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Abstract

Recently we have investigated the formation of novel thick, solid, mesostructured films of polymer/surfactant mixtures which form sponta-
neously at the air–solution interface. Here we report studies of the effect of adding a series of sparingly soluble species to the precursor solution,
to alter the mesostructure of cetyltrimethylammonium bromide/polyethylenimine films and to investigate the incorporation of small molecules
within the films. Small-angle neutron scattering confirmed that cyclohexane and decane evenly swell the micelles in film forming solutions, while
cyclohexanol extends the prolate micelles along their long axis. Although the presence of these additives in solution did not greatly affect the
formation of the film, it was observed that they did influence the structure of the films. Films produced with decane consisted of a cubic phase
rather the conventional 2-D hexagonal phase, whilst both cyclohexane and cyclohexanol enhance the level of ordering in low MW polymer films.
Benzene was found to have no significant effect on the film.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

In recent publications we have reported the formation
and structure of spontaneously forming surfactant-templated
mesostructured films [1–3]. These films are formed by the mix-
ing of cationic surfactants with polyethylenimine (PEI) and,
depending on the conditions used, the films can be both macro-
scopically thick and highly ordered. If a crosslinking agent is
used the films become robust enough to be removed from the
air/water interface and dried [2], forming a solid, mesostruc-
tured polymer–surfactant membrane. In this paper we inves-
tigate the addition of sparingly soluble species to the film
forming solutions for two reasons: to determine whether they
can be incorporated into the film, and to determine whether
the incorporation has any effect on film structure. As with any
mesostructured system it is highly desirable to be able to tune
the properties of the film by varying the internal nanostruc-
ture and incorporation of sparingly soluble molecules which
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alter micelle shape is one method to achieve this [4–7]. In-
corporation of such species could also result in use of these
membranes in encapsulation/release applications, e.g., for hy-
drophobic species such as scents, pesticides or therapeutic
agents.

In previous experiments we observed that largely step-
wise changes in film parameters, such as the long range
order and size of the mesostructure, occurred when micel-
lar parameters (alkyl chain length and micelle composition)
were changed [1,8]. On the other hand, when parameters re-
lated to the intermicellar phase (pH and polymer molecular
weight) were changed, the film parameters varied in unexpected
ways [1,2]. Given that altering micellar parameters yields more
predictable variation in the films we have done further ex-
periments in this area. One common method of adjusting the
shape and size of surfactant micelles is through incorporation
of water-insoluble, or sparingly soluble, species into the mi-
celle [9,10].

In general the incorporation of sparingly soluble species will
affect surfactant micelles in one of two ways. Highly water
insoluble additives, such as long chain n-alkanes, are incorpo-
rated into the micellar core, swelling the micelle and leading
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to shifts in micelle structure from ellipsoidal to spherical or
from rod-like to spheroidal [9,11–15]. Alternatively, polaris-
able additives, such as alcohols and aromatics, are incorporated
into the palisade layer of the micelle, close to the aqueous
phase [10,16]. This often leads to a reduction in the curvature
of the micelle surface and the formation of, for instance, rods
instead of spheres [13,17,18]. With this in mind we therefore
report here structural studies of solid cetyltrimethylammonium
bromide (CTAB)/PEI films produced from solutions containing
n-decane, cyclohexane, cyclohexanol or benzene.

Considerable previous work has been done on the incorpo-
ration of sparingly soluble material into surfactant micelles in
solution. Of the species reported here, only the effect of cyclo-
hexanol has not been examined in detail, however a number of
studies have shown that the behaviour of structurally complex
alcohols is similar to that of the equivalent 1-alcohol [10,12].
The comparison of cyclohexanol with cyclohexane, a more ex-
tensively studied additive, is also of interest.

It was initially believed that cyclohexane behaved in the
same manner as long chain n-alkanes [16,18–21], however it
was soon found that it can affect surfactant micelles in a man-
ner similar to more soluble compounds [9,13]. Although hy-
drophobic additives will not be in close contact with the water
phase (as is the case with alcohols and aromatics) [20], it has
been postulated that shorter alkanes like cyclohexane will pref-
erentially mix with the surfactant alkyl chains rather than be
pseudo-phase-separated in a hydrocarbon rich core [22]. Using
a theoretical approach Aamodt et al. have calculated that at low
additive concentrations even relatively long alkanes, such as n-
octane, mix with the surfactant alkyl chains [23]. It was also
shown that as the concentration of alkane increases, the frac-
tion pseudo-phase-separated in the micelle core increases [23];
this is true for all solubilised species [10,17].

As stated above, aromatics tend to be incorporated into the
palisade layer of the micelle. It is believed that this state is sta-
bilised by the formation of π -cation bonds between the surfac-
tant headgroups and the polarisable benzene ring [24], with the
benzene molecules being incorporated between the surfactant
headgroups. This intercalation increases the average distance
between the surfactant headgroups, leading to a lower charge
density on the micelle and a decrease in the micellar curva-
ture [6,17]. The high degree of segregation of such sparingly
soluble species into the micelles in solution suggests that it
should be possible to incorporate these “filled” micelles into
our CTAB/PEI films.

From our previous studies on the CTAB/PEI system it is
known that in solution, in the presence of polymer, the micelles
have a prolate ellipsoid shape, while in the film the micelles
are rod-like and produce a two-dimensional hexagonal phase of
surfactant micelles encased in polymer [1,2]. We would there-
fore expect species that reduce the micellar curvature to elon-
gate the micelles in the solution (perhaps even forming rod-like
micelles), and also therefore increase the average length of the
micelles in the film. On the other hand, swelling agents such as
decane would be expected to increase the size of the micelles
in solution, and also therefore swell the micelles in the film. In
this paper a series of scattering measurements are performed on
CTAB/PEI systems with the above species. Both bulk sensitive
(small angle neutron scattering (SANS)) and surface sensitive
(X-ray and neutron reflectometry and grazing incidence X-ray
diffraction (GID)) techniques were used.

2. Experimental

The CTAB and cyclohexane were purchased from Acros,
cyclohexanol from Fluka, benzene from Fisher, while the PEI
and n-decane were from Sigma–Aldrich. The deuterated ana-
logues of CTAB, decane, cyclohexane and cyclohexanol were
purchased from CDN isotopes. All the chemicals were used
without further purification and ultrapure Milli-Q water or D2O
(Sigma) were used as the solvent.

For all the solutions the concentration of CTAB was 0.037 M,
and the concentration of polymer was 15 g/l. Two polymers
were used, a MW ∼ 2000 Da copolymer type PEI (short or
S-PEI) and a MW ∼ 25,000 Da hyper-branched type PEI
(medium or M-PEI), see Ref. [2] for details. Under the condi-
tions used here the polymer was ∼3% charged giving a solution
pH of ∼10, however no pH adjustment was made to solutions
without polymer. For all the measurements the temperature was
kept at 25–30 ◦C, this was above the Krafft temperature of the
surfactant in the mixed system. The amount of each species
added was calculated as a percentage of the total number of
methylene groups in the micelle core, i.e., a 30% decane system
will have a decane concentration of 0.0254 M. For cyclohexanol
the alcohol functional group was excluded from this calcula-
tion. Note that for the SANS experiments, due to the expense
of deuterated materials and solvents the sample volumes pre-
pared were deliberately low (4 ml maximum per sample, which
were prepared from 15 ml stock surfactant/30% hydrophobe
solutions that were then diluted further to achieve the lower
hydrophobe loadings). Thus the absolute amounts of species
added were very small, (i.e., between 130–150 µl, added using
a microsyringe) leading to significant inaccuracies in the added
amounts of hydrophobic species for these experiments. Solu-
tions for reflectometry experiments were each ∼30 ml, thus
measurement errors are less significant for these experiments.

The GID and X-ray reflectometry experiments were per-
formed on the Troika II (ID 10B) beamline at the European
Synchrotron Radiation Facility, Grenoble, France, with a mono-
chromatically selected X-ray wavelength of ∼1.55 Å [2]. For
the GID two angles of incidence were used, 0.13◦ and ∼0.89◦,
see Ref. [2] for details. For each sample an X-ray reflectome-
try profile was measured first over about 1 h, followed by the
two GID patterns (each requiring 1 h) and then a second reflec-
tometry profile (1 h). Thus by the end of the second reflectivity
profile the films were over 4 h old. The films are generally vis-
ible to the naked eye at the surface of the solution within 5 min
after the solution is poured into the trough and remain visible
until removed at the end of the measurement. In the absence of
any other species, variation of the CTAB/PEI film mesostruc-
ture with time does occur within the first hour, as reported in
our earlier work [2]. After approximately one hour the evolved
film mesostructure is generally stable, for films containing only
CTAB and PEI, unless the ambient conditions are changed.
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Crosslinking the polyelectrolyte fixes the mesostructure which
is present in the film at the point where crosslinking occurs,
[2] thus the film structure can be stabilised by this reaction.
Consequently identifying the “transient” phases formed in these
non-equilibrium systems is important since it enables us to de-
termine when best to crosslink and fix the desired structures.
(These phases are present for at least several tens of minutes, if
not hours, allowing time for the crosslinking to be initiated and
freeze in the desired structures.) However in the present paper
we restrict our report to the evolution of phases in CTAB/PEI
films containing sparingly soluble species, since we require in-
formation on these systems without the additional perturbation
of crosslinking.

The neutron experiments were performed on the LOQ,
SURF and CRISP instruments at the ISIS Pulsed Neutron
and Muon source, Rutherford Appleton Laboratories, Chilton,
England. The incident angle used for the reflectometry exper-
iments was 1.5◦, with data being collected between 0.048 and
0.613 Å−1 in QZ (=2π/d = (4π/λ) sin θ , where d is the lattice
spacing). For each sample a series of 15 min scans were per-
formed and where no changes with time were observed these
profiles could be combined to reduce the associated errors.

For the SANS experiments protonated CTAB was used with
protonated or deuterated additive in 100 or 60% D2O. At least
three of the possible four contrasts were measured for each sam-
ple. Data were collected between 0.09 and 0.285 Å−1 in Q for
30 min, corrected for background and reduced to one dimen-
sion by radial averaging using the Collette program on LOQ.
The profiles were modelled simultaneously using a procedure
written by Dr. Steve Kline at the NIST Centre for Neutron Scat-
tering for the Igor PRO platform (WaveMetrics) [25], with the
Hayter–Penfold formalism being used to account for the in-
teractions between the charged micelles [26]. Several models
for the micelle shape were initially investigated (prolate and
oblate ellipsoids, cylinders), and the final selection made on
the basis of a selection of fits giving the lowest χ2. The model
chosen was that of a uniform ellipsoid and, in line with our ear-
lier results on the shape of CTAB micelles in the presence of
PEI [1] and with the literature [17,27,28] the shape of the mi-
celles was thereafter constrained to a prolate ellipsoid. Prolate
ellipsoids have one major semi-radius (A) and two degenerate
minor semi-radii (B), e.g., A > B; the volume of the ellipsoid
is therefore: V = (4/3)πAB2. For the model the temperature
(298 K), dielectric constant (80) and micellar charge (25, mea-
sured by Berr [27]) were all fixed, whilst the variables fitted
were the SLD contrast (between the micelle and the intermicel-
lar phases), volume fraction, micelle radii, salt concentration
and incoherent background. Values of the SLD contrast were
initially calculated for the expected compositions of the inter-
micellar phase and micelle cores, based on the prepared solu-
tions. These were used as starting values for fitting, and in the
case of the samples in 100% D2O, provided an upper bound for
physically reasonable results. The final fits with lowest χ2 val-
ues all had fitted contrasts which were equal to or lower than
those calculated for the samples in 100% D2O. For samples in
60% D2O the fitted values also were compared with the calcu-
lated values to ensure that the fitting was physically reasonable.
Table 1
Micelle radii, aggregation numbers (N ), volume fractions of sparingly soluble
species in the CTAB micelles calculated from the fitted SLD contrast values
and the expected volume fraction, and the excess volume fractions taken from
the modelled SANS dataa

Additive % Radii
(Angstroms−1)

N Additive (%) EVF
(%)

A B Calc. Expected

No polymer
Cyclohexane 10 37.1 24.1 150 0.2 10.4 24

20 36.6 23.9 144 0.5 20.7 25
30 38.7 29.0 200 11.9 30.9 21

Cyclohexanol 10 37.0 24.2 152 0.8 10.2 23
20 37.0 24.2 149 2.7 20.3 22
30 37.1 23.9 140 6.0 30.5 22

Decane 30 39.3 27.8 192 8.3 32.6 23

S-PEI
No additiveb – 38.4 23.8 163 – – 18
Cyclohexane 10c 36.7 24.5 164 – – –

20c 37.5 25.5 176 – – –
30 39.0 28.4 201 10.7 30.9 20

Cyclohexanol 10 37.1 24.3 155 0.6 10.2 22
20 36.7 24.1 148 4.9 20.3 19
30 36.7 23.3 138 7.3 30.5 17

Decane 10 37.1 24.9 161 1.6 11.2 22
20 37.5 25.4 173 3.1 22.0 19
30 36.3 27.3 179 5.2 32.6 22

M-PEI
No additiveb – 34.9 25.3 139 – – 32
Cyclohexane 10 37.0 24.7 128 1.4 10.4 37

20 36.9 25.0 132 3.5 20.7 34
30 37.7 26.0 138 6.3 30.9 35

Cyclohexanol 10 37.1 24.3 116 0.0 10.2 42
20 36.5 23.8 113 2.6 20.3 38
30 36.4 23.5 108 5.3 30.5 36

Decane 30 38.6 28.5 154 6.3 32.6 40

a The errors associated with the radii are ±2 Å and ±1 Å for the radii, re-
spectively, ±5 for N , and ±5% for volume fractions.

b No data with deuterated additive was available for these samples.
c These results were taken from [1], where a MW ∼ 750,000 Da polymer was

used instead of M-PEI.

The fitted contrasts were used directly to calculate the content
of additives in the micelles given in Table 1 above.

3. Results and discussion

3.1. SANS results

The most important aim of the SANS experiments reported
here was to determine that the presence of the polymer in so-
lution did not impair uptake of the hydrophobic species into
the micelles. We also used the SANS experiments to compare
the shape of micelles in solution with the mesophases found
in the films formed at the air–solution interface, thus we have
not attempted to determine a full solution-phase diagram for
these systems but merely to correlate solution behaviour with
film structures. In modelling our SANS profiles we were able
to achieve good fits using a simple ellipsoid model and thus
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Fig. 1. SANS data for 15 S-PEI:CTAB: 30% cyclohexanol: (circles) 100%
D2O, H-cyclohexanol, (squares) 100% D2O 30%, D-cyclohexanol, (triangles)
60% D2O, 30% H-cyclohexanol, (diamonds) 60% D2O, 30% D-cyclohexanol.
The lines are simultaneous fits to the data using the model described in the text.

attempts to determine the location of the different additives
and/or polymer in the micelle through the use of a more com-
plex model were not justified by the data available. Sample fits
to the SANS data are shown in Fig. 1.

According to Berr a 0.1 M CTAB solution in 100% D2O
contains prolate micelles with core radii of 37.8 Å (A) and
20.1 Å (B), with a ‘Stern layer’ thickness of 6.5 Å and an ag-
gregation number of 164 [27]. Aswal et al. more recently fitted
data from a 0.05 M CTAB solution in 100% D2O as uniform
prolate micelles (using a similar Hayter–Penfold type interac-
tion as used here) and found radii of 33.7 (A) and 24 Å (B).
However using NMR measurements Hedin et al. obtained core
radii of 36.5 and 25.7 Å for a 0.1 M CTAB solution [17]. Rela-
tive to these three studies the radii of the micelles containing the
various sparingly soluble species (albeit at a lower CTAB con-
centration) are closest to those reported by Hedin et al. (Table 1)
and are larger than the equivalent values reported in the absence
of such species, suggesting the sparingly soluble species have
swollen the micelle despite the presence of the polymer in so-
lution, as expected.

Along with the micelle radii determined by the uniform el-
lipsoid model, Table 1 also gives values for the aggregation
number (N ) of the additive containing micelles and an estima-
tion of the amount of this species in the micelle (as a percentage
of the total volume). N was calculated from the total volume
fraction and the micellar volume by assuming that all the sur-
factant in the system is incorporated into the micelle, whilst
the percentage of additive was calculated from fitted SLDs us-
ing values for the SLD calculated from molecular structure and
densities for the protonated and deuterated species. The final
variable in Table 1, the excess volume fraction, was determined
by subtracting the volume of the surfactant alkyl chains (using
the molecular volume of the alkyl chain determined by Berr et
al. [27,29] multiplied by N ) and the volume of additive (from
the just calculated additive volume fraction) from the fitted mi-
celle volume. This is a direct determination of amount of non-
surfactant alkyl chain and non-additive components present in
the modelled ellipsoid, presumably it corresponds to a mixture
of surfactant headgroups, solvent, and (where present) polymer.

A complete data set was not collected for the pure CTAB
(no polymer, no additive) system, however using radii values
of 36.9 and 24.1 Å (which are comparable to the literature and
similar to those samples with low hydrophobe loading), an ag-
gregation number of ∼150, and the theoretical SLD contrast,
a good fit on a single CTAB in 100% D2O SANS profile was
obtained. It is therefore likely that the above values are accurate
for pure CTAB micelles under our conditions.

Relative to these values, the size of the CTAB micelles is in-
creased at high decane concentrations; this is consistent with
the general interpretation that such molecules will swell the
micelles [5]. The same also occurs for cyclohexane, in line
with the results of Törnblom and Henriksson, which show (in
polymer-free solutions) a swelling of CTAB micelles contain-
ing cyclohexane at additive contents above 10% [22]. Below
10% Törnblom and Henriksson showed that there was a length-
ening of the surfactant micelle; this was not observed here,
presumably due to the absence of a system with a suitable ad-
ditive content (6–9%). The swelling of both the cyclohexane
and decane containing micelles is accompanied by an increase
in the aggregation number, which is consistent with theoretical
predictions of Aamodt et al. [23].

When cyclohexanol is incorporated into CTAB micelles
it appears to induce a slight elongation of the micelles with
increasing additive content, more obviously there is a con-
comitant decrease in the aggregation number. Although the use
of cyclohexanol as an additive is rarely reported in the liter-
ature the results shown here are comparable to those given
for other alcohol/surfactant systems, in particular Zana has
reported a significant drop in the aggregation number of tetra-
decyltrimethylammonium bromide micelles with increasing
concentrations of 1-hexanol [30].

One unusual feature observed in all systems is the signifi-
cantly lower calculated additive contents than theoretically ex-
pected. The experimental values for the nominally 20 and 10%
solutions do however roughly scale with the amounts in the
30% solutions, as expected since these were prepared by dilu-
tion from the 30% stock solution. Given that all of the additives
have low calculated volume fractions, factors such as evapora-
tion of the additive and variant partitioning of the additive in
the intermicellar phase can be discounted since these would de-
pend on the volatility or hydrophobicity of particular species.
Possibly some phase separation occurs within these systems,
however this was not observed in the cells during the experi-
ments and these solutions were all completely clear, not cloudy,
although the small amounts of additives (i.e., 8–10 µl per ml of
solution) compared to the overall solution volume could make
it difficult to see this effect. Importantly however there appears
to be no difference between the amounts of sparingly soluble
species found in solutions with the polymer present compared
to those without PEI. Thus the addition of polymer to the so-
lutions makes little difference to the extent of solubilisation of
these species in the micelles.

The inclusion of polymer in the intermicellar phase does
however have some effect on the micelles. In a previous pub-
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lication it was shown that pure CTAB micelles became elon-
gated and narrower as the polymer concentration increased [1].
The effect was greatest for polymer concentrations higher than
15 g/l and in the present study there does not appear to be any
significant variance in the micelle radii upon the inclusion of the
polymer. There is however a significant variation in the micelle
aggregation number and the excess volume fraction (Table 1).
Whilst short PEI gives values close to those from the polymer
free systems, the medium PEI systems give a significant vari-
ation in both values. The results for M-PEI are also similar to
a previously reported CTAB/15 g/l (750,000 Da) PEI/additive
free system (Table 1) [1], and so it appears that when a high
MW polymer is used, the polymer becomes partially incorpo-
rated into the surfactant micelle.

The most likely reason for this is the more hydrophilic na-
ture of the shorter polymer, which has previously been found to
be a dominant factor affecting the properties of this system [2].
It could be that the more hydrophobic higher MW polymers are
incorporated into the palisade layer of the micelles. Alterna-
tively the polymer could be more closely bound to the micelle
surface, excluding water from this region. Again, importantly, it
is clear from the results in Table 1 that the effect of the different
additives on the CTAB micelles is unchanged in the presence of
either polymer.

3.2. GID and reflectometry results

From previous experiments it is known that, in the absence
of additive, CTAB/PEI films are composed of rod-like micelles
encased in a polymer matrix [3]. For a soft matter system these
films possess a relatively high level of ordering and subse-
quently peaks corresponding to a two-dimensional hexagonal
phase (or wormlike phase) are observed in the diffraction pat-
terns. As the films are not rigidly crystalline it is likely that these
ordered phases coexist with disordered regions (that would give
little or no scattering) [2].

Another principal feature of these films is the MW depen-
dence of the degree of ordering. Films prepared using high MW
polymers are thicker but less ordered, displaying a diffraction
ring in their GID patterns. On the other hand, films prepared
with short PEI, although thinner, can have a very high level
of ordering and primarily display a single diffraction spot in
their GID patterns although patterns can contain up to 8 dif-
fraction spots [2,3]. This spot is indicative of a highly ordered
film, in which the crystallites are aligned with the air/water in-
terface. This high level of ordering in pure CTAB/PEI films
which are not crosslinked can be, however, short-lived, as, par-
ticularly at lower polymer concentrations and for low molecular
weight PEI, there is a loss of structure with time. This has been
attributed to competition between local crystallite growth and
global film development [2].

For most of the additive containing films reported here the
GID patterns exhibit the standard 2D hexagonal phase struc-
ture, with the M-PEI films producing diffraction rings and the
S-PEI films producing up to four diffraction spots in their lower
angle pattern (Fig. 2, Table 2). The M-PEI films show the stan-
dard improvement of structure with time which is also seen for
Table 2
d-Spacings (Å) from the low (0.13◦) and high (∼0.89◦) incident angle GID
patterns and X-ray and neutron reflectometry profilesa

Additive % X-ray GID GID X-ray Neutron

Refl. 1 (low) (high) Refl. 2 Initial Final

S-PEI
No additive – 48.8 50 (S) 50

(wS)
51.6 49.0 52.0

Benzene 27 47.3 49 (S) NS – 53.5 50.7
Cyclohexane 10 – – – – 50.4 50.4

20 – – – – 50.4 50.4
30 47.3

(2P)
50 (3S) NS 74.1 51.1 51.1

Cyclohexanol 10 – – – – 51.1 51.1
20 – – – – 49.6 51.1
30 46.8

(4P)
50 (2S) 47

(4S)
52.3 49.6 51.1

Decane 10 – – – – 51.9 60.2
20 – – – – 51.9 60.2
30 NS 60 (R) 65, 58,

52
(3R)

61.7,
55.6,
51.1

51.1 54.2

M-PEI
No additive – 53.5b 60 (R)b 54

(R)b
– 51.1 52.6

Benzene 27 48.9 49 (bwR) 50 (R) 48.9
(2P)

– –

Cyclohexane 30 50.0 49 (wR) 50 (R) 48.9
(2P)

52.6 52.6

Cyclohexanol 10 46.8 52 (RwS) 49 (R) 48.3
(2P)

49.6 52.6

20 – – – – 49.6 49.6
30 – – – – 51.1 52.6

Decane 30 52.9 54 (bR) 53
(bR)

52.9 – –

Columns are given in chronological order as the data was taken during the
experiment. The first X-ray reflectivity pattern was started within 10 min of
pouring the solution into the trough, GID (low) started 1 h later, GID (high) af-
ter 1 further hour and the second X-ray reflectivity pattern was started 3 h after
the solution was poured into the trough. The first neutron reflectivity profile was
collected for 15 min starting immediately after solution poured into trough, the
final neutron reflectivity profile for 15 min starting 45 min after solution was
poured into the trough.

a For the GID patterns R denotes a ring, S a spot, while b and w indicate
broad and weak diffraction features, respectively. For X-ray reflectivity P indi-
cates the presence of multiple peaks. In cases where multiple peaks are present
the spacing given is that of the first order peak since the others are directly re-
lated to this spacing by integer factors as expected for aligned 2D hexagonal
phases. NS indicates that no diffraction features were seen, and a dash that the
profile was not measured. The error associated with the X-ray reflectometry and
GID data is ±0.6 Å and ±5 Å, respectively, and for the neutron reflectivity is
±0.8 Å.

b X-ray data from Ref. [2] for a CTAB/750,000 Da PEI film.

higher molecular weight PEI films which do not contain addi-
tives [2]. In additive-free films the d-spacing is also observed
to increase slowly with time, possibly due to water swelling the
polymer regions of the initially formed mesophase. However,
in contrast to the additive-free films, those films containing ad-
ditives are on the whole more stable in d-spacing during our
measurements. The exceptions to this are the decane contain-
ing films.

The PEI/30% decane system in particular shows a dramatic
divergence from the behaviour observed for the other films. As
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Fig. 2. GID patterns for the CTAB/PEI films at different incident angles (x-axis–QXY (Å−1), y-axis–QZ (Å−1)). Left to right, top row: S-PEI (no additive),
(a) 0.13◦ and (b) 0.89◦; S-PEI/27% benzene, (c) 0.13◦ and (d) 0.94◦; S-PEI/30% cyclohexane, (e) 0.13◦ and (f) 0.94◦; middle row: S-PEI/30% cyclohexanol,
(g) 0.13◦ and (h) 0.95◦; S-PEI/30% decane, (i) 0.13◦ and (j) 0.80◦; M-PEI/27% benzene, (k) 0.13◦ and (l) 0.90◦; bottom row: M-PEI/30% cyclohexane, (m) 0.13◦
and (n) 0.89◦; and M-PEI/30% cyclohexanol, (o) 0.13◦ and (p) 0.92◦; M-PEI/30% decane, (q) 0.13◦ and (r) 0.86◦ .
is most evident in the second S-PEI/30% decane GID pattern
the phase structure of this film is that of a cubic Pm3n phase
(Fig. 2). This phase can be composed of spherical or ellip-
soidal micelles and the formation of these instead of rod-like
micelles within the films is consistent with the change from
rod-like to spheroidal micelles expected upon the incorpora-
tion of the additive [9,11,12]. Pm3n cubic phases can also form
from entangled rod-like micelles but in this case it seems more
likely that the spheroidal micelles observed in solution simply
pack together in the film rather than rearrange, although there
is insufficient information available here to distinguish the pos-
sible cubic phase structures. In a previous paper we reported
the formation of a cubic phase in a system containing CTAB,
60 g/l S-PEI and a crosslinking agent; this yielded a lattice pa-
rameter of 23.9 Å [2]; for the S-PEI/30% decane system the
lattice parameter is 26.1 Å, indicating that the micelles have
been swelled by the decane, as expected given the SANS results
(Table 1). Notably, in the S-PEI/30% decane films although the
cubic phase is not aligned with the air/water interface like the
hexagonal phase, intense diffraction rings were produced which
indicate that the overall ordering within the films is high. Given
that film thickness is highly dependent on the polymer MW and
that decane is incorporated into the micelle interior (where it
cannot interact with the polymer) it seems unlikely that this
increased scattering is due to the film being thicker. A more
probable explanation is that the film is internally more ordered;
this could result from the inherently greater organisational flex-
ibility of the spheroidal micelles.

We have assumed, from the positions and breadths of the
rings/peaks in the GID and reflectometry profiles of the other
decane containing films (Table 2), that these films also have a
cubic phase structure. Ruggles et al. observed a similar hexag-
onal to cubic phase transition upon the addition of decane to
dodecyltrimethylammonium bromide templated silica films, al-
though in that case, when CTAB was used as the surfactant
there was instead a swelling of the hexagonal phase [5].

More subtle variations in the structure of the films is ob-
served with the addition of the other additives. For both of the
PEI/30% cyclohexanol films there is significant improvement
in the intensity of the diffraction features (Fig. 2). The low an-
gle pattern of the M-PEI/30% cyclohexanol film displays the
greatest ordering of all medium PEI films, while the number
and intensity of the spots in the second diffraction pattern of the
S-PEI/30% cyclohexanol film is greater than that observed for
the additive free films. As with decane films, this improved dif-
fraction intensity is most likely due to the presence of a more
ordered film rather than a thicker film. The probable cause of
this improvement is an increase in the length of the rod-like mi-
celles in the presence of cyclohexanol. Such an increase would
be consistent with the SANS data, that showed an elongation of
the micelles. It is also consistent with the literature, which sug-
gests that cyclohexanol should stabilise the rod-like phase [10],
and which in turn will increase the rod length and potentially
improve the long-range ordering.

Given the intensity and number of spots in the second GID
pattern of S-PEI/30% cyclohexanol relative to that of the addi-
tive free film (Fig. 2), the addition of cyclohexanol, along with
improving the mesoscale ordering of the film, also appears to
shift the thermodynamic equilibrium within the films to favour
the preservation of the initially formed crystallites [2]. Thus
adding this sparingly soluble species improves both the struc-
ture and the persistence of that structure in the films.
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Fig. 3. Neutron reflectometry profiles (45–60 min) for the (protonated)
CTAB/S-PEI/cyclohexane and CTAB/S-PEI/cyclohexanol films on 100% D2O.
Bottom to top: No additive, 10, 20 and 30% additive films. The error bars have
been excluded for clarity.

The strong diffraction from the S-PEI/cyclohexanol films is
also evident in the neutron reflectometry results (Fig. 3, Ta-
ble 2) and shows that even very small concentrations of cy-
clohexanol significantly improve the ordering within the films.
Interestingly, similarly strong diffraction is observed for the
S-PEI/cyclohexane films; this is somewhat surprising as the
SANS results show the surfactant micelles to be swollen rather
than elongated (Table 1). It may be that the actual volume per-
centages of cyclohexane incorporated into the micelles within
the film is lower than 10%, where it has been proposed that
cyclohexane causes an elongation of the micelles [22], though
this would raise the question of the location of the ‘missing’
additive. Another possible explanation is that the effect of the
polymer on the micelle (which also leads to elongation of the
micelles in solution [1]) is significant enough in the films to
drive the system as a whole to form rod-like micelles in the
presence of the cyclohexane. In this situation the cyclohexane
would likely be forced into the palisade layer as no increase
in the d-spacings was observed (Table 2). Ultimately though,
cyclohexane does not preserve the structure of the films in the
same way as cyclohexanol as there is no structure in the second
GID pattern of the S-PEI/30% cyclohexane film, and the order-
ing in the M-PEI/30% cyclohexane patterns is not significantly
improved.

Relative to all the other additives the influence of benzene
was minimal (Table 2). This is also surprising as benzene, like
cyclohexanol, is expected to stabilise and lengthen rod-like mi-
celles. The reason for the absence of any effect may be due
to the mechanism by which benzene interacts with the cationic
surfactant. It is believed that the aromatic ring, when located in
the palisade layer, is polarised to form a charge-dipole complex
with the surfactant headgroups [24,31]. This is similar to the
charge-dipole interaction formed between the surfactant and the
polymer and it is possible that these two interactions compete
with each other to negate any potential increase in ordering.

4. Summary

The addition of small amounts of hydrocarbons or alcohols
to the film forming solutions of CTAB and PEI has been shown
to influence the properties of the micelle network in the film.
A cubic phase was formed in the presence of decane, while en-
hanced ordering in films prepared using low molecular weight
PEI was also observed when cyclohexane or cyclohexanol were
present. From the SANS measurements it was observed that the
actions of the additives and the polymer on the CTAB micelles
are independent of each other. These experiments show that it
is possible to incorporate hydrophobic species within the mi-
celles within the polymer–surfactant films while still forming a
continuous membrane at the interface. Further development of
these membranes as encapsulation systems is under investiga-
tion.

Acknowledgments

We thank Drs. A. Terry and A. Hughes of the ISIS facil-
ity for assistance with the neutron scattering experiments on
LOQ and SURF, respectively. We acknowledge the European
Synchrotron Radiation Facility for provision of synchrotron ra-
diation facilities and we would like to thank Drs. L. Cavalcanti
and O. Konovalov of the ESRF for assistance with the X-ray
scattering measurements on beamline ID10B. This work has
been financed by the EPSRC (GR/S84712/01) within the EU-
ROCORES Programme SONS of the European Science Foun-
dation, which is also supported by the European Commission,
Sixth Framework Programme.

References

[1] B.M.D. O’Driscoll, E. Milsom, C. Fernandez-Martin, L. White, S.J. Roser,
K.J. Edler, Macromolecules 38 (2005) 8785–8794.

[2] B.M.D. O’Driscoll, C. Fernandez-Martin, R.D. Wilson, S.J. Roser, K.J.
Edler, Langmuir 23 (2007) 4589–4598.

[3] K.J. Edler, A. Goldar, T. Brennan, S.J. Roser, Chem. Commun. (2003)
1724–1725.

[4] M. Tiemann, V. Goletto, R. Blum, F. Babonneau, H. Amenitsch, M. Lin-
den, Langmuir 18 (2002) 10053–10057.

[5] J.L. Ruggles, E.P. Gilbert, S.A. Holt, P.A. Reynolds, J.W. White, Lang-
muir 19 (2003) 793–800.

[6] M. Luechinger, G.D. Pirngruber, R. Prins, J. Phys. Chem. B 108 (2004)
10903–10910.

[7] M. Luechinger, G.D. Pirngruber, B. Lindlar, P. Laggner, R. Prins, Micro-
porous Mesoporous Mater. 79 (2005) 41–52.

[8] B.M.D. O’Driscoll, C. Fernandez-Martin, R.D. Wilson, L. White, S.J.
Roser, K.J. Edler, J. Phys. Chem. B 110 (2006) 5330–5336.

[9] O. Bayer, H. Hoffmann, W. Ulbricht, H. Thurn, Adv. Colloid Interface
Sci. 26 (1986) 177–203.

[10] R. Zana, Adv. Colloid Interface Sci. 57 (1995) 1–64.
[11] H. Hoffmann, W. Ulbricht, J. Colloid Interface Sci. 129 (1989) 388–405.
[12] S. Reekmans, H.W. Luo, M. Vanderauweraer, F.C. Deschryver, Lang-

muir 6 (1990) 628–637.
[13] P.M. Lindemuth, G.L. Bertrand, J. Phys. Chem. 97 (1993) 7769–7773.
[14] S. Nilsson, A.M. Blokhus, A. Saure, Langmuir 14 (1998) 6082–6085.
[15] S. Nilsson, A.M. Blokhus, S. Hellebust, W.R. Glomm, Langmuir 18

(2002) 6504–6506.



592 B.M.D. O’Driscoll et al. / Journal of Colloid and Interface Science 317 (2008) 585–592
[16] J.C. Eriksson, G. Gillberg, Acta Chem. Scand. 20 (1966) 2019–2027.
[17] N. Hedin, R. Sitnikov, I. Furo, U. Henriksson, O. Regev, J. Phys. Chem.

B 103 (1999) 9631–9639.
[18] A. Heindl, J. Strnad, H.H. Kohler, J. Phys. Chem. 97 (1993) 742–746.
[19] G. Lindblom, B. Lindman, L. Mandell, J. Colloid Interface Sci. 43 (1973)

400–409.
[20] G.A. Smith, S.D. Christian, E.E. Tucker, J.F. Scamehorn, J. Colloid Inter-

face Sci. 130 (1989) 254–265.
[21] M. Valiente, E. Rodenas, J. Colloid Interface Sci. 138 (1990) 299–306.
[22] M. Törnblom, U. Henriksson, J. Phys. Chem. B 101 (1997) 6028–6035.
[23] M. Aamodt, M. Landgren, B. Jonsson, J. Phys. Chem. 96 (1992) 945–950.
[24] A. McCurdy, L. Jimenez, D.A. Stauffer, D.A. Dougherty, J. Am. Chem.
Soc. 114 (1992) 10314–10321.

[25] S.R. Kline, J Appl. Cryst. 39 (2006) 895.
[26] J.B. Hayter, J. Penfold, Mol. Phys. 42 (1981) 109–118.
[27] S.S. Berr, J. Phys. Chem. 91 (1987) 4760–4765.
[28] V.K. Aswal, P.S. Goyal, Chem. Phys. Lett. 368 (2003) 59–65.
[29] S.S. Berr, E. Caponetti, J.S. Johnson, R.R.M. Jones, L.J. Magid, J. Phys.

Chem. 90 (1986) 5766–5770.
[30] R. Zana, S. Yiv, C. Strazielle, P. Lianos, J. Colloid Interface Sci. 80 (1981)

208–223.
[31] F. Currie, J. Colloid Interface Sci. 277 (2004) 230–234.


	Incorporation of sparingly soluble species in mesostructured surfactant-polymer films
	Introduction
	Experimental
	Results and discussion
	SANS results
	GID and reflectometry results

	Summary
	Acknowledgments
	References


