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Hypothesis: The compatibility of surfactants and graphene surfaces can be improved by increasing the
number of aromatic groups in the surfactants. Including aniline in the structure may improve the com-
patibility between surfactant and graphene further still. Surfactants can be modified by incorporating
aromatic groups in the hydrophobic chains or hydrophilic headgroups. Therefore, it is of interest to inves-
tigate the effects of employing anilinium based surfactants to disperse graphene nanoplatelets (GNPs) in
natural rubber latex (NRL) for the fabrication of electrically conductive nanocomposites.
Experiments: New graphene-philic surfactants carrying aromatic moieties in the hydrophilic headgroups
and hydrophobic tails were synthesized by swapping the traditional sodium counterion with anilinium.
1H NMR spectroscopy was used to characterize the surfactants. These custom-made surfactants were
aysia.
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Dispersion stability
Small-angle neutron scattering (SANS)
used to assist the dispersion of GNPs in natural rubber latex matrices for the preparation of conductive
nanocomposites. The properties of nanocomposites with the new anilinium surfactants were compared
with commercial sodium surfactant sodium dodecylsulfate (SDS), sodium dodecylbenzenesulfonate
(SDBS), and the previously synthesized aromatic tri-chain sodium surfactant TC3Ph3 (sodium 1,5-diox
o-1,5-bis(3-phenylpropoxy)-3-((3phenylpropoxy)carbonyl) pentane-2-sulfonate). Structural properties
of the nanocomposites were studied using Raman spectroscopy, field emission scanning electron micro-
scopy (FESEM), and high-resolution transmission electron microscopy (HRTEM). Electrical conductivity
measurements and Zeta potential measurements were used to assess the relationships between total
number of aromatic groups in the surfactant molecular structure and nanocomposite properties. The
self-assembly structure of surfactants in aqueous systems and GNP dispersions was assessed using
small-angle neutron scattering (SANS).
Findings: Among these different surfactants, the anilinium version of TC3Ph3 namely TC3Ph3-AN (anilin-
ium 1,5-dioxo-1,5-bis(3-phenylpropoxy)-3-((3phenylpropoxy)carbonyl) pentane-2-sulfonate) was
shown to be highly efficient for dispersing GNPs in the NRL matrices, increasing electrical conductivity
eleven orders of magnitude higher than the neat rubber latex. Comparisons between the sodium and
anilinium surfactants show significant differences in the final properties of the nanocomposites. In gen-
eral, the strategy of increasing the number of surfactant-borne aromatic groups by incorporating anilin-
ium ions in surfactant headgroups appears to be effective.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Research related to surfactants lies at the interface of several
research disciplines. As a result, the growing interest in new mate-
rials often requires consideration of tailored surfactants to improve
compatibility and stability of dispersions. The possibilities for
structural variations and the implications for physicochemical
properties, micellar behavior and potential applications are impor-
tant in this area. Changes in surfactant molecular structure may
include variation of the relative size of hydrophobic parts, hydro-
philic headgroup type, single or multiple headgroups, and many
other possibilities. The results of these studies (in various colloidal
systems e.g. oil-in-water emulsions, carbon nanotube dispersions,
etc.) are complex, and more often than not, no clear pattern
emerges [1,2].

It is a well-known concept in colloid science that a balance
between hydrophilic and hydrophobic moieties strongly affects
surfactant behavior [3,4]. The traditional molecular packing (CPP)
approach proposed by Israelachvili emphasized the role of each
part of the surfactant (volume (vo) and length (lo) of surfactant tail
and headgroup area (ao)), and there are well-established correla-
tions between CPP and micellar structure [5]. Previously, it has
been shown that for a constant headgroup structure, interfacial
activity, self-assembled structure, and stabilization of graphene
dispersions can be dramatically influenced by structural modifica-
tions of surfactant hydrophobic groups [6]. Although the employed
surfactants differ in total carbon number, trends in electrical con-
ductivity enhancement and zeta potential were found to correlate
with the number of aromatic rings and surfactant chains. The
observed exceptional behavior of the tri-chain surfactant TC3Ph3
(sodium 1,5-dioxo-1,5-bis(3-phenylpropoxy)-3-((3phenylpro
poxy)carbonyl) pentane-2-sulfonate) was explained in terms of a
suitable ‘‘disk-like” geometry for wrapping graphene nanoplatelets
(GNPs) sheets, resulting in stable dispersions in natural rubber
latex (NRL) matrices. The measured values of zeta potential were
interpreted in terms of a repulsive stabilizing barrier between
adjacent graphene sheets.

Nevertheless, there is a lack of literature related to changes in
the surfactant headgroup structure, presumably due to the lack
of suitable compounds. It has been recognized that subtle changes
of headgroup structure affect the ability of surfactants to stabilize
microemulsions, either water-in-oil or water-in-CO2 [7–9]. Briefly,
addition of merely a single ACH2 spacer in the surfactant head-
group increases the hydrophobicity and slightly increases the effi-
ciency of the surfactant, enhancing notably microemulsion
stability (stable at lower experimental condition) [7–9]. In most
cases, though, modifying the hydrophilic segment has much less
effect on stability, as compared to for the hydrophobic segment.
Another strategy, changing surfactant counterions with aromatic
ions generally leads to an increase in hydrophobicity (lower aque-
ous phase cmc), which can be advantageous for enhancing the
affinity with graphene surfaces (considering graphene is notori-
ously hydrophobic) [10–13]. The presence of p-electron systems
in surfactant headgroups may also encourage p-p interactions
with graphene. Although research has highlighted the important
role of p-p interactions for graphene-active surfactants [14–17],
until recently, none of the studies thus far have examined the
effects of systematic variations in the hydrophilic segments.

Thus, it is becoming evident that understanding the effect of
subtle structural variations in surfactant compatibility with gra-
phene is far from complete. To further explore the effect of surfac-
tant molecular structure, and advance a previous study,
modifications in surfactant headgroup structure are reported here.
An aromatic amine (aniline) moiety has been incorporated into the
surfactant hydrophilic segments, which are hereafter referred as
the anilinium surfactants. The anilinium analogues of normal
sodium surfactants (SDS, SDBS, and TC3Ph3); DS-AN, DBS-AN,
and TC3Ph3-AN, have been developed and their performance in
systems comprising of GNPs and NRLs was investigated.

The chemical structures of the new anilinium surfactants are
shown in Table 1, and for comparison the normal sodium surfac-
tants are also shown. To make further comparisons with related
aromatic surfactants, SDBS and TC3Ph3 are also included since
these are known to promote p-p interactions. This approach will
provide new insight on how hydrophilic headgroup aromatization
affects surfactant performance in the GNP/NRL composites as well
as the stabilization mechanisms and aggregate microstructures.
2. Materials and methods

2.1. Materials

The matrix polymer, NRL was supplied by the Malaysian Insti-
tute of Nuclear Technology Research, with the total solid content
(TSC) and dry rubber content (DRC) were 54% and 56%, respec-
tively. Methods to determine the TSC and DRC can be found
elsewhere [18]. GNP powder (UG Pro 880, average thickness



Table 1
Surfactants used in this study.

Name Chemical structure

SDS

Sodium dodecylsulfate

SDBS

Sodium dodecylbenzenesulfonate

TC3Ph3

Sodium 1,5-dioxo-1,5-bis(3-phenylpropoxy)-3-((3-phenylpropoxy)carbonyl) pentane-2-sulfonate

DS-AN

Anilinium dodecylsulfate

DBS-AN

Anilinium dodecylbenzenesulfonate

TC3Ph3-AN

Anilinium1,5-dioxo-1,5-bis(3-phenylpropoxy)-3-((3-phenylpropoxy)carbonyl) pentane-2-sulfonate
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0.98–3.54 nm) was obtained from UGENT Tech Pte Ltd and dried in
an oven for 6 h at 70 �C prior to use. SDS (99%, Systerm) and SDBS
(technical grade, Sigma Aldrich) were used as received. The surfac-
tants TC3Ph3 were custom-made and synthesized as detailed pre-
viously [19]. The anilinium surfactants however were synthesized
according to the previous method by Vega-Rios et al. [20] with cer-
tain modifications (see below). The synthesized surfactants were
characterized by 1H NMR Spectroscopy detailed in Supplementary
material.

2.2. Surfactant synthesis

Anilinium surfactants were prepared by first reacting aniline
(1.0 eq.) and hydrochloric acid (37%) (1.3 eq.) under vigorous stir-
ring to obtain brown colored intermediate anilinium hydrochloride
salts. Water was then added up to dissolution of the salt. A known
amount of surfactant (1:1 M ratio to aniline) solution was then
added to the resulting anilinium hydrochloride solution while stir-
ring. A white precipitate was formed as a result of exchange
between sodium and anilinium ions. Next, the mixture was heated
at 50 �C under stirring up until saturation, and then allowed to cool
at room temperature. The mixture was then refrigerated overnight,
to separate solid anilinium surfactant, which was then dried at
70 �C. The anilinium surfactants were brown liquids at tempera-
ture ±50 �C and above, but solids at room temperature.
2.3. Nanocomposite preparation

The GNP dispersions were prepared using surfactants, and a
Branson 5510 sonicator, with 135 W of 42 kHz ultrasound. Surfac-
tant concentrations were varied from 0 to 0.024 M. For comparable
studies, the filler loading was fixed at 2 wt%, relative to the TSC of
the NRL. A known amount of GNP was initially dispersed in a 10 mL
surfactant solution and stirred for 1 h. The resulting dispersions
were then subjected to sonication for 2 h. Next NRL was added to
the graphene-stabilized surfactant dispersions and stirred for 1 h.
The mixtures were then sonicated and cast into a mould.
Nanocomposites were obtained after drying in an oven at 70 �C
overnight.
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2.4. Electrical conductivity measurements

Electrical conductivity of the nanocomposites was determined
using a standard four-point probe method. All samples were cut
into 15 mm � 15 mm and measured for the surface (in-plane)
direction. For each sample, conductivity data represent the aver-
ages of triplicate measurements. All conductivity measurements
were performed at room temperature (25 �C) with a programmable
Keithley 2636A electrometer.

2.5. Morphology characterization

The dispersion of GNP flakes in the NRL matrix was studied
using Raman spectroscopy, field emission scanning electron micro-
scopy (FESEM) and high-resolution transmission electron micro-
scopy (HRTEM). For FESEM (Hitachi SU8020) observation, the
nanocomposites were coated with platinum (Pt) prior to imaging
to avoid charging. To visualize the embedded microstructure of
nanocomposites using HRTEM (JEOL 2100F), the samples were
cryo-sectioned with a diamond knife to give nominal thickness of
�80 nm. Raman spectroscopy was used to evaluate the graphitic
structure of GNPs. The Raman spectra were collected using a Ren-
ishaw InVia micro Raman system spectrophotometer with a
514 nm argon-ion laser source. Five regions were measured for
each nanocomposite.

2.6. Zeta potential measurements

Zeta potential measurements were performed by ELSZ-1000
Zeta-potential and Particle size Analyzer (Photal OTSUKA ELEC-
TRONICS) using the Smoluchowski equation and 1 peak Lorentz fit-
ting. Measurements were carried out with a flow cell at sampling
time 400 ls, cumulative number 7, measuring angle 15�, tempera-
ture 25 �C, pin hole size 50 lm, cell constant 70.000 cm�1. Proper-
ties of aqueous mixtures (refractive index 1.3328, viscosity
0.8878 cP, and permittivity 78.3 Fm�1) were used for calculation
of zeta potential. Zeta potential values were finally obtained as
average values of 10 runs for each sample.

2.7. Small-angle neutron scattering (SANS)

Small-Angle Neutron Scattering (SANS) studies were carried out
on the time-of-flight LOQ instrument at ISIS, UK. The accessible Q
range was 0.007–0.23 Å�1, arising from incident neutron wave-
lengths of k = 2.2–10 Å. Absolute intensities for I(Q) (cm�1) were
determined to within 5% by measuring the scattering from a par-
tially deuterated polymer standard. Neutrons are scattered by
short-range interactions with sample nuclei, the ‘scattering power’
of different components being defined by a scattering-length den-
sity (SLD), q (cm�2). The samples were prepared in 2 mm path-
length quartz cells and held in a thermostatted automatic sample
changer at 25 �C. Data have been fitted using the SASView interac-
tive fitting program, fixing scattering length density differences as
calculated and fitting for micellar volume fraction and appropriate
structural parameters as required by the different scattering laws.
Fig. 1. Electrical conductivities of NRL and GNP/NRL composites with anilinium and
sodium-bearing surfactants as stabilizers. The error bars are given for three
experimental measurements.
3. Results and discussion

3.1. Electrical conductivity measurements

Added surfactants perform important functions for enhancing
the mechanical, thermal, and electrical properties of the compos-
ites. Electrical conductivity measurements have been used to help
assess the performance of different surfactants in GNP and NRL
composites. The results are shown as a function of log electrical
conductivity versus surfactant concentration (Fig. 1). It can be seen
that the effect of swapping sodium counterions for anilinium is
quite dramatic; the electrical properties of the resulting nanocom-
posites are notably improved. Table 2 summarizes the comparison
of conductivity values when using the anilinium surfactants. Other
related data for nanocomposite electrical conductivities are given
in Table S1 (Supplementary material).

Generally, the anilinium version brings about three orders of
magnitude enhancements to the electrical conductivity at the same
surfactant concentration. For example, with SDS at 0.024 M, the
optimum nanocomposite electrical conductivity was 1.59 � 10�8 -
S cm�1. However, the anilinium analogue (DS-AN) is able to reach
3.45 � 10�6 S cm�1 at the same concentration. Optimum electrical
conductivity was achieved at a surfactant concentration of
0.016 M, giving 1.50 � 10�4 S cm�1; even higher than for the tri-
chain surfactant TC3Ph3 (Tables 2 and S1). The most remarkable
enhancement herewas foundwith TC3Ph3-ANat 0.008 M, elevating
the non-conductive NRL (1.51 � 10�14 S cm�1) by nearly twelve
orders of magnitude to 1.08 � 10�2 S cm�1). It is interesting to note
that TC3Ph3-AN needed only half the TC3Ph3 concentration to
achieve optimum nanocomposite electrical conductivity (TC3Ph3
at 0.016 M;TC3Ph3-ANat 0.008 M). Theoptimumelectrical conduc-
tivity follows the order of TC3Ph3-AN > DBS-AN > DS-AN, although
there is only a slight difference between DS-AN and DBS-AN.

The electrical properties of these composites compare well with
the top ranking values reported in the literature for graphene-
polymer nanocomposites [21–23]. The most impressive enhance-
ment seen here is almost the same as was achieved at ten times
higher surfactant concentrations [22] and nanofiller content [24].
Returning to Table 2, the changes in electrical conductivity are
broadly consistent with increasing surfactant concentration
[15,25]. However, that is not always the case, for example with
TC3Ph3-AN. The same kind of behavior was also experienced with
TC3Ph3, again illustrating that surfactants may cease to ‘‘perform”
at a certain limit [25,26]. It is clear that aromatization of the head-
groups enhances graphene-compatibility compared with the nor-
mal sodium surfactants. The relationships between these
interesting phenomena and the surfactant electrical double layers
generated by the surfactants will be presented in the following
sections.

3.2. Morphologies of dispersions

To gain more information on the organization of GNPs in the
polymer matrices, FESEM microscopy has been used which can
provide contrast imaging between polymer host and nanofiller.



Table 2
Electrical conductivities of GNP/NRL composites stabilized by anilinium-bearing surfactants.

Surfactant Surfactant concentration (M)

0.008 0.012 0.016 0.020 0.024

Electrical conductivity of nanocomposites (S cm�1)
TC3Ph3-AN 1.08 � 10�2 1.28 � 10�4 3.59 � 10�5 5.96 � 10�6 1.60 � 10�5

DBS-AN 1.54 � 10�6 5.74 � 10�6 1.14 � 10�5 3.86 � 10�5 2.11 � 10�4

DS-AN 1.03 � 10�6 5.69 � 10�6 1.50 � 10�4 6.00 � 10�6 3.45 � 10�6
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FESEM images show individual graphene sheets represented by the
bright flakes, which are well dispersed throughout the NRL matri-
ces (Fig. 2). Attempts to disperse the GNPs using sodium surfac-
tants (at 0.016 M) followed clear improvements on increasing the
number of aromatic rings in the hydrophobic segments [6]. GNPs
were observed as numerous bright flakes against the dark back-
ground NRL matrices [27,28]. Compared to the non-aromatic SDS,
better quality dispersions were achieved with aromatic single
chain SDBS, which further improved using TC3Ph3 (Fig. S4; Supple-
mentary material), giving less agglomerates and better dispersed
structures over the sample surface area [6].

As can be seen in the SEM images of Fig. 2(a–c), at constant
surfactant concentration (0.016 M) the composites stabilized by
Fig. 2. FESEM images of GNP/NRL with: (a and a0) DS-
anilinium surfactants appear to be almost entirely filled with
GNPs. The edges and multiple layers of GNP flakes become more
evident when observed at higher magnification (a0–c0). These
observations suggest that the GNPs are present individually, with
only minimal stacking or agglomeration. This is distinctively dif-
ferent then when the dispersion is stabilized by sodium surfac-
tants. With the same magnification range, even the best
surfactant TC3Ph3 was not able to achieve dominantly-covered
surfaces (Fig. 2d and d0). This indicates that the GNP sheets are
more uniformly distributed and intimately mixed within the
NRLs when anilinium surfactants are used, and is presumably
the origin of the enhancements in electrical properties discussed
in the previous section.
AN, (b and b0) DBS-AN, and (c and c0) TC3Ph3-AN.



Fig. 3. HRTEM micrographs GNP/NRL/TC3Ph3-AN nanocomposites.
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To further examine the microdispersion state of GNPs in NRLs
HRTEM was employed. Fig. 3(a–c) shows TEM micrographs of
ultrathin sections of GNP/NRL/TC3Ph3-AN composites. Over the
imaging area, a few randomly oriented GNP platelets are visible,
the dark needle-like particles, indicate multiple GNP layers [29–
31]. A higher resolution TEM investigation of the free-hanging
sheets as shown in Fig. 3(c) provides direct visualization of the
number of GNP layers.

By comparison, TC3Ph3-AN promotes a more uniform disper-
sion, with more GNPs embedded in the NRL matrix, as compared
to TC3Ph3 (Fig. S5; Supplementary material). It is clear that GNPs
are well-mixed with the NRL matrices, and this may be ascribed
to strong interactions between the functional groups on NRL parti-
cles and the charged GNPs wrapped by surfactants. Therefore, it
can be deduced that good dispersion of GNPs inside these NRL
matrices is related to improved electrical properties of these
nanocomposites.

The graphitic networks in the nanocomposites were further
characterized by Raman spectroscopy. Two peaks that are com-
monly ascribed to graphene, the D-(1350 cm�1) and G-bands
(1580 cm�1), are seen in Fig. 4. As such, the presence of defect
domains in GNPs can be assessed by calculating the ratio of defect
disorder (D-band) and graphitic network (G-band) intensity,
namely ID/IG ratio [32].

As can be seen, the Raman spectra of nanocomposites are dom-
inated by the sp2 sites, as those found in GNPs where the G-peak is
more pronounced than the D-peak. The D-peak appeared almost at
the same wavenumber as that of the pure GNPs except for compos-
ites containing TC3Ph3 surfactant (see Fig. S6), which shifted to
higher wavenumber (1353–1358 cm�1). Interestingly, when com-
paring the G-peaks of the nanocomposites and GNPs, the nanocom-
posites and GNPs exhibit relatively strong G-bands at around
1580–1581 cm�1 but not for TC3Ph3-AN. The G-peak of a sample
containing TC3Ph3-AN appeared at higher wavenumber
(1589 cm�1) compared to the other samples, which may be attrib-
uted to the surfactant wrapping the GNP particles [32–34].

Analysis of the ID/IG ratio revealed slightly decreased ID/IG values
of GNPs in the nanocomposites compared to the pristine GNPs.
This is assumed to be due to the surfactant physically wrapping
GNP sheets, but not altering the sp2 GNP network [19,35]. There-
fore, it can be concluded that the graphitic networks are mainly
intact and surfactant treatments used here do not covalently func-
tionalize or perturb the nanocomposite p-systems. The surfactants
are able to preserve graphitic networks uniformly dispersed and
overcome agglomeration, resulting in high electrical conductivity
enhancements.

3.3. Relationship between number of aromatic groups in surfactants,
dispersion stability and electrical conductivity enhancement – A zeta
potential study

The zeta (f)-potentials of graphene dispersions with anilinium
surfactant in this study are well beyond the accepted value for col-
loidal stability (±30 mV, see Table 3), indicating that reaggregation
should be minimized. Readers may refer to Table S2 (Supplemen-
tary material) for the zeta-potential data of normal sodium surfac-
tants. It is clear that the electrostatic stabilizing barrier provided by
surfactant is strongly dependent on surfactant structure [36].

Compared to the parent SDBS, the barrier increased to �63 mV
for the anilinium analogue. The f-potential of DS-AN surfactant
however is quite similar to SDS, being slightly shifted to �45 mV.
On the other hand, the greatest charge stability was achieved with
TC3Ph3-AN, reaching up to �99 mV. Although, considering exper-
imental error, this value is just slightly beyond the optimum value
reached with the TC3Ph3 surfactant. Nevertheless, this impressive
zeta potential of �99 mV, makes it the most negative zeta potential
value observed for graphene as well as CNTs studies to date
[14,15,37,38].

Using pyrene derivatives, Parviz and co-workers studied the
variation of remaining graphene fraction after centrifugation as



Fig 4. Raman spectroscopy of GNP (a) and nanocomposites: (b) GNP/NRL/DS-AN,
(c) GNP/NRL/DBS-AN, (d) GNP/NRL/TC3Ph3-AN.

Fig. 5. Relationship between zeta potential, number of aromatic groups on the
surfactant molecule and order of magnitude enhancement in nanocomposite
electrical properties stabilized by anilinium and sodium surfactants.
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well as the f-potential over wide pH range (2–12). Among six com-
pounds, only few (mostly sulfonyl-bearing compounds) qualify as
colloidally stable, being slightly negative or positive than the ‘‘sta-
bility benchmark” (±30 mV) [15]. Other work from the same group
employed triphenylene derivatives for the fabrication of conduc-
tive composites from poly(vinyl) alcohol. A potential of �37 mV
was cited as one of the factors affecting improved electrical con-
ductivity [14]. Later, Zhang et al. designed a conjugated p-rich
compound, namely a naphthalene surfactant, for dispersion to give
absolute potential barriers of |35–50| mV [16]. It is evident that the
custom-made surfactants used here clearly outperform the already
existing aromatic compounds used in previous literature. Consid-
ering the price of starting materials and the performance of the
resulting composites, the surfactants used here are more econom-
ical for larger scale synthesis than the aforementioned compounds
(e.g. the precursor of naphthalene surfactant cost about USD 80/5g,
whereas TC3Ph3 precursor cost about USD 0.60/5g – based on the
current rates from commercial suppliers).

Coming back to the nanocomposite electrical properties, there
is a trend toward greater electrical conductivity as the total num-
ber of surfactant aromatic rings is increased; this suggests that dis-
persion stability (zeta potential) increases with more p-p
interactions. A relationship between electrical conductivity
enhancement, zeta potential value, and total number of aromatic
rings is shown in Fig. 5. It is clear that highly charged GNPs help
to achieve stable dispersions in the NRL matrices and enhanced
nanocomposite properties.
3.4. Effect of headgroup modification on structure of surfactant
aggregates by SANS

The morphology of surfactants aggregates and micelles is a
result of delicate balance of two opposing forces [39–41]. Tail-
tail interactions provide promote aggregation, whereas repulsion
Table 3
Zeta potential value of GNP-stabilized surfactants dispersion and the relationship to
nanocomposites.

Surfactant f-potential/mV No of aromatic rings
in headgroup

DS-AN �45 ± 1 1
DBS-AN �63 ± 8 1
TC3Ph3-AN �99 ± 7 1
between surfactants limits the eventual micelle size [42,43]. As a
result, the characteristics of these aggregates can be easily con-
trolled by changes in surfactant molecular structure or solution
conditions such as temperature, concentration and ionic strength
[44]. To gain a better understanding of the influence of aromatic
rings in headgroups on micellar structure SANS profiles surfactants
were examined at a fixed concentration. The SANS profiles for
anilinium surfactant solutions are displayed in Fig. 6(a), whereas
the GNP dispersions are in Fig. 6(b). All measurements were carried
out at a concentration of 0.030 M, being above the cmc all surfac-
tants. The fitted micellar dimensions of each surfactant can be
found in Table 4. The SANS data for sodium surfactants are given
in Supplementary material (Fig. S7 and Table S3).

For all the single chain sodium surfactants (Fig. S7(a)), the scat-
tering is consistent with charged spherical micelles [45,46]. The
scattering from the tri-chain TC3Ph3 surfactant could be inter-
preted as charged ellipsoidal micelles, and a form factor P(Q) with
principal and secondary axes Ra and Rb. The interparticle structure
factors S(Q) were modeled for interacting charged micelles by the
Hayter-Penfold method [46]. On moving to the anilinium version,
with DS-AN surfactant there is a sphere-to-rodlike transition
(Fig. 6a). For this sample I(Q) scales approximately with Q�1 which
is characteristic for 1-D rodlike micelles (Fig. S7a). The micelle
radius of SDS was initially 22.0 Å, shrinking to 14.0 Å with DS-
AN. However, the micelles elongate and grow uniaxially to give a
rod length around 168.0 Å. Previous work observed similar micel-
lar growth behavior when aniline hydrochloride was introduced to
SDS micelles [47–50]. The presence of aromatic rings was postu-
lated to screen the headgroup electrostatic repulsions, which in
turn, decreases the effective area occupied by surfactant
surfactant headgroup modification and electrical conductivity enhancement of

No. of aromatic rings on
surfactant chains

Order of magnitude of electrical
conductivity enhancement

– �10
1 �10
3 �12



Fig. 6. SANS profiles of DS-AN, DBS-AN, and TC3Ph3-AN in (a) surfactant solutions
and (b) GNP dispersions. [Surfactant] = 0.03 M and T = 25 �C. Lines are model fits for
cylindrical micelles (with Hayter-Penfold S (Q)) and lamellar model. Characteristic
error bars are shown for the lowest intensity samples.
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headgroups [47]. This was corroborated by SANS analyses which
revealed a decrease in headgroup area at higher aniline hydrochlo-
ride concentration.

The transition was also discussed in terms of the molecular
packing parameter CPP). A lower headgroup area increases CPP
for the surfactant and induces a transition from spherical to rodlike
or lamellar micelles [5,39,51]. Rod formation in cationic surfac-
tants is also often encountered when aromatic counterions are pre-
sent, although it does depend on the type of aromatic ring
[10,52,53].

The scattering data of DBS-AN and TC3Ph3-AN shown in Fig. 6
(a) are indicative of lamellar aggregates, where DBS-AN forms reg-
ular bilayer micelles and TC3Ph3-AN forms stacks of eleven or so
Table 4
Model fit parameters for the SANS dataa (Dimensions in Angstrom).

Surfactant Model Rcylinder (Å)

Surfactant solution
DS-AN Cylinder 14.0
DBS-AN Lamellar –
TC3Ph3-AN Lamellar stack paracrystal –

Surfactant + GNP dispersion
DS-AN Cylinder 13.0
DBS-AN Lamellar stack paracrystal –
TC3Ph3-AN Lamellar stack paracrystal –

a [surf.] = 0.030 M except for GNP only.
b Length of cylindrical micelle.
c For lamellae only where L = thickness of bilayer; D: space between bilayer; M: num
bilayer micelles. The layer thicknesses respectively are 45.0 and
108.0 Å. The fitted micellar dimensions are L, bilayer thickness M,
number of bilayers and D, interlayer distance. Through TEM obser-
vations and 1H NMR spectroscopy, Mohanty and Dey suggested
that the formation of bilayer vesicles is encouraged by p-p stacking
between phenyl bearing headgroups coupled with intermolecular
hydrogen bonding between neighboring amine groups [12]. The
formation of bilayers has also been reported for single tail dodecyl
surfactants on addition of aromatic ions (salicylic and cinnamic
acid) [11,54,55].

When GNP is added to the micelles, there are no obvious overall
effects on micelle shape for SDS and SDBS (Table S3). On the other
hand, a ‘‘disk-like” morphology is seen when GNPs are added to
TC3Ph3 micelles. It was previously suggested that this disk-like
aggregate is responsible for the formation of stable GNP disper-
sions in water [6].

SANS data from GNP dispersions with DS-AN is still similar to
that for the parent surfactant solution, consistent with cylindrical
micelles (see Table 4). It might be that the GNPs are dispersed
inside the cylindrical cores, hence the dimension was not greatly
affected. Another more likely scenario is that the SANS is domi-
nated by surfactant aggregates instead of surfactant-GNP aggre-
gates. The surfactant might coexist as micelles and adsorbed on
GNP surfaces [56], hence the SANS is indicating mainly cylindrical
micelles. This might be true considering that FESEM also revealed
the more irregular size of the pristine GNP flakes (Fig. 2a).

Moving now to other chemical structures, both DBS-AN and
TC3Ph3-AN give scattering consistent with a lamellar stack model.
DBS-AN transforms to double stacks of bilayers (two layers in a
stackM = 2). For TC3Ph3-AN, analysis suggests no shape transition;
maintaining the multilamellar shape. Surprisingly, however, the
number of bilayers, M, dramatically increases from 11 to 37. Fur-
thermore, the bilayer separation, D, increased substantially by
about 20 Å. The bilayer thickness increased approximately in line
with the length of a dodecyl chain (16.7 Å) [47,57]. Hence, this
shows evidence for GNP dispersion, as detected by the increasing
number of layers per stack. These results also indicate that inclu-
sion of aromatic rings in the surfactant headgroups significantly
affects the micellar properties.
3.5. Mechanism of anilinium surfactant self-organization in aqueous
solutions and graphene surfaces

It is fair to conclude that the anilinium tri-chain surfactant
TC3Ph3-AN provides significant improvement in GNP dispersion
and stability compared to the normal sodium surfactant, TC3Ph3.
Scattering experiments showed two distinct micellar behaviors,
and in the presence of GNPs. TC3Ph3 was shown to undergo an
ellipsoid-to-stacked disk transformation with added GNPs,
whereas the cousin TC3Ph3-AN maintained the lamellar stack
Lengthb (Å) Lc (Å) Dc (Å) Mc

168.0 – – –
– 45.0 – –
– 108.0 35.0 11.0

195.0 – – –
– 56.0 39.0 2.0
– 120.0 55.0 37.0

ber of bilayers.
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aggregate structure even after GNP addition. On the basis of SANS
analysis, a schematic of TC3Ph3-AN self-assembly is depicted in
Fig. 7, which will be discussed below.

An account of aggregation that is consistent with the SANS data
is needed. TC3Ph3-AN formed stacks of bilayers because of the
headgroup anilinium moieties due to intermolecular hydrogen
bonding and p-p stacking. Here, as can be seen in Fig. 7, the bilayer
is proposed to be composed of two monolayers and may extend
indefinitely [44]. For the case of multilamellar stacks, there is a cer-
tain number of bilayers separated by water. At this point, the ani-
line ions may reside in the region between hydrophobic cores and
the Stern layer [13], whereas, the sulfate groups interact with
water or NRL functional groups [58,59].

When GNPs are added they will reside in the hydrophobic
bilayer cores to interact through p-p interactions with the
aromatic-bearing tails. The presence of aniline ions in the outer
aqueous layer is speculated to favor interactions with GNP surfaces
through a p-conjugated network. As a result, the overall interac-
tion of surfactant with GNP is strengthened (and this follows
increasing number of surfactant aromatic groups), providing the
stability to bilayer structures [13,17]. It is this ‘‘sandwich-like”
structure of GNP/TC3Ph3-AN micelles that can be credited for to
the improved dispersion. The hydrophilic headgroups meanwhile
are facing away from the graphene surfaces and interact with the
shell layer latex particles [59,60].

Now one remaining question is ‘‘why do the sodium surfactants
undergo shape transitions, whereas the anilinium analogues do
not?” It is known that changes in solution conditions (temperature,
additives, pH and so on) may induce micellar shape changes
[44,61]. Halle and others have suggested that micellar transitions
due to electrostatic interactions or with additives may occur easily
since they require only small thermodynamic (enthalpy and entro-
pic) penalties [61,62]. Spherical or ellipsoidal micelles are often
assumed to grow length-wise to form cylindrical micelles [61], or
Fig. 7. Schematic illustration of TC3P
shape transitions may also may occur owing to the splitting and
rearrangement of spherical micelles into two hemispheres [63].
Hence, it is plausible that addition of GNP may facilitate the rear-
rangement of TC3Ph3 into ellipsoidal structures to adopt to the
shape of GNP plates.

The case is different for TC3Ph3-AN and DBS-AN. Even without
GNPs, the surfactants are already associated into bilayers. Bilayers
may close in to form vesicles or liposomes, or extended in three
dimensions to form sponge-like phases [44,64]. This is because
bilayer structures possess a remarkable degree of internal stability
[64]. For example, after formation of vesicles they can be stable for
few days or even months before evolving into more complicated
structures. For this reason, when GNPs are added, the bilayer struc-
ture will not undergo shape changes, but instead, increasing the
number of bilayers (M) to accommodate and stabilize the added
GNPs.

The stronger p-p interactions between the conjugated cores of
aniline groups and graphene surfaces are thought to be a major
factor governing the improved nanocomposite electrical properties
[65]. A density functional theory (DFT) analysis study revealed that
between benzene, toluene, aniline and nitrobenzene, benzene has
the largest (3.12 Å) equilibrium distance toward graphene surfaces
[66]. Aniline is among the shortest from the investigated com-
pounds, with a distance of 2.86 Å. It was suggested that the pres-
ence of these very functional groups will attract the molecules
closer to the graphene surfaces. Analysis of adsorption energies
also indicated the tendencies of aromatic molecules to physically
adsorb onto graphene surfaces, instead of grafting or altering the
p-conjugated network [66]. Thus, the presence of aniline, even
though in the surfactant headgroup, may possibly bring the surfac-
tant molecules closer to the graphene surface to promote enhanced
p-p interactions. Taking all the factors together, it can be suggested
that incorporation of heteroaromatic groups is a suitable strategy
for developing enhanced graphene-compatible surfactants.
h3-AN self-assembled structure.
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4. Conclusions

Based on previous studies [6,17,19], the effect of varying surfac-
tant headgroup chemistry with ionic surfactants was investigated.
These new headgroup structures had profound effects on electrical
conductivity enhancement and aggregation behavior of the GNP-
NRL nanocomposites. This reveals the remarkable versatility of
anilinium surfactants for applications with graphene. The general
observation of the surfactant structure-performance relationship
for these amphiphiles is that addition of aromatic moieties to the
headgroups have greater effects than if added to the tails instead
[6]. The presence of aniline in headgroups is speculated to improve
interactions between surfactant molecules and graphene surfaces
[66]. The nature of the aromatic substituents was found to govern
the size and shape of micelles, where the most surfactants for GNP
dispersion stabilized lamellar structures. Compared with other
aromatic compounds used for graphene dispersions, these newly
synthesized anilinium surfactants promise greater dispersion qual-
ity with lower loading and cheaper raw materials [14–16,67]. As
such surfactants based on anilinium moieties are very versatile,
they can be custom designed with other hydrophobic tails by sim-
ple counterion exchange, and they can be employed for a broad
range of graphene-based applications, as shown here, or reaction
templates for polymerization as demonstrated elsewhere [20].
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