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Solution properties of octyl-f-D-glucoside.
Part 2: Thermodynamics of micelle formation
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Abstract: Solution properties of octyl-f-D-glucoside have been examined in
a wide temperature and concentration range, by means of freezing point
depression, volumetric and calorimetric methods. Partial molal quantities and
the variations consequent to micellization have been evaluated and discussed.
Strong support to the hypothesis of a growth of the micellar aggregates was
inferred from heat capacity findings.
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Introduction

Solvent properties of alkylglucosides with re-
spect to naturally occurring lipids have been the
subject of many investigations [1-3]. Among
nonionic surfactants used for biochemical pur-
poses, their critical micelle concentrations
(CMCs) are reproducible with appreciable accu-
racy, and they do not show head group polydis-
persity effects [4] or consolute phenomena [5]. In
addition, their denaturant effect with respect to
membrane proteins is mild and reversible [67.

A noticeable amount of experimental investiga-
tion on their biochemical uses is available, but
information on physico-chemical properties is
poor. Although some efforts have been made to
investigate surface active properties [7-9], as well
as micelle size and shape [10-12], not much is
known about their thermodynamic properties,
with the partial exception of volumetric investiga-
tion [12, 13].

We report here a systematic study on activity,
calorimetric and volumetric data for octyl-f-D-
glucoside. The volumetric findings reported here
span a temperature and concentration range wider
than the previously reported one and examine in
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deeper detail the behavior close to the CMC. The
thermodynamic aspects inferred from the present
investigation point to the occurrence of interest-
ing peculiarities, due to the combined effect of
hydrophobic and head group contributions to
micelle formation.

Experimental

Materials

Octyl-f-D-glucoside, OG, Calbiochem, is as in
previous studies [12]. Water was bidistilled, de-
ionized and degassed: its conductivity is close to
1077 ohm ™! ecm %, at 25°C. The solutions were
prepared by weight and left to equilibrate over-
night at room temperature, before each set of
measurements.

Methods

Freezing point depression, 47, and density, p,
were determined by Knauer and A. Paar instru-
ments, respectively. Details on the apparatus set-
up and on the measuring procedures have been
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previously reported [14]. The accuracy on AT is
to +1-1073°C, whereas densities are to within
+3-10"%gem 3.

Calorimetric investigations were run by 2107
LKB isothermal batch apparatus of the heat con-
duction type [15], equipped with gold vessels,
a cooling circulator, LKB 2209, a control unit,
LKB 2107-350, and a potentiometric recorder,
LKB 2210, working at the required temperature;
details on the apparatus set-up and on the
measuring procedures are reported elsewhere

[16]. The calorimetric accuracy has been tested .

by measuring the heat of dilution for sucrose [17].
The maximum uncertainty on integral enthalpies
of dilution, 4H; 4, is to within +1.0% and de-
creases in direct proportion with molality, m.

Results

Colligative properties

The osmotic coefficients, @, were calculated ac-
cording to [18]:

& = [0.1278 AT/m]
x (4207 + 2.10-10734T) , (1)

where m is the surfactant molality. They are re-
ported in Table 1. Each datum is the mean value
obtained by five independent determinations. Ac-
tivity coefficients, y, were calculated according
to [19]

Iny=(@ - 1)[1 +A/M°) | dm/m], (2)

where M° is the solvent molecular weight. The
integral was calculated by introducing a lower

Table 1. The OG osmotic coefficients, @, as a function of
surfactant molality, m, as inferred from freezing point
depression data

10° m < 10° m P

6.1 0.9913 83.1 0.4598

9.4 - 1.0202 119.8 0.3215
15.2 1.0102 164.5 0.2367
20.0 1.0011 206.3 0.1927
275 0.9898 2529 0.1571
36.4 0.9075 270.8 0.1480
48.8 0.7594 3163 0.1287
614 0.6172 3843 0.107

04

Fig. 1. Activity coefficients, y, in logarithmic scale, inferred
by freezing point depression, vs OG molality, m

limit, m°®=5-10"*molal, in the integrand
function. Values obtained by Eq. (2) are self-
consistent, even if their absolute value can be
systematically different from the true ones. This
fact, perhaps, is not relevant to the thermodyn-
amic analysis.

The function Iny vs m is reported in Fig. 1.

The activity coefficients can be higher than
unity at concentrations lower than the CMC: this
feature is not unusual and can be ascribed to
hydrophobic solvation of molecularly disperse
solutes [20-22]. Ionization effects and the pres-
ence of impurities can be ruled out.

Above the CMC, the activity coefficients sharply
decrease on increasing m.

Volumetric properties

Apparent molal volumes, @,, reported in
Table 2, were calculated from experimental den-
sity findings according to:

@, = (1/p}[MW — 10°(p — p®)/p°m],  (3)

where p and p° are the solution and solvent den-
sities, respectively, and MW is the solute molecu-
lar weight. The accuracy on apparent molal
volumes is inversely proportional to the concen-
tration, and values at concentrations lower than
5-1073 molal were not reported, since the experi-
mental uncertainty is higher than 2 cm®mol L
A typical plot of apparent, and partial, molal vol-
umes versus surfactant molality is reported in
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Table 2. Apparent molal volumes, @,, (cm® mol~1), of OG at 15°, 25° and 30°C

15°C 25°C 30°C
103 m @, 103 m D, 103 m @,
9.08 2434 (+1.3) 9.84 245.7 5.185 247.3 (2.0
1517 2432 14.68 2452 (+1.0) 7.525 246.8
20.13 243.2 20.17 245.6 112 246.6 (+1.0)
24.93 243.6 24.05 246.5 ( +0.7) 14.52 245.6
31.33 2443 ( £0.5) 30.81 248.0 18.8 246.0 (+0.7)
39.93 2459 3550 - 248.9 20.69 2470
73.9 248.8 42.18 250.1 26.44 247.7
100.5 250.1 50.09 250.5 32.07 2489 (+0.3)
131.7 250.9 (+0.2) 58.57 251.5 41.2 2504
154.7 2513 97.88 254.2 68.22 252.5(+0.2)
317.8 2525 237.75 255.0 102.71 254.1
340.2 252.6 282.77 255.3 207.7 255.9
32593 255.5 269.69 256.2( +0.1)
396.68 255.6 334.15 256.5
Values in brackets indicate the uncertainty on apparent molal volumes at a given composition
256 4.0 1
o
252- €
e, 2.0 1
2481
244 y
o 0.2 0.4 0.0 v T y
0 01 03
m

Fig. 2. Apparent molal volumes, ®,, {cm® mol '), and par-
tial molal volumes, V,, dotted line, as a function of OG
molality, at 15°C. The volume change upon micelle forma-
tion, AV, is indicated by a bar

Fig. 2. Partial molal volumes, ¥,, were calculated
according to

V, = [0(m®,)/0m]1p . )

The volume change upon micellization, 4V,
inferred by the steep discontinuity in ¥, values at
the CMC, is nearly constant, or slightly decreases
on increasing the temperature. Its value is notice-
ably sensitive to the data fitting: in the premicellar
region, the difference between volumes calculated

Fig. 3. Apparent molal expansibilities, 10°®,, (cm® mol™*
K1), as a function of surfactant molality, m, in the range
15-25°C

by assuming a linear, or quadratic, composition
dependence of ¥, values can be as high as 7 cm?,
The ¥V, values approach the corresponding @,
ones at high concentrations.

Apparent molal expansibilities, ., were cal-
culated by deriving the apparent molal volumes
with respect to 7. Were CMCs independent of
temperature, a saw-tooth function should be ob-
served: the reported trend, Fig. 3, indicates the
occurrence of relaxation displacement contribu-
tions, which are related to the thermal shift of
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Table 3. Integral enthalpies of dilution, 4H; 4 (Joules mol™1)
and OG molality before and after dilution, m; and m;, res-
pectively

Table 4. The A4, and By, coeflicients of Eq. (6), for data in the
premicellar region of OG, at 25 and 30°C

T AL BL
25°C 30°C CC) (mol?’Kg™1) (T mol*Kg™Y)
AHi d 10° w 103 my AHi,d 103 n; 103 Wi 25 —1.351-10° 3.668- 106
’ 30 —2.702-10° 1.104- 107
—88.98 22.08 11.00 —1946  20.80 10.38 :

—1964  24.05 11.98 —756.8 2733 13.62

—5299  30.81 15.34 —9235 28.86 14.38

—8931 3182 1584 1277 3120 1554 Apparent molal enthalpies at concentrations
—1029 35.50 17.66  —3408 56.24 2791 hisher than the CMC btained b best-fit
—2247 4446 2216 —2725 6297 3122 ugher than the were oblained by a besi-
—2872 5857  29.04 —2630 6422 3184 procedure based on a combined use of experi-
—2348 6423 3182 —1683 7409 3665 mental AH; 4 and calculated @, values, relative to
—2200 8341 4122 1305 11434 5628  both premicellar and micellar regions, up to con-
—2016 9032 4459 —1100 15154 74.09 vergence. The trend of partial molal enthalpies,
—1128 130.88 6423  —1058 163.82 81.57 L. —(o[® 2 11 as the related

9497 18547 9031 —1015 17731 8412 L2 =(0[PLm]/ m)T,POaS well as the related appar-

9069 23775 11492  —9435 19413 9115 ent molal ones, at 30°C, is reported in Fig. 4.

—813.1 28277 13582  —7987 21362 103.61 Heat capacities, 4C, were obtained from the

—717.1 32593 15559 —6918 25119 12130  partial molal enthalpies, according to the relation

—523.7 33507 159.72 [25]
—344.6 45560 213.62

The maximum uncertainty on AH, 4is +1%, on concentra-
tions +0.3%.

CMC s [23]. In nonionic surfactant solutions the
relaxational contribution to @ should be regularly
dependent on temperature, provided this is far
from the consolute boundaries.

Calorimetric properties

Integral enthalpies of dilution, AH; 4, are re-
ported in Table 3. In the premicellar region they
were fitted according to [24]:

AHi,d = (PL,f - @L,i
= (m; — my)[ Ay, + By(m;

where @; ; and @; ; indicate the apparent molal
enthalpies at m; and m;, respectively, and 4; and
By are proper constants, which depend on tem-
perature. Such constants are reported in Table 4.
Higher terms in the power series equation are
immaterial and were omitted. The resulting accu-
racy on fitting is to +1.5%.

AC = AL, /AT . (6)

The heat capacities *)in Eq. (6) were calculated
by assuming linearity in the function C,(T) [26].
In the premicellar region, combination of Egs. (5)
and (6) gives:

AC = [(mg — m;)/AT] [(Ar,1 — AL 19)
+ (By,1- — By, ro)(m¢ + my)] , (7)

where the superscripts indicate different temper-
atures. Above the CMC, heat capacities were cal-
culated by iterative use of analytical and graphical
methods up to convergence. The best fit of the AC
function is reported in Fig. 5. AC values exhibit
a steep maximum in close proximity of the CMC
and a significant positive slope at higher concen-
trations, which goes parallel to the trend of spe-
cific heats observed in some selected surfactant
systems [25-27]. When enthalpic contributions to
micelle formation are null, AC,,;. can be obtained
by extrapolation to the CMC of AC values rela-
tive to premicellar and micellar regions, respec-
tively. When AH,;. is + 0, heat capacities go
through a steep maximum at the CMC and the
aforementioned data fitting procedure no longer
holds [25b].

*) The partial molal heat capacity is the limit of the function in Eq. (6), when AT ~ 0. For thermodynamic consistency, we

define AC values in terms of unspecified head capacities
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' Fig. 4. Partial molal enthalpies, L, (Joules-
mol~ 1Y), and apparent molal ones, @y, vs OG
molality, at 30°C
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Fig. 5. Molal heat capacities, AC, (Joulesmol 'K ™Y), as
a function of OG molality, m, at 27.5°C

Nonideal partial molal entropies, S%, were cal-
culated according to
S%=(L,—G3)/T, ®)

where G% = RT Iny is the Gibbs energy. The
temperature dependence of y values in Eq. (8) was
calculated according to classical procedures [28].
The S%(m) function is reported in Fig. 6.

Discussion

Thermodynamic properties of association col-
loids have been widely investigated, particular

-25 v —
0 01 02

m

Fig. 6. Nonideal entropies, S%, (Joules mol ™! deg ™), vs. sur-
factant molality, at 25 and 30 °C. The latter function is shifted
10 J/(K mol) units downward

interest being focused on enthalpies of dilution
and apparent molal volumes of medium chain
ionic surfactants. Recently, studies on selected
nonionic surfactants, as octyltetraoxyethylene
glycols [29], alkyldimethylamine oxides [23], and
alkylsulphobetaines [24] have been reported too.

Some thermodynamic properties for micelle
formation of OG are reported in Table 5. They
refer to different temperatures and contain in-
formation on the forces controlling the process.
CMCs decrease on increasing 7. Even if CMC
data in Table 5 refer to values obtained by differ-
ent methods and some discrepancies between
them can be observed [30], the errors are not
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Table 5. The critical micellar concentration of OG, CMC, the volume change upon micelle formation, 4V, the enthalpy of
micelle formation, AH,,, the heat capacity change, 4C,,., and the expansibility change, AP, ., consequent to micelle

formation

T 103 CMC A Vmica AHmic Acmic A¢e,mic

(°C) (mol K1) {cm®mol ™?) (kJmol™ ) (Imol K™Y {em®mol "1 K1)
0 39b) (11.9) - - -

15 30 99+ 15 - — -

25¢ 24 85+ 1.5 64405 - 0.16 + 0.05

27.5 23) 8.0) 6.2) 480 + 30 (0.15)*)

30¢ 21 75+ 12 6.0+ 05 - 0.13 4 0.03

*) Data obtained by interpolation

?) Obtained by iterative use of Eq. (8), up to convergence
%) From freezing point depression

°) CMC values obtained from partial molal volumes

large and the trend of CMCs versus T is as ex-
pected. The different thermodynamic functions
shall be discussed separately.

Volumetric and expansibility findings

For reasons discussed above, the volume
change upon micelle formation, 4V, is subject
to large uncertainties. The accuracy is dependent
on the behavior of @.’s below and above the
CMC, respectively, and an attempt to define
AV 1n proper terms is model dependent (see
Experimental section).

Comparison between experimental and cal-
culated 4V, data can be made by using apparent
molal expansibilities, ®.. They were rationalized
by assuming that the apparent molal volumes
above the CMC are due to a mass averaged con-
tribution due to molecularly disperse and micellar
surfactant, respectively. Taking into account the
thermal shift of either CMCs and AH ., the vol-
ume change can be obtained (see the Appendix),
according to:

®, = (0V,,/0T) + (CMC*/m)
X [(0V1/0T) — (0Vy/oT)
+ AH:X:ucA Vmic/RTz] H (9)

where CMC* and AH¥,_ are the critical micellar
concentration and the enthalpy of micelle forma-
tion at a temperature 7%, V| and V,, the partial
molal volumes of molecular and micellar surfac-

tant, respectively. AV = V3 — V9, is the vol-
ume change upon micelle formation *).

&, values in Eq. (9) are modulated from either
enthalpic and volumetric contributions and
proper combination of their experimental and
computed values allows to get the volume changes
for micelle formation, A4V,,;., reported in Table 5.
They are comparable with those for other octyl
chain surfactants [23, 24].

Use of apparent molal volumes to estimate
number average micelle aggregation numbers,
{ny, discussed elsewhere [12], gives values close
to 40 monomers of OG per micelle. These are not
very far from those inferred from colligative prop-
erties, see below.

Enthalpic behavior

Apparent and partial molal enthalpies give pos-
itive AH ;. values, Table 5. At 25°C, AH,,;, is
between that of the homologous sulfobetaine [24]
and that of octyl tetraoxyethylene glycol [29].
Calorimetric investigation on octylthioglucoside
micelle formation supports the aforementioned
trend [31].

The glucosidic head group controls, to a minor
extent, the enthalpic contribution to micelle
formation, which is mainly ascribed to interac-
tions of the hydrophobic groups with water [32].
To evaluate the head group contribution to
AHy,;., we remind that the enthalpy of transfer
from water to a micellar environment is close to

*) 4V n Eq. (9), the volume change upon micelle formation at m = 0, is generally different from the value calculated at
the CMC. When V| = VT + A, m, the difference between the two values is 4,CMC
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500 Jmol™! per methylene unit [33]. The
enthalpy change for partial disruption of the
glucoside solvation shell, released during the
micellization process, results to be positive. Its
estimated contribution to AH,;. results to be
about 2 KImol™ !, close in modulus to the gluco-
side standard solvation enthalpy, AHZ2,, [34, 35].

Heat capacities

In Fig. 6 is reported the heat capacity trend.
Due to the small temperature difference between
the two sets of measurements, we assumed a linear
dependence of C,s on T, which allows us to make
use of Eq. (6). The change in heat capacity at the
CMC is about 500 JK 'mol™!, in agreement
with findings relative to the partial molal capaci-
ties values, C,, of nonionic octyl chain surfactants
[23,291].

Should micelle-micelle interactions become
more and more pronounced on increasing C,.
~C — CMC, as a consequence of changes in the
aggregate shape, the system free energy should
decrease further. This feature should be concomi-
tant to variations in the C,(m) function, which,
being a second derivate with respect to the Gibbs
energy, is extremely sensitive to fine changes in the
solution structure. '

Quirion and Desnoyers found that the function
C,(m) in the system water-cetyltrimethylam-
monium bromide-butoxyethanol [36] increases
above the CMC. In addition, Kameyama [11]
and some of us [12] observed that OG micelles
become progressively anisometric on increasing
the amount of surfactant in micellar form. Thus,
changes in heat capacities at moderately high
surfactant content are presumably related to
small and continuous changes in micelle size and
shape. The concentration at which micellar
growth becomes effective is assumed to be the
minimum point of the function, (04C(m)/d(m)) = O,
Fig. 5.

Activity coefficients

The activity coeflicients of surfactant molecules
drastically decrease at concentrations above the
CMC and level off at high concentrations. Such
decay has been rationalized by assuming micelle
formation to be a chemical equilibrium between
molecular and micellar surfactant, characterized

by an equilibrium constant, K ;.. The basic re-
quirement of the equilibrium model, developed
independently by several authors [14, 21-23], is
the monodispersity constraint, according to
which only monomers and micelles containing
n surfactant units do exist. It is possible to get
number average aggregation numbers by plotting
the data according to [14]:

In Kmic + nln CT [(')))mic - (V)ﬂ
=m—DIn)miec + InCr(y), (10)

which has been derived from the Gibbs energy of
micelle formation, calculated according to the
mass action law:

AGglic,n = —(RT/TI) 1nI{mic . (11)

The aggregation numbers obtained in this way
are in the range 30—40, which is quite low com-
pared to values inferred from ultracentrifugation
and/or light-scattering methods [10, 11]. We re-
mind, however, that numbers obtained by
Egs. (10, 11) are number average values, whereas
those from ultracentrifugation and light-scatter-
ing are related to z-average and weight average
values, respectively.

Appendix

In a two-site approximation, the apparent
molal volume of the surfactant molecule can be
defined as:

@v:aV?+(1_a)Vr?17

where V9 is the limiting apparent molal volume in
molecular form, « is the ratio between molecular
and overall surfactant molality, and V' the ap-
parent molal volume of micellar surfactant. When
the surfactant conient exceeds the CMC, the con-
centration of molecular surfactant can be rewritten
as:

o = (CMC/m) = (1/m)exp(4G2;./RT) .

Taking into account the effect of temperature
on CMC and &, and rewriting 4G2;, in terms of
its enthalpic and entropic contributions, the ex-
pansibility for data above the CMC becomes:

&, = (0V,,/0T) + (CMC*/m)[(0V1/0T)
- (5Vm/aT) -+ AHrTxicAVmic/RTZJ
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where CMC*, AV,,. and AHZX, are values at
a given temperature.

Acknowledgements

MURST, the Italian Ministry for University and Scientific
Research, is gratefully acknowledged for financial support.

The authors wish to thank an anonymous Referee for in-
formation on micelle formation of octylthioglucoside, ref. [31].

References

1. Brouillette CG, Segrest JP, Ng TC, Jones JL (1982)
Biochemistry 21:4749
2. a. Ollivon M, Eidelman O, Blumenthal R, Walter A
(1988) Biochemistry 27:1695; b. Eidelman O, Blumen-
thal R, Walter A (1988) Biochemistry 27:2839
3. Miguel MdG, Eidelman O, Ollivon M, Walter A (1989)
Biochemistry 28:8921
. Jones MN (1992) Chem Soc Rev 21:127
. Corti M, De Giorgio V (1980) Phys Rev Lett 45:1045
. a. Stubb GW, Litman BJ (1978) Biochemistry 17:215;
b. Wasylewski Z, Kozik A (1979) Eur J Biochem 95:121
7. Shinoda K, Yamanaka T, Kinoshita K {1959) Bull Chem
Soc Jap 63:648
8. Hutchinson E, Sheaffer VE, Tokiwa F (1964) J Phys
Chem 68:2818
9. Drummond CJ, Wan GG, Grieser F, Ninham BW,
Evans DFJ (1985) J Phys Chem 89:2103
10. Roxby RW, Mills BP (1990) J Phys Chem 94:456
11. Kameyama K, Takagi T (1990) J Colloid Interface Sci
137:1
12. La Mesa C, Bonicontro A, Sesta B Colloid Polym Sci, (in
press)
13. Brown JM, Dubreuil P, Ichhaporia FM, Desnoyers JE
(1970) Can J Chem 48:2525
14. La Mesa C, Sesta B (1987) J Phys Chem 91:1450
15. Monk P, Wadso I (1968) Acta Chem Scand 22:1942
16. Antonelli ML, Carunchio V, Luciani M (1991) Ann Chim
(Rome) 81:615
17. Wadso I (1968) Acta Chem Scand 22:927
18. Desnoyers JE (1979) In: Pytkowicz RM (ed) Activity
Coeflicients in Flectrolyte Solutions. CRC Press, Boca
Raton
19. Rajagopalan N, Vadnere M, Lindenbaum S (1981)
J Solution Chem 10:785
20. Elworthy PH, Florence AT (1966) Koll Z u Z Polym
208:157

AN s

21.
22.
23.
24.

25.

26.
27.

28.

29.

30.

31

32.
. Corkill JM, Goodman JF, Tate JR (1967) Trans Faraday

34.
35.
36.

Burchfield TE, Wolley EA (1984) J Phys Chem 88:2419
La Mesa C (1990) Colloid Polym Sci 268:732
Desnoyers JE, Caron G, De Lisi R, Roberts D, Roux A,
Perron G (1983) J Phys Chem 87:1397

Sesta B, Bonicelli MG, Ceccaroni GF, La Mesa C (1991)
Langmuir 7:1618

a. Clarke EC, Glew DN (1980) J Chem Soc Faraday
Trans I 76:1911; b. Desnoyers JE, Perron G (1986) In:
Zana R (ed) Surfactant Solutions. New Methods of In-
vestigation, Chap I, M. Dekker, New York

Desnoyers JE, De Lisi R, Perron G (1980) Pure Appl
Chem 52:433

De Lisi R, Ostiguy C, Perron G, Desnoyers JE (1979)
J Colloid Interface Sci 71:147

Pitzer KS, Brewer L (1961) Thermodynamics (Revision
of Lewis GN, Randall M, Thermodynamics, 1st Ed)
Chapt XXV, 2nd Ed, MacGraw-Hill, New York
Andersson B, Olofsson G (1988) J Chem Soc Faraday
Trans 1 84:4087

Critical Micellar Concentration of Aqueous Surfactant
Systems (1971) Mukerjee P, Mysels KJ {eds) NSRDS-
NBS 36, Natl Bur Std, Washington DC

Brackman JC, Van Os NM, Engberts JBFN (1988)
Langmuir 4:1266

Lindenbaum S (1971) T Phys Chem 75:3733

Soc 63:773; (1969) Ibid 65:1742 [The value is estimated
for alkyl chain homologues having more than six carbon
atoms in the chain; in that case the enthalpy of transfer
per methylene unit from water to fluid hydrocarbons is
equal to that of n-alkanes]

Kawaizumi F, Kushida S, Miyahara Y (1981) Bull Chem
Soc Japan 54:2282 .

Barone G, Castronuovo G, Doucas D, Elia V, Mattia CA
(1583} J Phys Chem 87:1931

Quirion F, Desnoyers JE (1987) J Colloid Interface Sci
115:176; See, in particular, Figs. 3a, 3b

Received May 19, 1993;
accepted August 4, 1993

Authors’ address:

Prof. Bianca Sesta
Department of Chemistry
Universitd “La Sapienza”
P. le Aldo Moro 5
00185 Rome, Italy



