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Many ionic liquids and low molecular weight polar solvents have been reported to support amphiphile
self-assembly, with most of these reported for the first time in the last decade. This phenomenon is
attributed to the solvophobic effect (analogous to the hydrophobic effect in water). However, to date
there has been no systematic study which evaluates micelle formation in a large library of non-aqueous
solvents. Here we investigate micelle formation of a non-ionic amphiphile, hexa-ethyleneglycol mono
n-dodecyl ether, Ci;Eq, in a diverse range of molecular solvents and protic ionic liquids (PILs). Nine of

Received 17th May 2016, the 19 non-aqueous molecular solvents investigated, and all four of the PILs, were found to support

Accepted 8th August 2016 micelle formation. A link was investigated between the solvent cohesive energy density (as estimated

DOI: 10.1039/c6cp03332f using the Gordon parameter) and both the critical micelle concentration and the related free energy of
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Introduction

The tendency of surfactants to aggregate in water, widely known
as the hydrophobic effect, is significant for diverse applications
such as enabling surfactants in soaps and detergent to remove
oil-based stains and dirt. At a molecular level, the hydrophobic
effect is a key factor in lipid bilayer formation in cell membranes,
and maintaining the tertiary structure of proteins. The ability
of solvents to promote amphiphile self-assembly is not limited
to water, and over the last decades, there have been an
increasing number of non-aqueous solvents which have been
reported to show the analogous solvophobic effect. Previously
we identified 16 commercially available, non-aqueous molecular
solvents with solvophobic properties," increasing to 24 the
number of small molecular amines and glycols known to
exhibit this property.>™

Ionic liquids (ILs), which are molten salts with melting points
below 100 °C, are another non-aqueous solvent group where some
have been reported to support amphiphile self-assembly.>™°
Some common features shared by many molecular solvents
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). In addition, the chemical structure and liquid mesostructure of the solvent were
found to be important factors in the ability of the solvents to support micelle formation.

and protic ILs (PILs) with a solvophobic effect are the presence
of two or more potential hydrogen bonding centres, which
enables them to form three-dimensional hydrogen bonded
network structures. They usually have few, if any, methylene
groups, and often have polar groups such as hydroxyls, both of
which increases their solvophobic effect.® While previously few
solvents were considered amphiphile self-assembly media, it is
now evident that many ILs, including PILs and aprotic ILs,""
and molecular solvents share this property. It is anticipated
that many more will be identified than are currently known.

One solvent property that is a useful indicator of the
solvophobicity is the cohesive energy density.” The cohesive
energy density is the energy required to remove a unit volume
of molecules completely from their neighbours to infinite
separation (an ideal gas state). This is equal to the heat
of vaporisation divided by the molar volume. For ILs in which
it is not feasible to measure the heat of vaporisation due to
negligible vapour pressures, the cohesive energy density can be
approximated by taking into account the surface tension at
the liquid-vapour interface, v, and the molar volume, V;,, as
shown in eqn (1):

Cohesive energy density = ¢y y/Vin ' (1)
where c is a scalar quantity. The Gordon parameter, G, is obtained

from eqn (1) when c is set to 1, as shown in eqn (2).>*"* G has
been used to give a measure of the cohesive energy density, and
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thus the solvophobic effect for a variety of molecular and ionic
liquids.™*

G =yv/ le/3 (2)

Solvents with a high Gordon parameter generally have a
higher solvophobic effect and hence are likely to be better
at promoting amphiphile self-assembly."*'>'* Water has
the highest known G value of 2.743 J mol'® m—*, whereas
other non-aqueous solvents have lower G values, with N-tert-
butylformamide having the lowest at 0.53 ] mol*®> m ™~ reported
in the literature, while still retaining the ability to promote
amphiphile self-assembly.’> Although not an absolute measure
of the cohesive energy density, G provides a relative comparison
of the solvophobic effect between different non-supercritical
solvents, and is a simple parameter that can be easily deter-
mined for most solvents. The strength of the solvophobic effect
varies between solvents and hence the aggregation of amphi-
philes within them varies, such as which lyotropic liquid crystal
(LLC) mesophases are supported and what is the thermal
stability range of the phases.’

Studying micelle formation in solvents provides insight into
the interactions between amphiphiles and solvents, and a com-
parison between solvents for their ability to support amphiphile
self-assembly. An important micellisation parameter is the critical
micelle concentration (CMC), which is defined as the surfactant
concentration above which micelles spontaneously form.'’
Currently, there is no systematic study that evaluates micelle
formation in a large library of non-aqueous solvents. Instead
the limited CMC data reported for surfactants in non-aqueous
solvents is sporadic, and hence minimal comparisons can
be made between solvents. However, from the data available
it is clear that water is a more favourable media for micelle
formation, shown by the smaller CMC values compared to
those reported in non-aqueous solvents,>>#16720

In this paper we have investigated the correlation between
the solvophobic effect and micelle formation of a non-ionic
amphiphile in a broad range of commercially available low
molecular weight polar molecular solvents and in four PILs.
These solvents were all selected because they have previously
been shown to support LLC phases.® A protic ionic liquid, EAN,
has been previously shown to support micelle formation.>"*?
The chemical structure of the amphiphile hexa-ethyleneglycol
mono n-dodecyl ether (C;,Eq) is provided in Fig. 1, and those
of the molecular solvents and PILs provided in Fig. 2 and 3,
respectively.

Experimental methods
Materials

Non-ionic surfactant, hexa-ethyleneglycol mono n-dodecyl ether,
C1,E¢ (Nikkol BL-6SY) was supplied by Nikko Chemicals Co. Ltd,

NN NN NN N

Fig. 1 Structure of the non-ionic surfactant, hexa-ethylene glycol mono
n-dodecyl ether (Cy2Eg).
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Fig. 2 Chemical structures of the molecular solvents: (a) glycerol,
(b) ethylene glycol, (c) diethylene glycol, (d) triethylene glycol, (e) diethanol-
amine, (f) triethanolamine, (g) diethylene triamine, (h) triethylene tetramine,
(i) 3-amino-1,2-propanediol, (j) 2-amino-1,3-propanediol, (k) 3-amino-1-
propanol, () 4-amino-1-butanol, (m) 1-amino-2-propanol, (n) 2-amino-1-
propanol, (o) 1-amino-2-butanol, (p) 2-amino-1-butanol, (q) 2-amino-1-
pentanol, (r) 2-amino-2-ethyl-1,3-propanediol, and (s) 2-amino-2-methyl-
1-propanol.
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Fig. 3 Chemical structures of the PILs: (a) ethylammonium nitrate (EAN),
(b) ethylammonium formate (EAF), (c) ethanolammonium nitrate (EOAN),
and (d) ethanolammonium formate (EOAF).

Tokyo, Japan, at the highest purity. The 19 molecular solvents
were used without further purification: glycerol (Merck, 99%),
ethylene glycol (Sigma Aldrich, 99.8%), diethylene glycol
(Sigma Aldrich, 99%), triethylene glycol (Sigma Aldrich, 99%)
diethanolamine (AnalaR, 99.5%), and triethanolamine (Sigma
Aldrich, 99.5%), diethylene triamine (Sigma Aldrich, 99%),
triethylene tetramine (Sigma Aldrich, 97%), (S)-3-amino-1,2-
propanediol (Sigma Aldrich, 97%), 2-amino-1,3-propanediol
(Sigma Aldrich, 98%), 3-amino-1-propanol (Sigma Aldrich,
99+%), 4-amino-1-butanol (Sigma Aldrich, 98%), bL-1-amino-2-
propanol (Sigma Aldrich, 90%), (R)-(—)-2-amino-1-propanol
(Sigma Aldrich, 98%), 1-amino-2-butanol (Sigma Aldrich,
97%), 2-amino-1-butanol (Merck, 95%), pL-2-amino-1-pentanol
(Sigma Aldrich, 97%), 2-amino-2-ethyl-1,3-propanediol (Acros
Organics, 97%), and 2-amino-2-methyl-1-propanol (Fluka, 99%).

This journal is © the Owner Societies 2016
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Ethylamine (Sigma-Aldrich, 70 wt%), ethanolamine (Chem
Supply, 99.5%), nitric acid (Chem Supply, 70% w/w), and formic
acid (Merck, 98-100%) were used without further purifications
for synthesis of the PILs. Ethylammonium nitrate (EAN), ethyl-
ammonium formate (EAF), ethanolammonium nitrate (EOAN),
and ethanolammonium formate (EOAF) were synthesized by
dropwise addition of acid to the equimolar amount of amine at
a temperature below 0 °C or above the freezing point of the
reaction mixture during synthesis. Excess solvent was removed
on a rotary evaporator, and samples were further dried using a
benchtop freeze dryer (FreeZone).>?

The amount of water present in the molecular solvents and
the synthesized PILs was measured using a Mettler Toledo
DL39 Karl Fischer coulometer.

Experimental

Solvent-surfactant solutions were prepared using C;,E¢ in the
various solvents over the concentration range of 0.0001 to 1 M.
The solutions were mixed with a vortex mixer and left at room
temperature for at least one hour before use. All solutions were
examined using an optical microscope. Surfactant insolubility
was indicated by the presence of “oil-like”” droplets. Surface
tension measurements were made of all these solutions using
a pendant drop KSV Attension Tensiometer. 20 frames of
1 second intervals were acquired for each sample. These were
repeated 5 times to ensure consistency. All measurements were
performed at room temperature, 22 £+ 1 °C.

Cloud-point measurements were made on solutions of
1 wt% C,,E¢ in each solvent heated to 100 °C, while visual
observations were made at what temperature, if any, the solutions
went cloudy.

Solutions of C,E¢ in all molecular solvents and PILs for small
angle scattering (SAXS) measurements were prepared from two
times the CMC up to 10 M, with the upper limit depending on
the amphiphile solubility in the different solvents. The solutions
were then transferred into 1.5 mm special glass capillaries,
and sealed with wax to avoid water absorption and solvent
evaporation. Samples were analysed at the SAXS/WAXS
beamline at the Australian Synchrotron, Melbourne, Australia.
Spectra were acquired over the scattering vector range of
0.01 < g < 0.6 A™*, with 1 second exposures per sample. The
scattering patterns were acquired at 25 °C, which is above the
Krafft temperature of C;,Eq of 20 °C in water.>* The 2D SAXS
scattering patterns were converted to 1D scattering curves with
the SAXS I5-id software provided at the Australian Synchrotron.
Background scattering curves were obtained from an empty
capillary, which was subtracted from the sample scattering
patterns. Software SasView>’ was used to fit the scattering curves
in the g range of 0.03-0.3 A" with different micelle models.

Micelle scattering models

The X-ray scattering intensity for micelles is given by eqn (3), where
I(q) is the scattering intensity, K is a constant, N is the number of
scatterers, P(g) is the form factor, and S(g) the structure factor.

I(g) = KNP(9)S(q) (3)
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The form factor P(q) and the structure factor S(g) describe
the shape of the micelles and the interactions between
micelles, respectively. Interactions between micelles are
assumed to be insignificant for low micelle concentrations,
i.e., the structure factor is 1 and, thus, the scattered intensity is
only described from the form factor. In relatively high concen-
trations, interactions between micelles needs to be taken
into account; thus the structure factor needs to be included.
Pedersen provides a comprehensive overview on SAXS scatter-
ing modelling that includes a variety of form factors and
structure factors for different micelle shapes.*®

In this work we have used a variety of core-shell micelle
models, including spherical, ellipsoidal, rod and disc, to fit the
SAXS scattering data for C;,E in the different solvents at a variety
of concentrations. The models which gave the best fits, and the
most logical sequence of parameters on changing concentration,
were selected for each solvent-C;,Es combination. Micelle fitting
in this work used a hard sphere structure factor when there was a
high concentration of C;,E¢ present. This estimates the inter-
particle structure factor for monodisperse spherical particles
which interact through excluded volume, using a Percus-Yevick
closure,”” and is the most suitable for the non-ionic amphiphile
used in this work. In C;,E¢, the hydrocarbon core radius must
not be greater than the fully extended C,, chain length, which
is 16.7 A,*® according to eqn (4), in which n. is the number of
carbons in the hydrocarbon chain.

Inax = 1.5 + 1.265n, (4)

SAXS scattering originates from the electron density contrast
between the micelle shell and core, and between the micelle
shell and the solvent. The electron scattering length density
(SLD) were calculated for the solvents using SLD = p.r., where r,
is the electron radius, and p. = Z/V, with Z the number of
electrons and V the molecular volume. The SLD of the various
solvents are provided in Table 3, and the calculation of the
scattering length density for the core and shell of C;,E¢ micelles
can be found in the ESI.{ It was assumed that the hydrocarbon
core of micelles is not solvated, thus the SLD of the core was
fixed to 7.92 x 10~° A~2. The solvents were expected to solvate
the solvophilic headgroups of C;,Es and hence the electron
density of the micelle shell will vary from those of just the
headgroups. Contrast matching occurred to some extent for
samples where the SLD of the solvent was comparable to
the SLD of the micelle shells. For these samples simple (not
core-shell) sphere, ellipsoid and cylinder models were found
to fit best.

Results
CMC and micelle interfacial properties

The CMC of C,,E¢ in water and in nine of the molecular
solvents was obtained using pendant drop surface tension
measurements, and these are provided in Table 1 along with
their interfacial properties. Similarly the values for C;,E¢ in the
PILs are provided in Table 2. The initial surface tension values

Phys. Chem. Chem. Phys., 2016, 18, 24377-24386 | 24379
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Tablel Gordon parameter, CMC, surface tension of neat solvent (yq), surface tension at CMC (ycmc), surface excess concentration (I'max), minimum area
per molecule (Amin), standard free energy of micelle formation (AG;,.), and standard free energy of adsorption (AG,) for C1,E¢ in molecular solvents at
room temperature

Water Gordon X i
content  parameter Yo Yeme Tax (x107° Amin AG, ;. AG

Solvents (Wt%) J mol”®* m™) cMC (M) (MNm™) (mNm') molm? (A (khmol™') (kI mol™")

Water 100 2.7438 7.93 x 107> 71.9%® 31.89 4.34 38 —23.0 —-1.58 x 10°

Ethylene glycol 0.65  1.356%° 2.64 x 107> 48.0%° 31.34 2.34 71 —-9.0 -1.19 x 10°

1.20%°

3-Amino-1-propanol 170  1.07 1.56 x 10°'%  45.3 30.80 1.66 100 —4.6 —~1.46 x 10°
44.7%

Diethylene glycol 0.95  0.98 1.82 x 107'%  44.4 33.18 1.72 97 —4.2 -1.10 x 10°
55.10"

4-Amino-1-butanol 1.88  0.97 245 x 107'%  43.9 34.20 1.88 88 —-3.5 —0.88 x 10°
43.84"

Diethylene triamine 0.80  0.91 2.58 x 107'%  43.4 33.89 2.19 76 ~3.4 —-0.73 x 10°
48.85"

Triethanolamine 0.14  0.91 8.07 x 1072 46.7 32.24 2.35 71 —6.2 —~1.05 x 10°
51.48"

(R)-(—)-2-Amino-1- 0.15  0.90 1.87 x 107'“  38.3 33.58 1.28 130 —4.2 —-0.6 x 10°

propanol 47.03"

Triethylene glycol 0.52  0.88 1.44 x 107'% 451 32.70 1.89 88 —4.8 —1.16 x 10°
45.13"

pr-1-Amino-2- 0.45  0.86 4.69 x 1071 36.7 32.03 0.7 226 -1.9 -1.06 x 10°

propanol 36.5°
48.68"

“ The Gibbs equation is derived on the basis of an assumption of a low amphiphile concentration. This assumption may no longer be valid when the
CMC is greater than 0.1 M. However, the values for I'yax, Amin, AG:mc and AG;d have been included for all samples to enable relative comparisons
between them.

of all these solvents, their Gordon parameters (G), and water
contents are also provided in Tables 1 and 2. The values
obtained in this experiment for the CMC of C;,E¢ in water
and in EAN are 1.27 x 10"* M and 4.46 x 10~ M, which are in
good agreement to what has been reported in the literature.®?°
The authors are not aware of any CMC measurement of this
surfactant in any of the other solvents used in this work.

A representative plot of surface tension with respect to
increasing C;,E¢ concentration in ethylene glycol is provided
in Fig. 4, and the plots for all the other solvents are provided in
Fig. S1-S14 of the ESI.+ The CMC corresponds to the intersection
of the two linear lines. Above this concentration, the surface
tension value will no longer undergo significant change.

The pendant drop technique was not feasible for four of the
molecular solvents where the surface tension was less than
34 mN m ', viz. 2-amino-1-butanol (32.2 mN m '), 2-amino-2-
ethyl-1,3-propanediol (33.35 mN m™'), 1-amino-2-butanol
(31.1 mN m™ "), and 2-amino-1-pentanol (30.4 mN m™').
Furthermore this technique was not applicable for the solvents
with high viscosity, i.e., 3-amino-1,2-propanediol (4.3 Pa s) and
glycerol (1.41 Pa s), or solids, 2-amino-2-methyl-1-propanol,
2-amino-1,3-propanediol and diethanolamine. An alternative
technique of fluorescence, using pyrene to detect the presence
of hydrophobic micelle core,*® was trialled but due to fluores-
cence quenching it was not suitable for obtaining the CMC in
these remaining solvents, particularly those containing amines.*!

Table2 Gordon parameter, CMC, surface tension of neat solvent (yg), surface tension at CMC (ycmc), surface excess concentration (I'may), minimum area
per molecule (Anin), standard free energy of micelle formation (AGfmc), and standard free energy of adsorption (AGZd) for Cy2E¢ in protic ionic liquids at

room temperature

Residual water Gordon parameter Yo Yeme IMmax (x107° AG. AGy
Solvents content (wt%) (J mol*® m™3) CMC(M) (mNm ") (mNm"') molm?) Ay (A*) (kJmol™') (kJmol™')
Ethanolammonium  0.89 1.45 1 x 1073
formate (EOAF)
Ethylammmonium  0.70 1.060"° 4.04 x 10°% 47.3*2 35.7 1.41 117.65 —8.0 —141
nitrate (EAN) 1.40%
Ethylammmonium 0.42 0.87 1.81 x 1072 42 30.8 3.00 55.41 -9.9 —594
formate (EAF)
Ethanolammmonium 0.20 0.82 2.05 x 10°* 65 28.3 11.4 11.19  -21.0 —432

nitrate (EOAN)

¢ Surface tension measurement was feasible for measuring the changes in surface tension of C;,E¢ in EOAF, but due to its high viscosity of
220 nM m*,*? surface tension measurements using the pendant drop technique were technically difficult. However, from Fig. S13 in the ESI
it can be determined that the CMC value would be around 1 x 10> M. Since the gradient could not be accurately obtained the interfacial
properties could not be determined.
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Fig. 4 Determination of CMC of Cj,Eg in ethylene glycol at room tem-
perature using the pendant drop technique.

In addition, visual inspection by optical microscopy showed
that Cy,E¢ in triethylene tetramine formed an insoluble “oil-and-
water”-like separation. Consequently the surface tension decrease
with increasing concentration, shown in Fig. S10 (ESIt), was due to
reaching a solubility limit rather than a CMC.

Surfactant insolubilities identification with cloud point
measurement and optical microscopy

Cloud point measurements were undertaken in all the mole-
cular solvents and PILs in the presence of 1 wt% C;,Es. No
cloudy appearance was observed in the molecular solvents
up to 100 °C, except for water, in which the solution turned
cloudy at 46 °C which was consistent with the literature value
of 46.5 °C.** Similarly there was no cloud point below 100 °C
for EAF or EAN, consistent with the literature for EAN.*
However, a cloud point at 1 wt% C;,E¢ in EOAN and EOAF
was seen immediately at room temperature.

The absence of demixing (cloud point) below 100 °C for
most of the non-aqueous solvents might be related to the
solubility of the surfactant in these solvents. A previous study
attributed the absence of a cloud point for C,,Es, C;,E¢ and
Ci,Eg in EAN below 130 °C to the hydrogen bonded network of
EAN enhancing the solubility of the surfactant, and signifi-
cantly increasing the cloud point temperature.* It is feasible
that a similar phenomenon could occur for the non-aqueous
solvents used in this investigation. Since they are solvents with
polar moieties it is highly likely that there is an interaction with
the ethoxy chain, increasing the solubility of surfactant mole-
cules and increasing the cloud point temperature. In contrast,
the cloud point seen in 1 wt% C1,E¢ in EOAF and EOAN at room
temperature signifies reduced solubility of surfactant in these
solvents, which might be due to the hydroxyl end group which
could decrease the interaction between the alkyl chain of the
surfactant and the solvents, making them more water like, and
leading to the presence of a cloud point below 100 °C.

Micelle interfacial properties

The negative gradient of the surface tension with increasing
concentration before the CMC is reached was used to provide
insight into the micelle formation and packing of amphiphile
molecules at the interface, according to the following equations.

This journal is © the Owner Societies 2016
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The effectiveness of the surface tension reduction, 1., was
calculated from eqn (5) for each solvent where the CMC was
obtained using the surface tension technique.

Hcmc =% — Veme (5)

where 7y, is the surface tension of the neat solvent, and ycmc iS
the surface tension at the CMC. The minimum molecular area
of the C;,E¢ surfactant adsorbed at the air-liquid interface,
Amin, was calculated using a method based on the Gibbs
adsorption equation.**”

Apmin = 10%°/NAl ax (6)

where N, is Avogadro’s number and I, is the maximum
surface excess concentration at the air/liquid interface of the
non-ionic surfactant, which takes into account the change in
surface tension just before the CMC, described by eqn (7).

Fmax = —1/2.303RT(d'))/d lOg[Clee]) (7)

o

The standard free energy of micellization, AG, ., describes
how energetically favourable the micellisation process is, thus
giving a measure of the solvophobic interaction.

AG

:nic - 7RT1H(CMC) (8)

The standard free energy of adsorption, AG, ,, describes the
free energy change for the adsorption of amphiphiles to the
liquid-air interface, as in eqn (9). These values were calculated
for each C,,Es-solvent system, and are shown in Tables 1 and 2.
It should be noted that when C;,Es had a CMC greater than
0.1 M assumptions leading to the Gibbs equation may be
challenged, but the values are considered to still provide useful
indicative information.

AG;d = AG:nic - (VO - yc1nc)Amiﬂ (9)

The values obtained for yeme, Aminy AGoy, and AG,, of Cq,Es
in water and in EAN are in very good agreement with literature
values.® In all solvents, AG,, was calculated to be more negative
compared to AG, .., which implies that the adsorption of amphi-
philes at the interface is more spontaneous than micelle
formation. Thus micelle formation starts after the completion
of the adsorption phenomenon at the interface. I'j,x was
positive in all solvents, which indicates that the concentration
of C;,Es is higher at the liquid-air surface compared to in the
bulk. This is typical behaviour of a surface active monomer, with
the long hydrophobic chain preferring to be at the liquid-air
interface compared to in the bulk solution.*> The minimum
molecular area, A, gives insight to the packing density of the
surfactant in the interface.

For the molecular solvents, C,,E¢ had the smallest A;,
of 38 A% in water, hence the highest packing density, and
corresponds to having the highest solvophobic interaction.
The non-aqueous molecular solvents all had larger A, values,
and hence higher I';,,x values, which can be attributed to a
weaker solvophobic interaction, which is directly proportional
to AG:mC. The larger Ann values in the non-aqueous solvents
suggest the surfactant is aligning less perpendicular to the

Phys. Chem. Chem. Phys., 2016, 18, 24377-24386 | 24381
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liquid-air surface than in water, causing a less tightly packed
surface. One possible explanation is that it is due to the
reduction of solvent hydrophobicity at the surface, resulting
in a drop of surface excess concentration,** which has pre-
viously been reported for binary mixtures of water and polar
organic solvents.***

Anmin Was the largest in 1-amino-2-propanol at 226 A% which
suggests a much weaker solvophobic effect in this solvent,
consistent with its low G parameter of 0.86 ] mol”* m~>. The
large Anin is attributed to the methyl group in 1-amino-2-
propanol interacting with the hydrophobic C,, alkyl chain of
the surfactant.

The Apnin for Ci,E¢ in triethanolamine and ethylene glycol
was 71 A%, Despite its longer chain with an additional alkyl and
hydroxyl branch, triethanolamine apparently does not incorpo-
rate into the surfactant headgroup. This might be due to its
bulkier size leading to steric hindrance minimising its presence
at the interface. Also, the terminal hydroxyl group will lead to
decreased alkyl solubility, and drive it towards the bulk.

For the PILs, I';,,.x Was exceptionally high in EOAN compared
to the other solvents. In fact the calculated A,,;, of 11 A? is
significantly less than would be the case for a monolayer
of molecules packed side by side with no intervening solvent
and at 90° to the interface. Consequently the low A4, value
indicates the adsorption of multilayers. Ap,i, was higher in EAN
compared to most solvents, except 2-amino-1-propanol. This
might be due to the preferential orientation of EAN molecules
in which the hydrocarbon moieties face the air.*> An interfacial
monolayer microenvironment causes surfactants to orient
so that the dodecyl chains are perpendicular to the interface
and hence the ethylene oxide groups are more parallel to the
interface in EAN compared to the other solvents.

Micelle identification by SAXS

Small and wide-angle X-ray scattering patterns (SAXS/WAXS)
were acquired at 25 °C and 50 °C for each Cj,Es-solvent
combination for at least two concentrations above the CMC
to confirm if micelles were present and, if so, determine their
size and shape. The exceptions were C;,E¢ in 2-amino-2-methyl-
1-propanol, 2-amino-1,3-propanediol, and diethanolamine due
to these solvents being solids at room temperature.

A representative series of SAXS patterns is shown in Fig. 5 for
Ci,E¢ in ethylene glycol. The presence of micelles was evident
by scattering at ¢ < 0.2 A™*, which increased with increasing
surfactant concentration. No scattering due to micelles was
observable for 2x CMC, weak scattering for 5x CMC, and at
1 M the micelles are sufficiently concentrated for interactions
to be observed, identified by the appearance of the character-
istic peak at low gq.

Among the 10 molecular solvents for which a CMC was
obtained from pendant drop experiments there were only 6
that showed scattering consistent with micelles. In addition,
2-amino-2-ethyl-1,3-propanediol, one of the four molecular
solvents which were not feasible for use with the pendant drop
method, showed evidence of micelles. These solvents are listed
in Table 3 and the scattering patterns were fitted with a variety
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Fig. 5 SAXS patterns of ethylene glycol with 2x CMC or 0.054 M (bottom),
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of micelle models, and the parameters giving the best fits and
which were consistent across the different concentrations
for each solvent, are provided in Table 3. The SAXS patterns
for all C;,Es-solvent solutions are provided in Fig. S15-S21
of the ESL.{

The scattering patterns for C;,E¢ in all four PILs were
consistent with the presence of micelles. However, for EOAF
and EOAN, the scattering occurred at concentrations which
were similar to the insolubility limit of the C,,Es in EOAF and
EOAN, and consequently these spectra were not fitted. The
parameters for the best fits to the micelles in EAN and EAF are
provided in Table 3. The SAXS patterns for all C;,E¢—PIL
solutions are provided in Fig. S22 and S23 of the ESL}

The scattering patterns all fitted well to spherical or ellip-
tical micelles, either as simple or core-shell models, as can be
seen in Table 3, with the models used for each concentration of
C,,E¢ clearly specified. Micelles in ethylene glycol and trietha-
nolamine fitted best to simple rather than core-shell models,
which was due to similar electron scattering densities between
the EO shell and these solvents. The micelles in all the other
solvents fitted best to core-shell models. A hardsphere struc-
ture factor was included for the higher concentrations of C;,E¢
in many of the solvents to account for interactions between
micelles. A volume fraction of 0.1 was obtained for those
solvents in which hardsphere structure factor was used.

The overall radius of micelles in water, including the core
radius and shell thickness, was 33.39 A, which is comparable to
the previously reported value of 33 A.?® Similar work performed
by Penfold et al., reported 5 wt% C,,E¢ formed micelles with
a radius of 29 A,*® with the smaller radius likely due to the
inclusion of a polydispersity factor in their model. Of the non-
aqueous molecular solvents, scattering data for micelles have
only been reported in ethylene glycol, including small angle
neutron scattering (SANS) on 10 wt% C;,Eg in ethylene glycol,
where Seguin et al. reported rod-shaped aggregates with a
radius and length of 18 and 127 A, respectively.®” These are
comparable to our fits for C;,E¢ in ethylene glycol of oblate
ellipsoids with an equatorial radius of 31-32 A, and polar
radius of 7-8 A. The differences in radius and length are
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Table 3 SAXS fitting parameters for Cy>E¢ in molecular solvents and PILs. The form factor for the micelles was kept the same in each solvent

Structure Polar Equatorial Shell thickness Shell thickness
Solvent [C12E6] (M) CMC (M)  Form factor factor radius (A) radius (A) (polar) (equatorial) Nage
Water 4.6 x 10° 7.9 x 10°° Coreshell spherical — 14.3 — 19.6 — 35
2.5 x 107" Hardsphere 16.7 — 9.0 — 56
Ethylene glycol 1.4 x 107" 2.6 x 107> Ellipsoid — 7.0 28.9 17
1 Hardsphere 8.7 31.2 28
3-Amino-1-propanol 1 1.6 x 107" Coreshell spherical Hardsphere 12.8 — 8.6 — 25
Diethylene glycol 8.8 x 107" 1.8 x 10° ' Coreshell spherical Hardsphere 12.2 — 10.7 22
1.5 13.4 — 7.6 28
Triethylene glycol 7.2 x 107" 1.4 x 10" Coreshell ellipsoid — 6.3 10.8 13.5 7.7 5
1.5 Hardsphere 11.0 13.2 22.2 19.2 19
Triethanolamine 1 8.1 x 107% Ellipsoid — 12.3 74.1 — 134
2-Amino-2-ethyl-1,3- 5 “ Coreshell spherical — 11.7 — 9.6 19
pronanediol 10 Hardsphere 13.1 — 8.7 27
EAN 8.5 x 107> 4.0 x 10°> Coreshell spherical — 9.3 — 3.6 10
2.1 x 107" Hardsphere 15.4 — 9.0 44
EAF 0.5 1.8 x 10> Coreshell ellipsoid — 12.6 55.2 16.7 15.6 104

“ CMC unable to be obtained by surface tension measurement.

consistent with the larger ethoxy headgroup of their surfactant.
In related work, Penfold et al, fitted 5% C;,Eq in various
ethylene glycol-water solutions with a core-shell sphere of
radius 16.7 A and outer shell of 14 A.*® The use of a core-shell
model was in contrast to our fits, and we attribute it to their
only including ethylene glycol proportions up to 80 wt%, and
hence we propose that for all their compositions there was
sufficient water present to have a significant difference between
the electron scattering density of the shell and the solvent.

All three EAF concentrations fit well to a coreshell oblate
ellipsoid, with no structure factor required. The ellipsoidal
micelles were observed to elongate with increasing C;,Eq
concentration, becoming more rod-like. The micelles in EAN
fitted best to coreshell spheres, with a structure factor present
at higher concentrations. Although the electron density
between the EO shell and EAN are similar, models that did
not include core-shell gave poorer fits. Similar work® per-
formed by Greaves et al. reported ellipsoidal micelles with an
effective radius of around 12 A at 10 wt% C,,Es, which is
comparable to the results in this work. Slight difference in
micelle size might be due to the different shape model used.
Employing the ellipsoidal model here for the 0.212 M C;,E¢ in
EAN did not give a good fit.

Discussion

Here we have investigated the correlation between the solvo-
phobic effect and micelle formation of a non-ionic amphiphile
in a broad range of commercially available, low molecular weight
polar molecular solvents and easily synthesised PILs. The non-
ionic amphiphile, C,,E¢, was selected because it has a low Krafft
temperature (20 °C) in water,> is soluble in a broad range of
solvents, and has previously been reported to form micelles in
water® and EAN."*® This investigation enabled comparisons to
be made between the non-aqueous solvents, their Gordon para-
meters and CMCs. We are not aware of any comparable inves-
tigation which has used such a broad range of solvents.

This journal is © the Owner Societies 2016

The CMC of C;,E¢ in all the non-aqueous solvents were at
least one order of magnitude higher than in water, with the
exception of EOAN, which had a CMC that was about 2.5 times
larger than water. This reflects the weaker solvophobic inter-
action in non-aqueous solutions compared to the hydrophobic
effect in aqueous solutions. In general the CMCs in the
PILs were lower than in the non-aqueous molecular solvents.
It was apparent from the lower Gibb’s free energy of micelle

o

formation, AG_.., in non-aqueous solvents compared to water

mic?
that there was a lower tendency for micellar aggregation. This
can be attributed in part to the nonpolar interactions between
the alkyl chains of C;,E¢ and nonpolar moieties of the solvents.
These interactions increase the solubility of C;,Es and con-
sequently lead to higher CMC values. The rough correlation
between the Gibb’s free energy of micellisation and the solvo-
phobic effect within the molecular solvents and PILs was shown
by plotting AG.
apparent for the molecular solvents that there is a roughly
monotonic relationship, inferring that more energy is generally
needed for micelle formation in solvents with lower Gordon
parameter values. It is also very clear from Fig. 6 that water has
a substantially higher Gordon parameter, and hence higher
solvophobic effect, compared to the other solvents used in this
work, together with a correspondingly favourable free energy of

against the Gordon parameter, G (Fig. 6). It is

mic

micellization. The four PILs all had more favourable AG, ..
values compared to the molecular solvents with the same
Gordon parameters. This suggests that the interaction between
cations and anions in PILs are stronger than the interactions in
the solvent structures of molecular solvents. Furthermore,
the CMC of C;,Es in EOAF and EOAN of ~1 x 10 % and
2.05 x 10~* M, respectively, was significantly smaller than in
EAF and EAN of 4.25 x 10 2 and 7.81 x 10> M, respectively.
We attribute this difference to the effect of the hydroxyl group
in EOAN and EOAF, which reduced the solubility of C;,Es in
these PILs and hence leads to lower CMC values.

The specific chemical groups present in the molecular
solvents and PILs had a large impact on whether or not they
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supported the formation of C;,E¢ micelles, and if so, on the
CMC. Overall, solvents with hydroxyl groups were better
solvents for micelle formation compared to those with amine
groups, and increasing the proportion of hydrocarbons,
particularly methyl or ethyl groups, was highly detrimental.
For example, the AG,,. of C;,E in hydroxyl containing diethy-
lene glycol and amine containing diethylene triamine was
—4.22 and —3.36 kJ mol™?, respectively, showing the higher
driving force for micelle formation in the hydroxyl containing
solvent, even though they had similar G (0.98 ] mol® m~2 for
the former and 0.91 ] mol® m™2 for the latter).

Addition of a methylene group increased AG,; from
—4.60 kJ] mol ! in 3-amino-1-propanol to —3.48 k] mol ! in
4-amino-1-butanol, due to the increased solubility of the
amphiphile. This trend was also seen with AG, . going from
—9.00 to —4.22 kJ mol™* from ethylene glycol to diethylene
glycol with the increased proportion of methylene. The AG ;. of
Ci,E¢ in triethylene glycol did not continue this trend, with its
value of —4.81 k] mol " lying between those of ethylene glycol
and diethylene glycol. We suggest this may be due to steric
hindrance preventing the alkyl chains of the amphiphile to
interact with the hydrocarbon portion of the solvent.

The effect of increasing the alkyl chain length on the solvent
had a more dramatic effect in reducing the solvent ability to
support amphiphile self-assembly compared to increased
methylene groups with terminal polar groups. This could most
clearly be observed since no molecular solvent which had a
terminal ethyl group supported amphiphile self-assembly. For
example, the methyl containing 1-amino-2-propanol and
2-amino-1-propanol both supported micelles, whereas their
ethyl and propyl counterparts of 1-amino-2-butanol, 2-amino-
1-butanol and 2-amino-1-pentanol did not. The exception was
2-amino-2-ethyl-1,3-propanediol where scattering from micelles
was detected using SAXS. The solvents 1-amino-2-butanol,
2-amino-1-butanol and 2-amino-1-pentanol have previously
been shown to form a mesostructure consisting of polar and
non-polar domains, whereas 2-amino-2-ethyl-1,3-propanediol
did not." Consequently it is likely that the non-polar domains
within the mesostructured solvents may enhance the solubility

o
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of amphiphiles and decrease the likelihood of micelle for-
mation. In 2-amino-2-ethyl-1,3-propanediol the two hydroxyl
and one amine group are likely to form a multiple hydrogen
bonded network with steric hindrance making the segregation
of the alkyl chains energetically unfavourable. Interestingly,
contrary to the trend found in molecular solvents, EAN and
EAF, which contain ethyl groups, were found to support micelle
formation. This further shows the exceptional properties that
PILs have compared to the molecular solvents.

The driving force for micelle formation of C;,Es in mole-
cular solvents was significantly weaker than in the PILs. This
was shown by the higher AG_ . in molecular solvents. Since the
nonionic surfactant C;,Es will not be affected by the ionic
behavior of the PILs, we suggest this is due to that stronger
solvent-solvent interactions in PILs compared to in molecular
solvents. Interestingly, the magnitude of A, in these molecular
solvents was found to be within the same range as the A, in
EAN and EAF (between 50 to 120 A%, indicating that these
molecular solvents and two PILs also behave as co-surfactants,
and are incorporated to some extend within the micelle.

The effect of solvent mesostructure was also clearly obser-
vable for the four PILs. The hydroxyl containing EOAF and
EOAN are not mesostructured, whereas EAN and EAF are ref. 49
and 50. The formation of non-polar domains would result in
some solvation of the hydrocarbon of the amphiphiles and
decrease the driving force for micelles to form, which is evident
from the higher AG, . in EAF and EAN compared to EOAN and
EOAF.’! In addition, the larger Ay, in EAF and EAN suggests
that the alkyl chains of the cation behave to some extent as
co-surfactants. In contrast, the non-structured EOAN, has a
significantly higher I',,,x and lower A,;,, compared to EAF, EAN,
water and the other molecular solvents. The particularly low
Amin value of 11 A% indicates that the C;,E formed multilayers
at the air-liquid interface prior to micellization. It is presumed
that similar amphiphile behavior would be present in EOAF.

The presence of micelles detected by SAXS can be related to
solvent solvophobicity. In most cases, micelle features were only
observed at concentration >0.1 M for the non-aqueous solvents,
which is higher than a concentration equivalent to 5x CMC. The
clearest example was seen in 2-amino-2-ethyl-1,3-pronanediol
in which micelles were only observed at a C;,Es concentration
of 5 M, and the characteristic peak due to inter-micellar inter-
actions was observed at 10 M. The shell thickness gives insight
into the interaction between the EO shell and solvents, and was
found to be the highest in water compared to either molecular
solvents or PILs. This might be due to water being a better
solvent for the EO headgroups, allowing them to extend more
freely. It may also be an artefact due to the significantly higher
contrast between the electron scattering length density of the
solvent and the shell. Alternatively, the EO chains could be more
compact in the other solvents, be it in the molecular solvents or
PILs. This would indicate less interaction between the EO shell
with the solvents, as found by Atkin et al., in EAN.>?

The aggregation number (N,g,) describes the number of

22
surfactant molecules in micelles once the CMC has been
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reached. In general N,,, was observed to increase as the
surfactant concentration increased (Table 3). Exceptions were
micelle sizes in ethylene glycol and 2-amino-2-ethyl-1,3-
pronanediol in which micelle dimensions, and consequently
Nagg, underwent a slight reduction with increasing surfactant
concentration. This shows that in some cases micelle size does
not depend on surfactant concentration. We consider that the
micelles may have reached their maximum size due to the high
surfactant concentrations used in this study. Consequently
the effect of solvent solvophobicity and solvent chemical con-
stituents on micelle size was difficult to determine from the
limited data obtained and the variety of CMC values in these
solvents. The solvents that can be compared are ethylene glycol,
diethylene glycol and triethylene glycol in which the data of
micelle size and N, are available at 5x CMC. For these three
solvents, N,q, decreased in the order EG > DG > TG, which
corresponds to a decrease in solvent solvophobicity. In the case
of the PILs, data for micelles at 2x and 5x CMC in EAN and
EAF were obtained. From Table 3, micelles in EAF, which had
lower G (and thus lower solvent solvophobicity) than EAN, had
smaller micelle size and lower N,q, value. This also suggests
that PILs with higher solvophobicities result in larger micelle
sizes and N,g, values.

Overall, as indicated by lower CMC and AG,; values, PILs
used in this investigation were better at supporting micelle
formation than the non-aqueous molecular solvents. Moreover,
micelles were detected in EAN and EAF at a surfactant concen-
tration as low as 2x CMC, in which the size was comparable to
micelles formed in 1 wt% in water. Interestingly, EAN, EAF,
EOAF and EOAN had Gordon parameter values in the same
range as for the molecular solvents. The ionic interaction
between positive and negative ions in PILs are likely to be
much stronger compared to interactions between molecular

o

solvent, which would translate to lower CMC values, AG,,,. and
smaller micelle sizes.

Conclusions

The solvophobic effect and its effect on amphiphile self-
assembly were explored by studying the ability of several non-
aqueous polar organic solvents to support micelle formation.
Generally, an increase in solvophobicity (indicated by higher G)
resulted in lower CMC, and consequently lower AG, .. values.
Calculation of interfacial properties suggest that, compared to
water, the selected non-aqueous solvents cause surfactant
molecules to align less perpendicular to the air-water interface,
as indicated by larger A, or may form multilayers, as indi-
cated by significantly smaller Ap,;, values. Micelle size and Nqg,
were found to decrease as G decreased. This shows that solvent
solvophobicity is a significant contributor to micelle formation
and that G is a useful parameter for predicting the probability
of amphiphile self-assembly in a solvent. However, there are
other factors that need to be considered, such as solvent
mesostructure and specific chemical moieties. This study also
shows that, based on lower CMCs, select PILs are better solvents
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for promoting amphiphile self-assembly compared to the mole-
cular solvents. This indicates that the ionic interaction between
cations and anions in PILs are stronger when compared to the
specific hydrogen-bond interactions between molecular solvents.
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