phases in phase
diagrams of nonionic surfactants on their hydrophile—
lipophile balance [1, 2, 3]. In this regard, cationic
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surfactants offer a wealth of information because it
is possible to vary the lengths of their hydrophobic
tails, the nature of the counterions, and the volumes
of their head groups. For example, in the series
C,H,sN " R;Br™, increasing the length of R from me-
thyl to n-butyl decreased the Gibbs free energy of
micellization [4], and caused a gradual dehydration of
the interfacial region [5]. For anionic surfactants, the
corresponding structural change involves studying head
groups of different chemical nature, for example, car-
boxylate, sulfonate, or phosphate.

Available information on cationic surfactants that
carry the amide head group is focused on the synthesis
and the biological activity of commercial products, i.c.,
where the tail is a mixture of hydrocarbon groups [6, 7].
This prompted us to start a systematic study on this
group of surfactants, in order to understand the rela-
tionship between the previously mentioned structural
variables and the properties of their aqueous solutions.

The series that we previously studied include
2-aminoglucose based anionic and cationic surfactants
[8], and benzyl-(2-acylaminoethyl)dimethylammonium
chlorides, RCONH(CH,)>N " (CH3),CH,C¢HsCl™,where
RCO=C;(y—Cs, respectively [9]. Our results indicate that
the interfacial amide group favors adsorption and micelli-
zation, owing to hydrogen bonding between surfactant
monomers, akin to those formed by N-alkylamides, and
polypeptides [10, 11]. There is also some information, for
example, on the phase behavior of other amide-group-
carryingsurfactants[12].

We report here on the synthesis of the following
series of surfactants: RCONH(CH,),N " (CH;);Cl",
where RCO:CI(), CloAMe3Cl; C]z, C|2AM63C1; C]4,
C14AMe;Cl; and C;4, Cis64AMesCl, where 4 and Me;
stand for -NH(CH,),— and the trimethylammonium
group, respectively. Solution conductivity, surface ten-
sion, electromotive force (EMF), and Fourier transform
IR (FTIR) data were employed for calculation of the
following micellar properties: the critical micelle con-
centration (cmc), the degree of micelle counterion dis-
sociation, o;c, the aggregation number, N4, as well as
the Gibbs free energies of adsorption at the solution/air
interface, AGY,., and/or of micellization, AG?, . Con-
tributions of the structural segments to the latter two
quantities were also calculated. For the present series,
AGY, and AGY, . are more favorable than those of other

Scheme 1

R-C-OH
toluene

O  NH.CH,CH,N(CH3), 2
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cationic surfactants, for example, alkyltrimethylammo-
nium chlorides, R"Me;Cl, where R’ is decyl to hexadecyl.
This is attributed to the previously mentioned hydrogen
bonding between adsorbed and/or aggregated surfactant
monomers. This conclusion is supported by an FTIR
study in which we investigated the dependence of the
frequency of amide I band on the surfactant concen-
tration. Our results indicate that the micellar interface
lies behind the quaternary ammonium ion, close to the
amide group.

Experimental

Materials

The solvents and reagents were purchased from Aldrich or Merck.
Methyl iodide and N,N-dimethylethylenediamine were purified
by fractional distillation (the latter from CaH,). Commercial
“anhydrous” ethanol (Penta Quimica, Sdo Paulo) was further
dried by azeotropic distillation. Other reagents were employed as
received.

Apparatus

Melting points were determined with an IA 6304 apparatus (Elec-
trothermal, London, UK). Gas chromatographic analysis was
carried out with a model GC 17A-2 gas chromatograph (Shimadzu,
Kyoto, Japan), as reported elsewhere [9]. Microanalyses were car-
ried out at the microanalysis laboratory of this institute. FTIR
spectra were recorded with a Bruker Vector 22 spectrophotometer.
"H and "*C NMR spectra were recorded with Varian Innova-300
or Bruker DRX-500 spectrometers.

Synthesis

The synthetic route employed is depicted in Scheme 1, where
RCO,H refers to decanoic, dodecanoic, tetradecanoic, and hexa-
decanoic acid, respectively, and Res-Cl refers to a macroporous
ion-exchange resin in the chloride form.

RCONH(CH,),N(CHj3),

Amidoamines, 1a-1d, RCONH(CH,),N(CH3), were prepared as
described elsewhere by reacting chromatographically pure car-
boxylic acids with N, N-dimethylethylenediamine in toluene, fol-
lowed by removal of water produced by azeotropic distillation. The
physical properties and characterization of these compounds are
reported elsewhere [9].

It
R-C-NHCH,CH,N"(CH;); I
2a-d

l Res-CI

R-C-NHCH,CH,N(CH;),

acetone
1a-d

o]
1l
R-C-NHCH,CH,N*(CH3); CI
3a-d
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RCONH(CH,),N* (CH5);1~

The following reaction was carried out under dry, oxygen-free
nitrogen, in the absence of light. A mixture of 0.1 mol compound 1
and 7.16 ml (0.115 mol) methyl iodide in 100 ml of anhydrous
acetone was refluxed for 6 h. The solvent and unreacted methyl
iodide were removed, the product was recrystallized from a mixture
of anhydrous acetone/ethanol, then dried under reduced pressure,
over P4010.

The following results were obtained, see structure later, where n
is the total number of carbon atoms of the precursor acid. In what
follows, all IR frequencies are given in reciprocal centimeters,
NMR chemical shifts, §, and coupling constants, J, are given in
parts per million, and hertz, respectively.

CH; — CH, — CH, — (CH,), , — CH, — CH, — CH, —CO — NH
1 2 3 4 5 6 7
— CH; — CH, —N* (CH3), I~
8 9 10

Compound 2a

White solid, yield, 78%, m.p.=122-124 °C, Anal. Calcd for
C,5H33IN,0: C, 46.88; H, 8.65; N, 7.29. Found: C, 46.99; H, 8.49;
N, 7.31. IV (KBr) 3386 (vn_n, secondary amide), 1659 (amide I
band, due to vco, coupled with an out-of-phase vc N and an in-
plane N-H bending mode), 1526 (amide II band, due to vio)c.n
coupled with in-plane N-H bending mode). '"H NMR (CDCls):
0.88 (t, 3H, HI1, J, ,=6.7), 1.26 (broad singlet, 12H, H2-5), 1.61
(quintet, 2H, H6, Js ¢ and Jg 7="7.4), 2.28 (t, 2H, H7), 3.87 (mul-
tiplet, 2H, H8), 3.81 (t, 2H, H9, Jg o= 5.22), 3.45 (s, 6H, H10), 7.64
(t, lH, NH, JH7-NH: 56)

Compounds 2b-2d

The spectroscopic data of 2b—2d were similar to those of com-
pound 2a, within the following limits: IR (+2 cm™), 'H NMR
(0 to £0.02 ppm).

2b: White solid, yield, 84%, m.p.=125-127 °C, Anal. Calcd for
C7H37IN,O: C, 49.51; H, 9.04; N, 6.79. Found: C, 49.49; H, 8.37;
N, 6.95. 2¢: White solid, yield, 95%, m.p.=126-128 °C, Anal.
Calcd for C19H4IN,O: C, 51.81; H, 9.38; N, 6.36. Found: C, 51.82;
H, 8.76; N, 6.51. 2d: White solid, yield, 92%, m.p.=128-130 °C,
Anal. Calcd for C51HysIN>O: C, 53.84; H, 9.68; N, 5.98. Found: C,
53.87; H, 8.91; N, 6.24.

RCONH(CH,),N " (CH3);CI™

Each of the iodides 2a-2d was dissolved in absolute ethanol and
passed through a column of Amberlyst A-27 macroporous anion-
exchange resin. The later was in the chloride form, and was pre-
viously equilibrated with ethanol. The eluted solution was dried
under reduced pressure, and the white residue was recrystallized
from a mixture of anhydrous acetone/ethanol. The surfactant
yields were 80+ 5%, all surfactants were white, hygroscopic solids,
and were analyzed as (nonhygroscopic) perchlorates.

Surfactant 3a

C104AMe;Cl: Anal. Caled. for C;5sH33N,ClOs: C, 50.48; H, 9.32; N,
7.85. Found: C, 50.79; H, 9.05; N, 7.90. 'H NMR (CDCl;), proton
numbering as for 2a: 0.88 (t, 3H, HI, J; ,=6.6), 1.25 (broad

singlet, 12H, H2-HY), 1.59 (quintet, 2H, H6, Js ¢ and Js 7=17.5),
2.26 (t, 2H, H7), 3.78 (multiplet, 4H, H8 and H9, 3.43 (s, 6H, H10),
8.60 (apparent triplet, 1H, NH). '>3C NMR (CDCl;): 14.01 (Cl1),
22.57 (C2), 31.78 (C3), 29.21-29.41, C4-C5 (four lines), 25.45 (C6),
34.21 (C7), 36.20 (C8), 65.40 (C9), 53.95 (C10), 174.74 (CO).

Surfactant 3b

C,AMe;Cl: Anal. Calcd. for C;;H37N>ClOs: C, 53.04; H, 9.69; N,
7.28. Found: C, 53.07; H, 9.06; N, 7.27. The spectroscopic data of
3b-3d were similar to those of compound 3a, within the following
limits: '"H NMR (0 to +0.05 ppm) and '*C NMR (+0.16 ppm).
The spectral region for C4-C5 showed six lines.

Surfactant 3c

C]4AM€3C13 Anal. Calcd. for C19H4|N2CIO5I C7 5526, H., 1001,
N, 6.78. Found: C, 55.48; H, 9.24; N, 6.82. The spectral region for
C4-C5 showed seven lines.

Surfactant 3d

Ci64AMe;Cl: Anal. Caled. for C,;HysN>ClOs: C, 57.19; H, 10.28;
N, 6.35. Found: C, 57.09; H, 9.56; N, 6.28. The spectral region for
C4-C5 showed eight lines.

Sodium 2-decanoyloxyethane sulfonate (sodium
decanoylisethionate)

CH; — CH, — CH; — (CH,), —CH, —CH, —CH, -CO - O
1 2 3 4 5 6 7
— CH2 — CH2 —SO;N8.+
8 9

Decanoyl chloride was prepared by mixing 17.85 g (0.10 mol)
decanoic acid with 8.9 ml (0.12 mol) thionyl chloride, followed by
refluxing for 1 h. The acyl chloride (92% yield) was purified by
fractional distillation, 100-102 °C/6 mmHg.

Commercial sodium 2-ethanesulfonate (Oxiteno, Sdo Paulo),
4.44 ¢ (0.03 mol), was suspended in 30 ml dry dimethoxyethane.
Pyridine, 4.8 ml (0.06 mol), was added under vigorous agitation,
followed by 5.9 ml (0.03 mol) decanoyl chloride. The mixture was
refluxed for 9 h, the solvent was evaporated, the solid product was
suspended three times in chloroform, filtered, and was crystallized
from anhydrous acetone.

White solid, yield 25%, Anal. Calcd for C;,H,3NaOsS: C,
47.67; H, 7.67. Found: C, 45.93; H, 7.01.

"H NMR (DMSO-dq): 0.85 (t, 3H, H1, J; ,=6.6); 1.23 (broad
singlet, 12H, H2-H5); 1.49 (quintet, 2H, H6, Js 7 and J; 3=6.7);
2.25 (t, 2H, H7); 2.75 (t, 2H, HY, Jg o); 4.19 (¢, 2H, HS). °C NMR
(DMSO-de): 13.83 (C1); 21.97 (C2); 24.30 (C6); 29.21-28.33 (C4—
C5, four lines); 31.15 (C3); 33.38 (C7); 49.95 (C9); 60.59 (C8); 54.03
(C9); 174.75 (CO).

Measurement of surface-active properties

Glass double-distilled, deionized water was used throughout. In
order to avoid any interference from traces of heavy metal ions [13],
all glassware was soaked in 0.001 M ethylenediaminetetraacetate
solution and thoroughly washed with water.
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Surface tension

The solution surface tension was measured at 25 °C with a Lauda
TEIC digital ring tensiometer, equipped with a thermostated
solution compartment, and controlled with a home-developed
software package. The standard deviation among four successive
readings was less than 0.10 mN m™".

Solution conductivity

Conductivity measurements were recorded at 25 °C with a personal
computer interfaced Fisher model Accumet 50 pH meter/conduc-
timeter, provided with a Digimed model DM-C1 microconductivity
cell (Digimed, Sao Paulo) and Schott model Titronic T200 pro-
grammed burette. A home-developed software package was used
both for programmed dilution of the concentrated surfactant
solution and acquisition of conductance data.

Electromotive force measurements

The previously mentioned pH meter/conductimeter was employed
for measuring the EMF, at 25 °C. A Corning double-junction Ag/
AgCl reference electrode, and IS-146Cl chloride-selective electrode
(Lazar Research Laboratories, Los Angeles, USA) were employed.

FTIR measurements

The cmc of C;p4AMe;Cl in D,O was determined by FTIR spec-
troscopy, by employing the previously mentioned spectrophotom-
eter and a 0.015-mm path length ClearTran cell (Wilmad Glass,
NJ). The spectrophotometer sample compartment was flushed with
dry nitrogen, thermostated at 25 °C. The amide I band was mea-
sured (1-cm™! resolution) as function of surfactant concentration.
vc—o of duplicate runs agreed within this resolution limit. The
background spectrum of pure D,O was subtracted from the spec-
trum of the sample (Bruker Opus-NT, version 3.0). The same
procedure was employed for sodium isethionate.

Results and discussion
Synthesis

Amidoamines were synthesized by reacting N,N-di-
methylethylenediamine with precursor carboxylic acid,
rather than its acyl chloride (plus tertiary amine catalyst)
[6, 7], for the following reason: the reaction product,
RCONH(CH,),N(CH3),, is also a tertiary amine and
will, in principle, compete for the HCI produced to form
a (difficult-to-remove) cationic surfactant impurity. The
completeness of this condensation reaction is indicated
by the absence of IR absorption at around 1725 cm™",
due to unreacted acid. Use of chromatographically pure
fatty acids and exclusion of oxygen during the synthesis
(to avoid formation of amine-oxide impurities) are cru-
cial in order to obtain surface-active pure surfactants.

Properties of aqueous solution

The following discussion is organized in terms of the
sequence of events that occur in the system, that is,

adsorption of the surfactant at the solution/air interface,
followed by its aggregation. Data for the series studied are
compared with those of alkyltrimethylammonium chlo-
rides, R’"MesCl, where R’ is decyl to hexadecyl. In the last
section of the Results and discussion we compare RA-
Me;Cl with the corresponding benzyl-(2-acylaminoeth-
yl)dimethylammonium chlorides, RABzMe,Cl, i.e., we
address effects of substitution of a benzyl group for one of
the trimethylammonium groups on solution properties.
Details of the calculations of all quantities discussed in
this work are given in the Appendix, vide infra.

Adsorption at solution/air interface

The solution surface tension at the cmc, ycme, the surfac-
tant concentration required to decrease the surface ten-
sion of water by 20 mN m™', Cy, the minimum area per
surfactant molecule at the solution/air interface, A ,,, and
the Gibbs free energy of adsorption, AG,, are listed in
Table 1. In comparing the RAMe;Cl and R"Me;Cl data,
allowance should be made for the fact that the surface
tension measurements were carried out in distilled water,
and synthetic river (hard) water, respectively [15]. In the
latter case, the high ionic strength and common-ion effect
(with surfactant counterion) enhance surfactant adsorp-
tion at the solution/air interface [2], this explains, for
example, the result that |AG) ML |AG2dS|RAM63 "
see Table 1. The effectiveness of adsorption (yeme), and tlcﬁe
efficiency of adsorption (C,g) are important for comparing
the performance of surfactants in, for example, wetting
and emulsification. In agreement with previous results [2],

Table 1 Adsorption properties of the surfactants studied com-
pared with other cationic surfactants, at 25 °C. Yeme, (Ca0), Amins
and AGY, refer to the solution surface tension at the critical micelle
concentration (c¢mc), the surfactant concentration required to de-
crease the surface tension of water by 20 mN m™', the area per
surfactant molecule at the interface, and the Gibbs free energy of
adsorption, respectively

Surfactant Peme 103Cy0 Apmin AGY
MNmY @molL™) (mm2 (kJ mol™)
Cl()AMe3Cl 39.0 12.3 0.78 -30.5
C,4AMe;Cl 42.0 3.78 0.74 -32.9
C4AMe;Cl 43.4 1.57 0.66 -34.0
C64AMe;Cl 43.4 0.34 0.60 -37.1
CoMe;CI 42.0 6.6 0.87 -32.9
C,Me;CIF 41.8 1.6 0.62 -33.3
C4Me;CF 40.0 0.28 0.53 -36.6
CsMe;CI 37.6 0.04 0.49 —40.8
C0ABzMe,CI° 39.0 5.9 0.87 -33.3
C,4ABzMe,CIP 39.6 1.6 0.82 -35.9
C,4ABzMe,CI° 39.9 0.40 0.79 -38.9
C6ABzMe,CI° 422 0.11 0.73 —-41.3

“Data from Ref. [15], measurements carried out in synthetic river
(hard) water
*Data from Ref. [9]
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as a function of increasing length of R or R’, the effec-
tiveness shows little variation, whereas the efficiency in-
creases. There is little dependence on the structure of the
head group.

All surfactants listed in Table 1 show that A4,,;, de-
creases as a function of increasing the length of R, or R’,
owing to concomitant closer packing of monomers in
the micelle [1, 2, 3]. It is known that surfactant molecules
lie titled to the interface. Comparison of A,;, with the
cross-section area of the head group (whose conforma-
tion was minimized by the PM3 semiempirical method)
indicated that a part of the group —CONH—(CH,),—
N (CH;); must lie at the solution/air interface. For
example, the cross-section areas of -N " (CHj3); and —
CONH—(CH,),-N"(CH;); are 045 and 1.2 nm?
respectively. This calculation and the fact that A4, is
larger for RAMe;Cl than for the corresponding R"Me;Cl
show that the hydrated head group of the former is ra-
ther large. One possibility is that the micellar interface
lies behind the -N " (CH3); group, as discussed later.

The Gibbs free energy of adsorption, AGY., is calcu-
lated from C,y and A,;, It contains contributions
from the transfer of surfactant segments from bulk water
to the interface. These are due to the terminal CH; group
of the hydrophobic chain, AGCH , the methylene groups
of the alkyl chain, (NCHZAGCH) where N= 8,10, 12, and

14, respectively, and the head group, AGhedd eroup> 45
given by [2]
AGads AGhead group + AG(()ZH3 + NCHZAG%Hf (l)

Equation (1) predicts a linear correlation between
Angs and Ncp,, where the intercept includes a
contribution from the terminal methyl plus the head
group. Since AGOCHz is independent of the chain length

of the surfactant, its contribution is constant in a
homologous series. That is, the intercept essentially
reflects the effect of transfer of the head group
from bulk solution to the solution/air interface [14].
Application of Eq. (1) to the data of RAMe;Cl gave
a straight line (correlation coefficient r=0.9856). The
present study and previous ones on R'Me;Cl [15, 16]
gave the following results, respectively: —1.04 and
-1.35kJ mol™! (AG cny)s —22.2 and -19.7kJ mol™!
(AGY..4 eroup +AGCH) For the latter series, a better
correlation is obtained if the point for C;yMe;Cl
is deleted (r increases from 0.9515 to 0.9976), giving
-1.88 and -125kJ mol”', for AGY, and
(AG}ead group T AGLy,), Tespectively. i

The similarity of AG%H7 for RAMe;Cl and R'Me;Cl is
expected because the transfer of a CH, group in the
hydrophobic tail from the bulk phase to the interface
should be independent of its hydrophilic moiety. The
reason for the more favorable free energy of transfer of
the head group of the former surfactant series will be
discussed later.

Aggregation: cmc, degree of micelle dissociation,
thermodynamic parameters of micellization,
and aggregation numbers

Representative plots of solution conductance and sur-
face tension as a function of surfactant concentration
are shown in Fig. 1. The corresponding plots of the
surfactant free counterion, [Cl ]pe., and the IR fre-
quency of the amide I band versus surfactant concen-
tration are shown in Fig. 2. Each of the first three graphs
consists of two straight lines intersecting at the cmc.
There are two breaks in Fig. 2b, the first one at the cmc.

Fig. 1 Dependence of solution 1600 52
conductance A and surface A B
tension B on surfactant con-
centration, at 25 °C
“g 1200
(3]
a _ 48-
= 800-
g s
3 =
5 44 -
(%]
400
o C,AMeCI o C,AMeCI
A C,AMeCl A C AMe Cl
O+——F—r——1——7 40— r
0 5 10 15 20 25 0. 4 0. 8 1.2
10° x [C_AMe,CI], mol.L" 3 + log[C AMe CI]
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These values are listed in Table 2, along with literature
data for the corresponding R'Me;Cl.

Regarding these results, the following are relevant:

1. The EMF experiment was employed to calculate
three micellar properties, namely, cmc, oyic, and Nyg,.
The last two require measurements up to about 60 mc.
The high solution viscosity precluded carrying out the
experiment with C;oAMe;Cl.

2. Conductance measurements were employed to
obtain o,,;. since data are available for all the surfactants
studied. Calculation of o, may be carried out simply
by dividing the slopes of the straight lines above and
below the cmc. Frahm’s method [17] is a useful
approximation when N,z is not available; it results in
omic higher than that calculated by Evans’ method,
because the conductivity of the micelle (a “macroion”) is

B
1632 - . .
L]
e 16301
o
S B
>
16281 o
]
1626 oo

Fig. 2 Dependence of the con- 3.0
centration of the free counter- A
ion, [Cl Jfee A and ve—o of 1
amide I band B on C,4Me3Cl
and C;p4MesCl, respectively, at 2.5+
25 °C. In A, the points are
experimental data and the line
was calqulated as given in the ‘120 -
Appendix —
[]
£
=..r 1 .5 n
e,
»
‘© 1.0
-
0.5
J
0.0
T
0 2

10” x [C,,AMe CI], mol.L"

0 5 10 15 20 25
10” x [C, AMe Cl], mol.L"

4 6 8

Table 2 Relationship between surfactant structure and cmc degree of micelle dissociation, oy, micelle aggregation number, N,q,, and

Gibbs free energy of micelle formation, AGY,., at 25 °C. All cmc values are in moles per liter and should be multiplied by 1073

Surfactant cmc, surface cme, cmc, cme/Cyg imics Nage® AGElic
tension conductance  electromotive conductance®® kJ mol )¢

force EMF  Calculated

CpAMe;Cl 41.6 46.0 ¢ 3.74 0.37 (0.39) - 43 -28.6 (-28.2)

C,AMe;Cl 9.62 13.0 12.7 3.44 0.25 (0.34) 68 61 -36.3 (-34.4)

C44AMe;Cl 3.14 3.40 3.60 2.17 0.21 (0.33) 80 82 —43.0 (—40.1)

Cs4AMe;Cl 0.64 0.86 0.95 2.53 0.20 (0.35) 117 107 —49.4 (-45.4)

CoMesCl! 18 11 (0.42)

C4Me;C1E 34 12 (0.40)

CigMesCI° 1.0 25 (0.38)

C,04BzMe,CI® 25 24.0 — 4.07 0.28 (0.35) -32.8 (-31.4)

C,ABzMe,CI*# 5.8 5.9 5.8 3.69 0.23 (0.35) 58 61 —40.1 (-37.3)

C44BzMe,CI# 1.3 1.5 1.5 3.75 0.22 (0.38) 84 82 —46.3 (-42.2)

Cs4ABzMe,Cl*® 0.27 0.40 0.39 3.64 0.19 (0.38) 110 107 —53.0 (—47.5)

Yomic was calculated by the method of Evans. The figures in
parentheses refer to ap;.calculated by Frahm’s method

baic from electromotive force measurements was 0.24, 0.21, and
0.21 for C,4AMe;Cl, C44AMe;Cl, and C,AMesCl, respectively
“Calculated from electromotive force measurements, or from the
volumes of monomer and micelle, see the Appendix for details

9The figures in parentheses refer to free energies of micellization
based on oy, calculated by Frahm’s method

°High solution viscosity precluded performing this experiment
"Results from Refs. [15, 20]

€Results from Ref. [9]
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not taken into account [18]. The use of the Evans
equation requires knowledge of N,,; this was calculated
from volumes of the monomer and micelle, respectively.
The micellar interface may be located either at the
amide group or at the quaternary ammonium ion of
RCO-NH(CH,CH,)N " (CH3);CI™. Both assumptions
were considered; the former N,,, were employed since
the latter ones (72, 96, 122, and 152 for RCO = Cq, Cy»,
C14, and Cyg, respectively) were considered too high. We
also employed our EMF data to calculate N,4,. As
shown in the appropriate column of Table 2, there is
excellent agreement between theoretically calculated
and experimental aggregation numbers; this corrobo-
rates our view of the location of the interface;

3. The Gibbs free energy of micelle formation, AG?niC,
is obtained from the cmc and o, as given in the
Appendix. For comparison with literature data, we
carried out the calculations by using ;. obtained by
both methods (Table 2). Equation (2) for AG?niC is
written analogously to Eq. (1) [2]:

= AG

0
AG head group

mic + AGOCH; + NCHzAG(()JHy (2)

where the terms AG), ., eroup’ AGOCHB, and AG{y refer to

contributions to AGY.. of the surfactant moieties, as
discussed earlier for adsorption. Application of Eq. (2)
to RAMe;Cl gave an excellent straight line (r=0.9995).
The following results are for RAMe;Cl and R'Me;Cl
[19, 20], respectively, and are based on o,,;. calculated by
Frahm’s method: AGOCH2 =29 and -3.1 kJ mol™", and

(AG) et group T AGLy,)==5.9 and 2.4 kJ mol™". Again,

whereas AG2y is similar for the two surfactant
series, the free energy of transfer of the head group
of RAMe;Cl from bulk solution to the micelle is
more favorable than that of R'MesCl. AGY, and

(AGY..4 group-i-AG%H}) based on o, calculated lzoy the

Evans equation were found to be —3.5 and —0.86 kJ
mol™! (r=0.9991), respectively.

4. The agreement between the cmc and o,;. calculated
from data of four different techniques is satisfying,
considering that the IR experiment was carried out in
D,0. This is one of the few studies in which IR spec-
troscopy has been used to determine the cmc of surfac-
tants [21, 22], although IR and Raman spectroscopy
have been fruitfully employed to study interactions
(including hydrogen bonding) within organized assem-
blies [23, 24].

5. The concentration of the free counterion, [Cl ]gce,
and free surfactant cation, [S" ]y, can be calculated
from EMF data; a typical example is shown in Fig. 3
for Ci4AMe;Cl. Above the cmc, [Cl ]ye. increases,
[Ci4aAMe; e decreases, whereas the mean ionic molar-
ity of the surfactant, i.e., ([Cl_]free><[C14AMe3+]free)0'5
increases slowly, in agreement with the mass-action model
for micelle formation, as discussed elsewhere [25].
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Fig. 3 Dependence of concentrations of the surfactant free
counterion, [Cl Jqee, the free cation, [S™ ]ee, and the mean ionic
molarity of the surfactant, ie., ([Cl lueeX[S  Jee)™>, on
[C14AMesCl], at 25 °C

We now discuss

1. The rationale for favorable Angs and AG?Hic
title surfactants, relative to R"Me;Cl.

2. Further evidence (IR) for localization of the micellar
interface close to the amide nitrogen.

3. Effects of substitution of one of the trimethylammo-
nium groups of RAMe;Cl by a benzyl group.

of the

Application of Egs. (1) and (2) shows that the rea-
son for 1 is the larger contribution of the head group
to the appropriate Gibbs free energy. Our FTIR results
indicate that this is due to intermolecular hydrogen
bonding of surfactant molecules, via the amide group,
akin to that of amides, polypeptides, and other surf-
actants that carry the -CONH head group [S§, 9, 10, 11,
12]. N-Methylacetamide has been extensively employed
to model hydrogen-bonding interactions in proteins,
so a discussion of the frequency of its amide I band is
relevant. In dilute aqueous solution, N-methylaceta-
mide is completely hydrated, its vc—_o is around
1626 cm™!' [26, 27, 28]. Solubilization of the amide in
binary mixtures whose polarity mimics that of interfa-
cial water, for example, aqueous acetonitrile and
aqueous dimethyl sufoxide [5], results in an increase of
Vc—o, directly proportional to the concentration of the
organic component of the binary mixture. This has
been attributed to decreased hydration of the CO
group, i.e., substitution of some of the CO-water
hydrogen bonds by NH-CO bonds [23, 26]. Finally,
Vc—o In pure organic solvents is much higher than
that of hydrogen-bonded amide, for example, hexane
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1697 cm™!, tetrahydrofuran 1683 cm™', and dimethyl
sufoxide 1,667 cm™' [26].

As Fig. 2b shows, at a C;p4AMesCl concentration
below the cmc, ve_o is constant at 1626 cm™', indi-
cating that the amide group of the monomer is ex-
posed to water, i.e., the CO group is strongly hydrated
[11, 23, 26, 27]. There is a break at the cmc, after
which ve—_q increases, then levels off at 1632 cm™, at
around 0.15 mol L™". Micellization is akin to transfer
of the head group from bulk water to (less polar)
interfacial water [5]. This explains the first break at the
cmgc, and the increase of ve— o, some of the —-CO-water
hydrogen bonding is replaced hydrogen bonding be-
tween the surfactant amide groups. This process
apparently continues until the second break at
1632 cm™'. Whether the latter indicates a second cmc,
attributed to a change of micellar geometry, is outside
the scope of the present work, and will be the subject
of a future study.

The strength of the previously mentioned hydrogen
bonding is further corroborated by the following

1. We studied the dependence of vc—o of sodium 2-
decanoyloxyethane sulfonate on its concentration,
below and above the cme (0.023 mol L™, determined
by conductance, in agreement with 0.011 mol L™,
30 °C, surface tension [29]). The carbonyl frequency
was found to be constant within the resolution limit
employed (£1 cm™).

2. Av (= vc—o after the cmc— v before the cmc) is
6 and less than 3 cm™' for RAMe;Cl and sodium
decanoate, respectively [21].

Point 1 shows that there is negligible change in
hydration of interfacial —-C=0, when the surfactant
carries no amide head group. Point 2 shows that Av for
RAMe;Cl s larger, although the soap carries the strongly
hydrated, solvent-polarity-sensitive carboxylate anion.
In summary, hydrogen bonding between molecules of
RAMe;Cl at the solution/air interface and/or in the
aggregate is appreciable; this is responsible for the lower,
i.e., more favorable free energies of adsorption and/or
micellization of RAMe;Cl, relative to RMesCl. The
fact that the final ve—g of C;p4MesCl is much lower
than that of ve_o of N-methylacetamide in nonpolar
or dipolar aprotic solvents (vide supra) corroborates
our argument that the surfactant amide group is not
localized in (nonpolar) micellar interior, see point 2
earlier.

Relative to RAMesCl, the corresponding RABz-
Me,Cl shows more favorable Gibbs free energies of
adsorption and micellization; larger A,,;,, and smaller
cme, Oumic, and N,,, (see point 3 earlier and Table 2).
These results can be readily explained on the basis
of differences between the benzyl and the methyl
group. For simplicity, we take trimethylamine and

benzyldimethylamine as models for head groups of
RAMe;Cl, and the corresponding RABzMe,Cl, respec-
tively, and we compare two properties, the volume, and
logP,... The latter refers to the partition coefficient be-
tween n-octanol and water, i.e., log([substance]octanol/
[substance]yaier). It is a quantitative measure of the
hydrophilic/ hydrophobic character of a molecule, or a
segment therefrom [30]. The volumes are 0.095 and
0.182 nm>, and logP,., is 0.16 and 1.98, for trimethyl-
amine, and benzyldimethylamine, respectively. There-
fore, the benzyl group is more voluminous and more
hydrophobic than the methyl group. It is known that the
minimum area per surfactant molecule at the solution/
air interface increases as a function of increasing the size
of the head group. This entails a decrease in N,,, and an
increase in o, since the micelle becomes more loosely
packed [1, 2, 3], in agreement with our data for the two
surfactant series. On the other hand, the contribution of
(AG)..4 aroup +AG%H3) to the Gibbs free energies of
adsorption and/or micellization is sizeable; therefore an
increase in head group hydrophobicity should result in
more favorable Gibbs free energies, again in agreement
with our results. Finally, Table 2 also shows the quan-
tity cmc/Cyy, a measure of the relative effects of
structural changes on surfactant micellization and
adsorption [2]. As shown in Table 2, the order is
R'Me;Cl>>RABzMe,Cl > RAMe;Cl. That is, the seg-
ment —-CONH(CH,),— of the head group seems to favor
micellization more than adsorption of RAMe;Cl,
relative to R’Me;Cl. For amide-containing surfactants,
the methyl group favors micellization more than
adsorption.

Conclusions

A homologous series of 2-(acylaminoethyl)trimethyl-
ammonium chloride surfactants have been synthesized
and their adsorption at the solution/air interface and
aggregation in aqueous solution were studied by con-
ductivity, surface tension, EMF (in H,O), and FTIR
(in D,O) measurements. Gibbs free energies of adsorption
and/or of micellization were separated into contributions
from discrete surfactant segments. Both types of free
energies are lower for RAMe;Cl than those of corre-
sponding R"Me;Cl, owing to hydrogen bonding between
the surfactant amide group. Differences between physi-
cochemical properties of solutions of RAMe;Cl and
RABzMe,Cl are attributed to differences between the
volume and the hydrophobicity of the methyl and benzyl
groups.
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Appendix
Amin and AG? . from surface tension data

We employed the following equation to calculate A4,

(2]:
18
y 10

min — 3
N Av 1—‘max

(3)

where ', and Na, refer to the maximum surface excess
concentration of surfactant and Avogrado’s number,

respectively. T'p.x was calculated from the Gibbs
adsorption isotherm:
1 on
1—‘m X = ) 4
™ 4.606RT (8(10g[Surﬂt+logfi)> @

where [Surf],, /., and = refer to total surfactant con-
centration, the mean activity coefficient of surfactant
cation and counterion in the aqueous phase, and surface
pressure (7= Yy,0~Vsolution)> Fespectively.

On the mol fraction scale, Angs (joules per mole) is
calculated from Eq. (5) [2, 15]:

AGY = 5705.8(l0og 129 + 1og fi) — (6.023 X 20 X Apin),
(5)
where y»9 is to the surfactant mole fraction required to

reduce yy,0 by 20 mN m™', and A, is in angstroms
squared.

cmc, o, and thermodynamic parameters
of micellization

Critical micelle concentration

As Figs. 1 and 2a show, plots of the solution properties
versus [Surf]; gave two straight lines intersecting at the
cmc. The FTIR plot, Fig. 2b, showed two breaks; the
first corresponds to the cmc.

Omic

omic Was obtained by three procedures, the first two rely
on conductance, whereas the third employs EMF.
According to Frahm et al., o, is given by [17]

Omic = (S2/Sl)7 (6)

where S, and S| refer to slopes of the conductance plot
above and below the cmc, respectively. The following
equation is that of Evans [18]:

2 .
10008, — —mic
N

5 (100081 — Acr-) + omicAct (7)

agg

where Acp refers to the equivalent conductance of the
surfactant counterion at infinite dilution. Calculation of
omic from EMF measurement was carried out as follows
[20]. The dependence of solution EMF (AE, in milli-
volts) on [Surf]; is given by

AEqps = AE® — (2.303RT/F) log[Surf],, (8)

where AE® and F refer to the EMF of the reference state
([Surfl,(=1.0 mol L") and the Faraday constant,
respectively. The plot of AE,, versus log[Surf],, over a
wide range of concentration (about 0.lcmc—60cmc),
shows two linear parts, before and after the cmc, as
shown in Fig. 4. The intercepts of these parts, AE” and
AE"°, respectively, are related to the cmc by

AE" — AE® = (2.303RT/F) 10g ttmic, 9)

from which o,;c can be calculated.

N agg

Calculation of N,,, was based on the assumption of
spherical aggregates and a stretched, all-trans monomer
conformation inside the micelle (Spartan-Pro program
package, version 5.1, Wave Function, Irvine, CA). The
micellar N,,, calculated for both possibilities of the
interface (amide nitrogen and/or quaternary ammonium
ion, RCONH(CH,),N " (CH3);Cl") were 43, 61, 82, 107
(amide nitrogen) and/or 72, 96, 122, 152 (quaternary
ammonium ion), for RCO=C;y, C;,, Ci4, and Ci,
respectively. The same program was used to calculate
the volumes of trimethylamine and benzyldimethyl-
amine, respectively.

EMF results were also employed to calculate N,g,, as
follows [25]. The dependence of [Cl ]pee On [Surf],, and
the concentration of free surfactant cation, [S™ Jee, iS
given by

[Cli]free = (1 B NCi/Nagg) [Sulﬂt + (1 - ]\/VCi/N"igg)[SJr]free7
(10)

were N is the number of counterions associated with
the micelle. N,q, can be calculated from (experimental)
[C1 )fee and [Surf],, by Eq. (10), provided that N and
[S " ]ree are available. These were obtained as follows:
the mass-action law for micelle formation was assumed
to hold; o, and cmc, obtained from EMF measure-
ment, were employed; best values for Ny and [S™ Jfree
were obtained by iteration, by using the following
equations:

Nei = Nagg — (micNage), (11)

[S™]free = [Surf], — Nage[micelle], (12)

free
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Fig. 4. Dependence of solution
electromotive force, measured
with a chloride-ion electrode on
log[surfactant], for C;,4AMe;Cl
and C;44Me;Cl, respectively
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where [micelle] is the concentration of micelles calcu-
lated from the mass-action model by
K[S+]Ne\gg [Cl*]Nci

[micelle] = free free?

(13)

where K is the equilibrium constant of micelle forma-
tion, calculated from the cmc, N, and Nz, by [31]

1/K = 2Nygg (Nage +Nci)Crnc(]vaggﬂvd)- (14)

A BASIC script that relies on the S-Plus 2000 pro-
gram package (MathSoft, Seattle, USA) was written and
employed to calculate N,z. A typical example for

[C1 )free versus [Surf],, calculated by iteration, is shown
in Fig. 3. The uncertainty in N,ge is £10%.

Free energy of micellization

The free energy of micellization was calculated from [2]
AGY:. = (2 — tmic)RT I oy, (15)

mic
where ye.me. 18 the cmc expressed on the mole fraction
scale, and o,,;. is that calculated by the method of Frahm
or Evans.
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