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Saccharide-Based N-Acyl-N-alkylaldosylamine and
N-Acyl-N-alkylamino-1-deoxyalditol Surfactants
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Eight homologous series of nonionic carbohydrate-derived surfactants in which the alkyl chains are
linked through N-acylated amine bonds were synthesized, and their critical micelle concentrations (cmc’s)
and standard enthalpies of micellization were determined using titration microcalorimetry. Gibbs energies
of micellization (AmicG®) were calculated from the critical micelle concentrations. N-Acyl-N-alkylaldosyl-
amines (acyl = acetyl/propionyl, aldosyl = glucosyl/lactosyl) and N-acyl-N-alkylamino-1-deoxyalditols (acyl
= acetyl/propionyl, alditol = glucitol/lactitol) with alkyl chain lengths of 8, 10, and 12 carbon atoms show
a 10-fold decrease in cmc when the length of the chain is increased by two methylene groups. The
enthalpograms for the Cg analogs are more complicated than those for the C10 and Ci12 analogs. Therefore,
the enthalpograms were modeled using a computer-based program which takes account of the nonideal
properties of the solutions, yielding enthalpies of micelle formation. Increments in the thermodynamic
parameters show satisfactory self-consistency. Each CH; group contributes —2.4 kJ mol=1 to AmicH®, AmicG°-
(CHy) is —3.0 kJ mol~1 for each series, and TAmicS°(CHy) is 0.7 kJ mol~! at 40 °C. Although the change
in entropy is the main driving force for micellization, the enthalpy of micellization may also contribute
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significantly to the Gibbs energy of micellization, particularly for longer alkyl chains.

Introduction

Standard enthalpies of micellization (AmicH®), Gibbs
energies of micellization (AnicG®), and entropies of mi-
cellization (AnmicS°®) are important in understanding micelle
formation in aqueous solutions. For a given surfactant
the enthalpy of micellization can in principle be deter-
mined from the temperature dependence of the cmc. But
this method has a major drawback, because An,icH® is often
significantly temperature dependent.? Enthalpies of
micellization can be accurately obtained using titration
microcalorimetry. With this technique AnmicH® can be read
directly from a plot of the enthalpy of dilution versus
concentration. We used the phase equilibrium model to
calculate the standard Gibbs energies and entropies of
micellization (mole fraction scale).® According to this
model, the standard Gibbs energy of micelle formation of
a nonionic surfactant per mole of monomer is given by*

AmicG° = RT In(cmc-V,,*) 1)

Herein, V,,* is the molar volume of water (0.018 dm® mol—*
at 40 °C). The cmc is given in moles per cubic decimeter.
The advantage of nonionic surfactants over ionic surfac-
tants is that eq 1 can be used without having to take

T University of Groningen.
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account of counterion binding. The standard entropy of
micelle formation per mole of monomer is calculated from
A

S° = (AmicHo - AmicGo)/T (2)

mic

In general, the entropy term is the main driving force
for micelle formation by nonionic surfactants.>® As
micelles are formed, the hydrophobic hydration layers
around the alkyl chains are broken down. This process is
accompanied by a gain in entropy and represents the
driving force for hydrophobic interaction within micelles.
The exact nature of this hydrophobic effect has been
discussed in detail.1°

Surfactants with a nonionic carbohydrate-derived head-
group (Figure 1) have potential pharmaceutical (biocom-
patible formulation), biological (extraction of membrane
proteins), and medicinal (antiviral activity) applica-
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Figure 1. Examples of the surfactant structures and ab-
breviations used for the names of the compounds.

tions.1172! As is the case for other carbohydrate-derived
surfactants (such as the alkyl polyglucosides and the
aldonamides),?>23 the compounds described here also
possess excellent detergency properties.?*25We report the
preparation of eight homologous series of these surfac-
tants. The series are classified on the basis of the
headgroup (either a glucose/glucitol or a lactose/lactitol
headgroup) and the nature of the acyl substituent (acetyl
(Cy) or propionyl (Cs)), and each series consists of three
surfactant molecules with Cg, Cy9, and Cy; alkyl chains.
Using titration microcalorimetry, we have determined the
critical micelle concentrations, AnicH®, AmicG®, AmicS°, and
hence the increments in standard enthalpies, Gibbs
energies, and entropies of micellization per CH; for each
series at 40 °C.%® These results offer important insights
into the relationship between the surfactant structure
and the thermodynamic parameters describing aggrega-
tion.

Experimental Section

Materials. All solvents (except ethanol) were purchased from
Lab-scan. Ethanol absolute GR, d(+)-glucose anhydrous, lactose
(monohydrate), and the appropriate amines were purchased from
Merck. Palladium on carbon (5%) was purchased from Acros.
The water was doubly distilled, and all solutions were degassed
before use.

Characterization. *H- and 3C-NMR spectra were recorded
using a Varian Unity Plus spectrometer (500 MHz), a Varian
VXR-300 spectrometer (300 MHz), or a Varian Gemini spec-
trometer (200 Mhz).

Titration Microcalorimetry. A Microcal Omega titration
microcalorimeter (Microcal, Northampton, MA) was used. The
solution in the sample cell was thermostated at 313 K and stirred
(350 rpm). An aqueous surfactant solution (5—10 uL, concentra-
tion > cmc) was injected under computer control into the sample
cell, which initially contained 1.3 mL of water. The heat absorbed
or evolved was recorded, and after thermal equilibrium was
reached, the next aliquot of 5—10 «L was injected. This procedure
was repeated until the concentration of surfactant in the sample
cell was above the cmc. The crude data (Figure 2a) were analyzed
using Omega software (Origin 2.9), yielding a plot of the heat per

(18) Auvray, X.; Petipas, C.; Anthore, R.; Rico-Lattes, I.; Lattes, A.
Langmuir 1995, 11, 433.

(19) Dupuy, C.; Auvray, X.; Petipas, C.; Anthore, R.; Costes, F.; Rico-
Lattes, I.; Lattes, A. Langmuir 1996, 12, 3162.

(20) Van Doren, H. A.; Terpstra, K. R. J. Mater. Chem. 1995, 5, 2153.

(21) Van Doren, H. A. In Carbohydrates as Organic Raw Materials
I11; Van Bekkum, H., Réper, H., Voragen, A. G. J., Eds.; VHC
Publishers: Weinheim, Germany, 1996; p 255.

(22) Blazer, D. In Specialist Surfactants; Robb, 1. D., Ed.; Blackie:
London, 1997; p 169.

(23) Andree, H.; Middelhauve, B. Tenside, Surfactants, Deterg. 1991,
28, 413.

(24) Kammelar, R. W. F.; Timmermans, H. J. A. R.; Frikkee-Dekker,
P. J.; Van Haveren, J. PCT WO 97 30063, 1997.

(25) To be published.

(26) These derived thermodynamic parameters describe the formation
of micelles by a mole of monomer.

(27) Kiraly, Z.; Bérner, R. H. K.; Findenegg, G. H. Langmuir 1997,
13, 3308.

(28) Heerklotz, H.; Lantzsch, G.; Binder, H.; Klose, G.; Blume, A. J.
Phys. Chem. 1996, 100, 6764.
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Figure 2. Enthalpograms for dilution of aconcentrated solution
of NC,nCy; lactitol in water at 40 °C: (a) crude data, (b) enthalpy
of dilution versus concentration, (c) cumulative enthalpy of
dilution versus concentration: determination of the cmc.

mole of injected surfactant against surfactant concentration in
the cell, the enthalpogram (Figure 2b).827.28 The measurements
were performed at 40 °C to preclude possible solubility problems.
All carbohydrate-derived surfactants (except NC3nCi» glucitol)
dissolve in water at ambient temperature.

Calculated Enthalpies of Micellization. The experimental
enthalpograms were fitted using an iterative procedure incor-
porated into a Turbo-Basic program. Three variable interaction
terms (a monomer—monomer interaction term, a monomer—
micelle interaction term, and a micelle—micelle interaction term)
were introduced and accounted for the slopes of the step-shaped
plot. The cmc indicated the turning point, and finally, an estimate
for the enthalpy of micellization gave the right distance between
the “horizontal” lines before and after the point at which the cmc
had been reached. The fit was only reliable if initial estimates
of the enthalpy of micellization were close to the final value. The
values of the individual variables gave no additional information.

Synthesis. The structure of each surfactant compound was
confirmed by 'H-NMR and 13C-NMR and by elemental analysis.



Thermodynamics of Micellization of Surfactants

N-Alkylglucosylamines. Glucose (10 g, 56 mmol) and 1 mol
equiv of the appropriate alkylamine were stirred in methanol
overnight. The product precipitated from the reaction mixture.
The suspension was heated until it was clear and subsequently
cooled slowly. The white crystals were filtered and washed with
methanol and acetone (to remove unreacted alkylamine). The
yields were 61—79%. The products were crystallized from
methanol (yields 42% (C8), 50% (C10), 68% (C12)). NMR data
indicated that the products comprised the o (about 15%) and /3
anomers (about 85%).

N-Dodecylglucosylamine. 'H-NMR (COSY, CD3;OD, ppm):
alkyl chain 0.89 (t, 3H, 831,11 = 7.0), 1.29 (bs, 18H), 1.47—1.52
(m, 2H), 2.64 (m, Hia), 2.90 (M, Hig), sugar moiety 3.06 (t (dd),
Hg, 33271 = 3\]273 = 8.7), 3.23 (m, H5, 3J575A = 2.3, 3J576|3 = 5.3),
3.28 (t (dd), H4, 3J473 = 3:1475 = 8.7), 3.35 (t (dd), H3, 3\]372 = 3\]375
= 8.7), 3.66 (dd, HGB, ZJGB—GA = 11.7, 3J63—5 = 53), 3.82 (d, H1,
ﬁ product, 3\]172 =8.7 ), 3.83 (dd, HGBv ZJeAfeg = 11.7, 3J5A75 =
2.3),4.48 (d, Hy, a.product, 3J,_, = 4.8), 4.71 (s, 40H). 13C-NMR
(CD30D, ppm): alkyl chain 14.38 (C12), 23.67 (C11), 28.38 (C3),
30.40, 30.64, 30.69, 30.73, 31.13 (C,, C4—Cy), 33.02 (C10), 47.19
(C4), sugar moiety 63.02 (Cg), 71.95, 74.98, 78.90, 78.98 (C,—Cs),
91.89 (C4, S product).

N-Alkyllactosylamines. The N-alkyllactosylamines were
prepared according to a literature procedure.1516.29

N-Alkylamino-1-deoxyglucitols. Glucose (7 g, 39 mmol),
the appropriate alkylamine (2 mol equiv), and 0.75 g of Pd/C
(5%) in ethanol (75 mL) were stirred overnightin a Parr apparatus
under hydrogen pressure (60 bar) at 40 °C. The carbon was filtered
off, and the ethanol was removed by evaporation under reduced
pressure. The white solid was twice crystallized from ethanol
(overall yields 76%). 'H-NMR and 3C-NMR data have been
published elsewhere.3°

N-Alkylamino-1-deoxylactitols. Lactose monohydrate (5g,
13.9 mmol), the appropriate alkylamine (2 mol equiv), and 0.75
g of Pd/C (5%) in ethanol (50 mL) were stirred overnight in a
Parr apparatus under hydrogen pressure (80 bar)3*at 70 °C. The
carbon was filtered off, and the ethanol was removed by
evaporation under reduced presure. The white solid was stirred
in ether to remove excess alkylamine (yields 95%) and then
extracted continuously to remove residual alkylamine (yields
88%).

N-Dodecylamino-1-deoxylactitol. 'H-NMR (CD3;OD,
ppm): alkyl chain 0.89 (t, 3H, 3J1,-1; = 7.0), 1.29 (bs, 14H), 1.53
(m, 2H), 2.54—2.79 (m, 2H), sugar moiety 2.54—2.79 (m, 2H),
3.47-3.89 (m, H3—Hes, HZ'—HG'), 4.02 (m, Hz), 4.44 (d, Hy, 3J1'_2'
=7.3),4.83(s,80H).13C-NMR (CD3OD, ppm): alkyl chain 14.35
(C12), 23.62 (C11), 28.38 (Cs), 30.35, 30.47, 30.60, 30.65, 30.69 (Ca,
C4—Cy), 32.98 (Cy0), 50.81 (C3), sugar moiety 53.87 (C,), 62.73
(Ce), 63.83 (C¢), 70.71, 71.60, 72.83, 72.99, 74.87, 77.15, 82.13
(Cz-s5, C2—5), 105.31 (Cy).

Acylation of the Glucose- and Lactose-Derived Com-
pounds.32 Acetic anhydride or propionic anhydride (1.5 mol
equiv) was added to the alkylated glucose or lactose derivatives
and stirred overnight. The solution was neutralized with Dowex
OH~ andfiltered. The ethanol was removed by evaporation under
reduced pressure. Yields of the crude products ranged from 85%
to 95%. The compounds were purified by crystallization.

N-Acyl-N-alkylglucosylamines were dissolved in a small
amount of acetone, and hexane was added just to the point of
precipitation. The products precipitated from acetone/hexane as
slightly yellow oils. The yellow impurities (not detectable by 1H-
NMR) were also the first to crystallize from acetonitrile. The
clear solution above the yellow oil was decanted and allowed to
crystallize. The products precipitated as white oils/gels which

(29) Erickson, J. G. 3. Am. Chem. Soc. 1955, 77, 2839.

(30) Van Doren, H. A.; Van der Geest, R.; De Ruijter, C. F.; Kellogg,
R. M.; Wynberg, H. Lig. Cryst. 1990, 8, 109.

(31) A pressure of 20—40 bar is sufficient to accomplish complete
hydrogenation.

(32) The recommended nomenclature of carbohydrates (1996) for the
acylated compounds is N-acyl,N-alkyl-3-D-glucopyranosylamines, N-acyl-
N-alkyl-[4-O-(-p-galactopyranosyl)-f-p-glucopyranosyl]amines, N-acyl,
N-alkyl-1-amino-1-deoxy-b-glucitols, and N-acyl,N-alkyl-4-O-(5-p-ga-
lactopyranosyl)-1-amino-1-deoxy-p-glucitols. We chose to use the same
names as those Rico-Lattes gave in her papers (N-acyl-N-alkylgluco-
sylamines, N-acyl-N-alkyllactosylamines, N-acyl,N-alkylamino-1-
deoxyglucitols, and N-acyl,N-alkylamino-1-deoxylactitols).12
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solidified after drying. The glucosylamines were solid but very
hygroscopic, and therefore stock solutions were prepared for this
group of compounds. NMR data indicated that the products exist
exclusively as the g anomers.t”

N-Acyl-N-alkyllactosylamines were crystallized from ethanol
and freezedried. Yields were in the range 51—60%. The products
contain 1 mol of water per mole of compound. NMR data indicated
that the products exist exclusively as the  anomers.t”

N-Acyl-N-alkyl-1-deoxyglucitols were crystallized from etha-
nol/ether (NC2nCg glucitol and NC3nCj. glucitol, yields 78% and
86%, respectively), ethyl acetate (NC,nCo glucitol, yield 60%;
NC3nCip glucitol, yield 84%), ethanol/ether, and subsequently
ethyl acetate (NC2nC;; glucitol, yield 42%) or from acetonitrile
(NC3nCg glucitol, yield 73%).

N-Acyl-N-alkyl-1-deoxylactitols were crystallized once or twice
from methanol/acetonitrile mixtures and yields ranged from 58%
to 76%.

N-Propionyl-N-octylglucosylamine (NC3;nCg glucose).
IH-NMR (CD3OD, ppm): alkyl chain 0.89 (bt, 3H), 1.30 (bs, 10H),
1.61 (m, 2H), both H; fall under the sugar moiety, acyl group
1.11 (2t,3H, 333, =7.3), 2.50 (2q, 2H, 33,3 = 7.3), sugar moiety
3.25—3.89 (m, Hx—Heg, 8H, including 2H; of the alkyl chain), 4.84
(d, Hl, 3\]172 = 8.1), 5.45 (d, H]_, 3\]172 = 88), 491 (S, 4OH) 13C-
NMR (CDsOD, ppm): alkyl chain 14.42 (Cs), 23.67 (C/), 28.18
(Cs), 28.37,29.94, 30.41 (Cy, C4, Cs), 32.98 (Cs), 42.94, 44.82 (Cy),
acyl group 9.82 (Cgs), 27.64 (Cy), 177.68 (C4), sugar moiety 62.93
(Ce), 71.41, 71.98, 79.24, 80.37 (C,—Cs), 84.40, 88.02 (Cy).

N-Acetyl-N-octyllactosylamine (NC;nCg lactose). NMR
data have been published previously.t”

N-Propionyl-N-dodecylamino-1-deoxyglucitol (NC3nCi;
glucitol). Crystallized from ethanol/ether, yield 86%. NMR data
have been published elsewhere.?0

N-Propionyl-N-decylamino-1-deoxylactitol (NC3nCy lac-
titol). *H-NMR (COSY, CD30D, ppm): alkyl chain 0.89 (t, 3H,
8J10-9 = 6.5), 1.29 (bs, 14H), 1.55, 1.60 (2m, 2H), 3.18—3.50 (m,
2H), acyl chain 1.09, 1.12 (2q, 3H, 333> = 7.3), 2.35—2.60 (m,
2H), sugar moiety 3.18—3.50 (m, H3), 3.50—3.68 (m, H3, Hs, H2),
3.68—3.79 (m, He', Hs, Ha'), 3.79—3.97 (M, H4, Hs, Hs), 4.06, 4.08
(2m, Hy), 4.47 (2d, Hy, 331> = 7.8, 3312 = 7.3), 4.89 (s, 8OH).
13C-NMR (HETCOR, CD30D): alkyl chain 14.41 (Cso), 23.67 (Co),
27.84 (C3), 28.05, 28.29, 29.72, 30.41, 30.53, 30.61, 30.64, 30.68,
30.72 (Cy, C4-7), 33.02 (Cs), 47.37, 50.74 (C31), acyl chain 10.01
(Cs), 27.13, 27.37 (Cy), 177.04, 177.25 (C4), sugar moiety 50.79,
51.62 (C1), 62.46 (Cs), 63.61 (Cs), 70.17, 70.25 (Cs), 70.80, 70.87
(C2), 72.00, 72.03 (C4), 72.86 (C3z), 73.09 (Cs), 74.79, 74.81 (Cy),
77.08, 77.11 (C3), 83.25, 83.78 (C4), 105.50, 105.75 (Cy).38

Results and Discussion

In the textbook case, an enthalpogram obtained by a
titration microcalorimeter has a step-shaped plot iden-
tifying two concentration regions where the recorded heats
per mole of injected surfactant are almost constant.3* In
the low-concentration region, the recorded heats are due
to deaggregation and dilution of the monomers. The
surfactant concentration in the sample cell is below the
cmc, and the micelles of the injected aliquots deaggregate.
A large change in the recorded heat (an increase or
decrease) over a small concentration range indicates that
the cmc in the sample cell has been exceeded. Upon further
additions of aliquots, the micelles in the injected micellar
solution do not deaggregate and the recorded heat in the
high-concentration region is attributed to dilution of
micelles. The enthalpy of micellization is the difference
in recorded heat per mole of injected surfactant between
the two horizontal parts of the step-shaped curve. The
cmc is obtained from a van Os plot of the cumulative heats
per mole of injected surfactant versus concentration of

(33) The signals for the acetyl groups are positioned as follows. 1H-
NMR (CD3OD): 2.11, 2.16 (2s, 3H). 13C-NMR (CD3;OD): 21.34, 21.93
(Cy), 173.93, 174.21 (Cy).

(34) Bijma, K. Surfactant Structure and Thermodynamics of Micelle
Formation. Ph.D. Thesis, Groningen, The Netherlands, 1995.
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Table 1. Critical Micelle Concentrations and Thermodynamic Parameters of Micellization of Carbohydrate-Derived
Surfactants at 40 °C

compound cmc (mM) AmicH®(exp) (kJ mol—1) AmicH®(calc) (kJ mol~1) AnmicG° (kJ mol™1) TAmicS°® (kJ mol~1)
NC2nCsg glucose 21 +2a +1.4 —20.5 21.9
NC2nCjp glucose 29 -3.0 —-29 —25.6 22.7
NC,nC;, glucose 0.26 7.7 -75 -31.9 24.4
NC3nCg glucose 20 ~+2.7 +3.4 —20.6 24.0
NC3nCjo glucose 1.8 —-1.3 —-1.3 —26.9 25.6
NC3nCj; glucose 0.19 —5.4 —5.7 —32.8 27.1
NC2nCsg glucitol 21 > +0.9 +1.7 -20.5 22.2
NC2nCp glucitol 2.0 —2.6 —-2.5 —26.6 24.1
NC2nC; glucitol 0.18 -7.2 -7.0 —-32.9 26.0
NC3nCsg glucitol 13 > +2.6 +3.0 —-21.8 24.7
NC3nCyp glucitol 1.2 -1.9 —-1.8 —-27.9 26.1
NC3nCi2 glucitol 0.11 -7.2 -7.2 —34.3 27.1
NC,nCg lactose 35 +2.0 +4.3 —19.2 23.5
NC2nCyg lactose 4.6 —-1.4 —-1.2 —24.4 23.2
NC,nC;; lactose 0.45 —5.3 —5.3 —30.5 25.2
NC;3nCg lactose 24 +5.0 +7.5 —20.1 27.6
NC3nCyo lactose 2.6 +0.1 0 —-25.9 25.9
NC3nC, lactose 0.31 —-4.1 -4.0 -31.5 27.5
NC,nCg lactitol 24 > +1.1 +2.3 —20.2 22.5
NC,nCg lactitol 3.3 -19 -1.9 —-25.3 235
NC,nC;; lactitol 0.31 —6.6 —-6.5 —-31.5 25.0
NC3nCg lactitol 18 > +2.3 +2.9 —20.8 23.7
NC3nCyp lactitol 1.8 -1.5 -1.4 —26.9 25.5
NC3nC;; lactitol 0.16 —6.1 —6.2 —-33.1 26.9

a AmicH® is endothermic but could not be determined accurately experimentally, due to the strongly nonideal enthalpogram.

surfactant in the sample cell (Figure 2c).82728 The
thermodynamic data are summarized in Table 1.

Critical Micelle Concentrations. The critical micelle
concentrations have the same order of magnitude as
generally shown by nonionic surfactants. A number of
trends can be identified. The cmc’s decrease by a factor
of 10 when the alkyl chain is increased by two methylene
groups. This 10-fold decrease in cmc is also shown by
polyethoxylated surfactants,® N-alkanoyl-N-methyl glu-
conamides,3® and other nonionic surfactants.37:38

The propionylated surfactants have lower cmc’'s than
their acetylated counterparts, which is accounted for by
the larger hydrophobic contents of these surfactants.
Addition of a methylene group in the short acyl chain,
however, has a smaller effect (factor 1.5—2) on the cmc
than the addition of a methylene group in the long alkyl
chain (factor (10v?)).

Generally speaking, the length of the alkyl chain
determines the order of magnitude of the cmc. The
headgroup size (monosaccharide versus disaccharide),
shape (cyclic, acyclic, or a combination) as well as the
configuration of the hydroxyl groups have only a small
influence on the cmc. Table 1 shows that, in our case, the
nature of the headgroup influences the cmc within the
order of magnitude determined by the chain length.39:4°

The glucose-derived surfactants have lower cmc’s than
the lactose-derived surfactants, also due to the smaller
hydrophilic headgroup and the consequently relatively
larger hydrophobic part. Surfactants with a reduced
saccharide headgroup have smaller cmc’s than those with
anintact cyclic structure. Probably, the (hydrated) alditol

(35) Van Os, N. M.; Haak, J. R.; Rupert, L. A. M. In Physico-chemical
Properties of Selected Anionic, Cationic and Nonionic Surfactants;
Elsevier: Amsterdam,The Netherlands, 1993.

(36) Okawauchi, M.; Hagio, M.; Ikawa, Y.; Sugihara, G.; Murata, Y.;
Tanaka, M. Bull. Chem. Soc. Jpn. 1987, 60, 2718.

(37) Kratzat, K.; Finkelmann, H. Langmuir 1996, 12, 1765.

(38) Hayes, M. E.; EI-Emary, M.; Schechter, R. S.; Wade, W. H. J.
Dispersion Sci. Technol. 1980, 1, 297.

(39) Straathof, A. J. J. Carbohydrates in The Netherlands 1988, 4,
27

.(40) Van Doren, H. A. In Starch 96, The Book; van Doren, H. A., van
Swaaij, A. C., Eds.; The Carbohydrate Research Foundation, Zestec:
The Hague, The Netherlands, 1997; p 123.

headgroup is smaller, but volumes of appropriate hydrated
carbohydrate-derived headgroups are not known.

Enthalpies of Micellization. Standard enthalpies of
micellization were directly obtained (vide supra) from the
enthalpograms (Table 1, AnicH°(exp)). Derivatives with a
decyl or dodecyl chain produced enthalpograms conform-
ing to the textbook case, in which the heats per mole of
injected surfactant were constant over the two ranges,
above and below the cmc in the sample cell. But for octyl
chain analogs there was a slow increase in the injected
heats in the premicellar region. This slope is accounted
for in terms of nonideal thermodynamic properties of the
solutions in both the syringe and the sample cell and
reflects micelle—micelle, monomer—monomer, and mono-
mer—micelle interactions.?3441 This feature was especially
pronounced for the Cg surfactants because, as a conse-
quence of the high cmc, the concentration of surfactant in
the syringe is high.

These enthalpograms were fitted using an iterative
procedure incorporated into a Turbo-Basic program. The
equations describing deaggregation of the micelles took
account of the nonideal properties of the solution in both
sample cell and injected aliquots using enthalpic pairwise
interaction parameters involving micelles and monomers
in the aqueous solutions. The aggregation number for the
micelles was set at 50.121° The enthalpies of micellization
obtained via the program did not depend on the aggrega-
tion number. The remaining variable was the standard
enthalpy of micelle formation. Satisfactory fits were
obtained between calculated and observed enthalpograms.
The calculation and method were supported by the results
which produced enthalpies of micelle formation which
conformed to the pattern observed for the Cyo and Cj,
surfactants.

Parts a and b of Figure 3 show the experimental and
fitted enthalpograms of NC,nCsg glucitol and NC,nCj;
lactitol. Enthalpies obtained using the computer program
are listed in Table 1. There are two contributions to

(41) Bijma, K.; Engberts, J. B. F. N.; Blandamer, M. J.; Cullis, P. M.;
Last, K. D.; Irlam, L. G.; Soldi, L. G. J. Chem. Soc., Faraday Trans,
1997, 93, 1579.
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Figure 3. Experimental and fitted enthalpograms of (a)
NC2nCs glucitol and (b) NC2nC;; lactitol.

AmicH®: (i) an endothermic contribution from the head-
groups and (ii) an exothermic contribution from the alkyl
chains.®#2744 For alkylpolyglycol ethers the magnitude of
the endothermic contribution of the headgroups depends
on the extent to which water is liberated into the bulk
solvent upon micellization. As the degree of ethoxylation
increases, the hydration and An,;cH® increase correspond-
ingly. Disaccharide derivatives have more hydroxyl groups
and show an increase in An,icH® (that is more endothermic)
relative to their monosaccharide counterparts.

On going from Cg to Cy,, the exothermic contribution of
the alkyl chain increases and the enthalpy of micellization
becomes more favorable. Ani:H® changes from endothermic
to exothermic. It is possible that, for a given surfactant
atacertain temperature, the endothermic contribution of
the headgroup and the exothermic contribution of the
chain cancel out and, consequently, AnicH® equals zero.
The temperature at which AnicH® = 0 may be called the
transition temperature. According to Table 1 NC3nCy,
lactose has a transition temperature of 40 °C. The
transition temperature at which An,icH® changes sign from
positive to negative is lower for the analog with the longer
alkyl chain.®® Therefore it is not surprising that at 40 °C
the analogs with a Cg chain are below and the C;, analogs
are above the transition temperature.®4°
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Table 2. Contributions of a CH; Group to AmicH®, AmicG®,
and TAnicS° at 40 °C for a Series Glucose- and
Lactose-Derived Surfactants

(42) Moroi, Y.; Nishikido, N.; Uehara, H.; Matuura, R. J. Colloid
Interface Sci. 1975, 50, 254.

(43) Corkill, J. M.; Goodman, J. F.; Tate, J. R. Hydrogen-Bonded
Solvent Syst., Proc. Symp. 1968, 181.

(44) Mehrian, T.; de Keizer, A,; Korteweg, A. J.; Lyklema, J. Colloids
Surf., A 1993, 71, 255.

(45) Fisicaro, E.; Barbieri, M.; Pelizzetti, E.; Savarino, P. J. Chem.
Soc., Faraday Trans. 1991, 87, 2983.

(46) Bijma, K.; Engberts, J. B. F. N.; Haandrikman, G.; Van Os, N.
M.; Blandamer, M. J.; Butt, M. D.; Cullis, P. M. Langmuir 1994, 10,
2578.

AmicH® per AmicG® per TAmicS°® per
compound CH; (kJ mol1) CH, (kJ mol~1) CH, (kJ mol~1)

NC2nC,, glucose —-2.2 —2.9% 0.6*
NC;3nC,, glucose —-2.3 -31 0.8
NC2nC,, glucitol —-2.2 -3.1 0.9
NC3nC,, glucitol -2.5 -3.1 0.6*
NC2nCh lactose —2.4% -2.8 0.4*
NCsnC,, lactose —2.8* —-2.8 b
NC2nC,, lactitol —-2.2 —-2.8 0.6
NC3nC,, lactitol —-2.3 -3.1 0.8

2 The regression constants exceed 0.999, except for the results
marked with * (0.98—0.99) and * (0.83). ® The value of TAmiS° for
NC3nCsg lactose does not conform to the general trend. Therefore,
TAmicS° per CH; for this series could not be calculated.

The contribution of each methylene group to the
enthalpy of micellization for each series, AmicH°(CH,), is
approximately —2.4 kJ mol~* (Table 2). This patternis in
good agreement with increments reported for other
surfactants.36:4446-48 |n our case, the AnicH°(CH,) values
are self-consistent and do not show large deviations from
the average value.

Gibbs Energy and Entropy of Micellization. All
estimates of An,iG° are negative and increase with
increasing chain length. The contribution of each CH,
group to ApmicG® is —3.0 kJ mol~1.5:86:37.434448-52 Thjs js
slightly lower than the standard Gibbs energy of transfer
per CH,; of n-alkanes from water to pure liquid, because
the environment of a given CH; group in the interior of
a micelle differs from that in the pure liquid.>75354

The entropy terms (TAmicS°) are positive and increase
with increasing chain length. Estimates of TAy,;S° are
large compared with those for ionic surfactants. The
hydrophobic hydration of alkyl chains belonging to ionic
surfactants is probably less than that for nonionic sur-
factants, due to the strongly hydrated headgroups of the
anionic surfactants. Consequently, the amount of entropy
gained upon micellization is less for the anionic surfac-
tants.®"° TAn,;S° per CH,is 0.7 kd mol~. The maindriving
force of micellization at 40 °C is provided by the entropy
term supported in some cases by an exothermic enthalpy
term.

Variations in the Carbohydrate-Derived Surfac-
tants and Their Influence on the Standard Gibbs
Energies. When the length of the alkyl chain is increased,
the standard Gibbs energy of micellization becomes more
favorable by 3.0 kJ mol~ per CH,. Surprisingly, this is
mainly due to the decrease in enthalpy of micelle forma-
tion. Thus, although An;S° is the driving force for the
micelle formation by surfactants with short chain lengths,
the enthalpy change predominates for CH, increments as
the length of the chain is increased. This pattern has also
been observed for other surfactants and alcohols with long

(47) Rozycka-Roszak, B.; Fisicaro, E. J. Colloid Interface Sci. 1993,
159, 335.

(48) Corkill, J. M.; Goodman, J. F.; Tate, J. R. Trans. Faraday Soc.
1964, 60, 996.

(49) Andersson, B.; Olofsson, G. J. Chem. Soc., Faraday Trans. 1
1988, 84, 4087.

(50) Zajac, J.; Chorro, C.; Lindheimer, M.; Partyka, S. Langmuir
1997, 13, 1486.

(51) Sokolowski, A.; Burczyk, B.; Beger, J. Abh. Akad. Wiss. DDR,
Abt. Math., Naturwiss., Tech. 1986, 1N, 419; Chem. Abstr. 1988, 108,
2066995.

(52) Boullanger, P.; Chevalier, Y. Langmuir 1996, 12, 1771.

(53) Némethy, G.; Scheraga, H. A. J. Chem. Phys. 1962, 36, 3401.

(54) Nelson, H. D.; De Ligny, C. L. Recl. Trav. Chim. Pays-Bas 1968,
87, 528.
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chains and is accounted for by a degree of backfolding of
the chains.”

Changing the acyl group from acetyl to propionyl leads
toamore favorable standard Gibbs energy of micellization.
This pattern is dominated by the entropy change and is
accounted for by the increase in the hydrophobic character
of the surfactant. Consequently, the hydrophobic hydra-
tion shell is larger and more entropy is gained when the
monomers aggregate to form micelles. The CH, of the
propionyl group is too small to give the effect of backfolding.

As mentioned earlier, a lactose-derived headgroup is
less favorable for micelle formation compared to a glucose-
derived headgroup. An increase in the number of hydroxyl
groups increases the endothermic contribution to the
enthalpy of micellization and renders the change in Gibbs
energy less favorable.

An alditol headgroup is more favorable for micelle
formation than an aldose headgroup. This pattern is

Pestman et al.

mainly caused by the changes in the enthalpy term and
indicates that the hydration layers of the reduced car-
bohydrates are smaller.

Consequently, NC3nC,, glucitol exhibits the most
favorable standard Gibbs energy of micellization.

Conclusions

The cmc’s and enthalpies of micellization have been
determined for a series of nonionic carbohydrate-derived
surfactants using microcalorimetry. Estimates of AnicH®
lead to several interesting and self-consistent patterns.
The accompanying AnmicG° and TAnS° parameters are
reported. Considerable insight is gained into the relation-
ship between the structure of the surfactant and its
thermodynamic variables describing aggregation.
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