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ABSTRACT

Hypothesis: As compared to common aliphatic surfactants, increasing the number of pendant or incorpo-
rated aromatic groups in a surfactant is expected to offer significant enhancement in the affinity for gra-
phene surfaces. The basis for enhanced graphene-philicity of aromatic surfactants is that they can
develop appreciable 7 - 7 interactions with graphene. Furthermore, charged (anionic) surfactants are
expected to confer electrostatic stabilization on surfactant-graphene composites. Hence, it is expected
that anionic aromatic surfactants combine these two properties for effective stabilization of graphene
dispersions in water.

Experimental: The properties of two custom made graphene-compatible surfactants carrying two and
three aromatic moieties in the hydrophobic tails, namely DC3Ph2 (sodium 1,4-dioxo-1,4-bis(3-phenylpro
poxy)butane-2-sulfonate) and TC3Ph3 (sodium 1,5-dioxo-1,5-bis(3-phenylpropoxy)-3-((3-phenylpro
poxy)carbonyl) pentane-2-sulfonate) were compared with other common ionic commercial surfactants.
Air-water (a/w) surface tension measurements were used to assess the surfactant adsorption and inter-
facial packing in the absence and presence of graphene. The surfactant coverage index for graphene (&)
was calculated using surfactant headgroup areas derived from a/w surface tension data, chain volumes,
and molecular fragment volumes from literature.
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Findings: Increasing the number of aromatic groups and tails per surfactant was shown to increase the
ability of surfactants to pack and fill space, as expressed by ¢. Comparison between the values of @ for
surfactants of different chain structure and architecture showed that the affinity for graphene increased
with &. Hence, there is an implicit link between surfactant-graphene compatibility and the identity,
chemical composition and architecture of the surfactant chains.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Stable graphene dispersions and nanocomposites are of interest
for many potential applications [1], however, there still are limita-
tions to the current methods used to stabilize hydrophobic gra-
phene in aqueous phases [2]. Various experimental methods are
employed to assess stabilities of these dispersions, such as spectro-
scopic or electrophoretic mobility measurements [1,3,4]. Over
recent years, different surfactants have been tested with the aim
to identify the most effective types and chemical structures for
exfoliating and stabilizing graphene dispersions [5-7,8]. The essen-
tial role of surfactant architecture is now appreciated [9,10], in par-
ticular the presence of aromatic ring(s) in the surfactant chains has
been shown to greatly improve the stability of graphene disper-
sions either in aqueous phases or polymer matrices [6,7,10,11].
The study of graphene/polymer nanocomposites was pioneered
by Tkalya et al. who employed poly(sodium-4-styrenesulfonate)
as a stabilizer [12], demonstrating stability against graphene
agglomeration for up to a year. In other studies, the common sur-
factant sodium dodecylbenzenesulfonate (SDBS, bearing one aro-
matic ring, close to the hydrophilic headgroup) has been shown
to confer stability on graphene dispersions and gives low percola-
tion thresholds (0.3 wt%) for the nanocomposites [13,14].

Recently, the use of stabilizers bearing extensive aromatic moi-
eties e.g. pyrene and its derivatives, has been demonstrated by a
number of research groups. An et al. applied 1-pyrenecarboxylic
acid to exfoliate graphite into aqueous dispersions of graphene,
offering stabilities similar to micromechanical exfoliation [15]. Par-
viz et al. highlighted that pyrene derivatives can lead to higher gra-
phene loadings, as compared to SDBS [5]. Shin et al. employed very
hydrophobic pyrene derivatives for exfoliating graphite [16],
showing that stabilizers containing two pyrene groups offered
improved exfoliation as well as enhanced dispersion stability (as
indicated by higher zeta potentials).

The number of aromatic rings in the stabilizer molecules is
important as it affects the extent of n-7 interactions, which are
at the heart of exfoliation, stabilization, and adsorption [17-19].
Although, to what extent aromatization is important is yet to be
resolved. For that reason, understanding how to optimize surfac-
tant architecture for enhanced graphene-compatibility is a central
question still to be answered, and is addressed in this paper.

On a related front, in studies of microemulsion stabilities and
properties, surfactant performance is linked to the surfactant
molecular area at the interface a, [20-22]. A useful parameter to
assess an occupied volume is the critical packing parameter
(CPP = v,/lya,) [23,24], with surfactant tail volume ¢, and the effec-
tive length of the surfactant tail I,. Based on this CPP approach,
bulky surfactants will provide more efficient space filling, allowing
less penetration of solvent into the interfacial region and enhanced
stability of the oil-water interface [22,25]. Within this CPP frame-
work, for linear chain surfactants, the ratio between 7, and [, is
assumed to be constant; therefore, a, is the dominant parameter
[26], helping guide the design of new optimized surfactants
[6,20,27]. Chain branching, methylation, or other structural varia-
tions can be employed to optimize the surfactant structure further
still [20,22]. Considering now surfactant-stabilized graphene dis-
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persions, the links between surfactant architecture and dispersion
stability have not yet been fully uncovered. In this respect, of spe-
cial interest are those surfactants incorporating aromatic groups
for promoting n-7 interactions with graphene. Considering that
structural modifications will affect the “bulkiness” of surfactants,
it might be thought that that m-n interactions may be not the
whole story.

This paper introduces a predictive index &, related to CPP, to
characterize the packing density of adsorbed surfactant layers in
graphene dispersions (Eq. (1)). As such, this coverage parameter
is more general than CPP and is appropriate for linking to graphene
dispersion stability.

This surfactant coverage index @ is.

Vcal

Vmeas

(0]

(1)

where V., is the calculated physical volume of the surfactant
molecular fragments, whereas Vy,eqs (=loa,) is the experimentally
determined total surfactant volume at the air-water interface. As
such @ has previously been used to evaluate performance of fluori-
nated surfactants for stabilizing water-in-CO, (w/CO,) microemul-
sions [21,28]. In line with results from simulation studies [25],
modifying surfactant structure (in that case fluorination of the sur-
factant chains) leads to bulkier surfactants (larger ¢) and promotes
stable microemulsion formation under mild experimental condi-
tions (in that case temperature and pressure).

Here, surfactant performance is addressed from another per-
spective by systematically increasing the number of aromatic
groups from O to 3, using the surfactants shown in Fig. 1 (SDS,
SDBS, DC3Ph2 and TC3Ph3). In previous work, surfactants from this
group have been used to stabilize dispersions of graphene nanopla-
telets (GNPs) in natural rubber latex (NRL) nanocomposites [6],
which were investigated using small-angle neutron scattering
(SANS). It was seen that surfactants bearing a greater number of
aromatic groups gave better quality nanocomposites and higher
electrical conductivities. The aim of this new study is to explore
the effect of increasing the number of aromatic moieties on inter-
facial space filling in terms of the surface coverage index &, and to
explore the effect of ® on graphene dispersion stability. The surfac-
tant headgroup areas needed as inputs for the calculation of @
were determined using surface tension measurements at air-water
interfaces; further details and the justification of the model are
provided and discussed below.

It is hypothesized that & plays a significant role in determining
surfactant efficiency at graphene surfaces, and hence dispersion
stability. Stubby surfactants with multiple aromatic groups are
expected to have increased affinity for graphene surfaces. High-
lighted for the first time here are the effects of aromatic rings on
surfactant coverage, as well as a correlation between coverage
and the ability of surfactants to stabilize electrically conductive
nanocomposites. Although there are only a limited number of dif-
ferent surfactants used, it is clear that ¢ can be used as a guideline
for designing new, efficient surfactants for applications in gra-
phene materials science.
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Fig. 1. Molecular structures of surfactants used in this study: SDS (sodium dodecylsulfate), SDBS (sodium dodecylbenzenesulfonate), CTAB (cetyltrimethylammonium
bromide), DC3Ph2 (sodium 1,4-dioxo-1,4-bis(3-phenylpropoxy)butane-2-sulfonate), TC3Ph3 (sodium 1,5-dioxo-1,5-bis(3-phenylpropoxy)-3-((3-phenylpropoxy)carbonyl)

pentane-2-sulfonate).

2. Material and methods
2.1. Materials

SDS (99%) and SDBS surfactant (98%) were obtained from Sigma
Aldrich and used as received. TC3Ph3 and DC3Ph2 surfactants were
custom-made and synthesized as detailed previously [6]. The syn-
thesized surfactants were characterized by 'H NMR Spectroscopy.
Graphene nanoplatelets (GNPs, average thickness 0.98-3.54 nm)
were obtained from UGENT Tech Pte Ltd.

2.2. Air-water (a/w) surface tension measurements

Surface tensions of aqueous surfactant solutions and surfactant-
stabilized graphene dispersions were determined using a
Wilhelmy tensiometer (CBVP-Z, Kyowa Interface Science)
equipped with a platinum plate, at 25 °C. Stock surfactant solutions
were diluted to give appropriate concentrations. Using the same
surfactant concentrations, graphene dispersions were prepared
by adding GNPs at 6 mg/mL and then ultrasonicating for 30 min.
The critical micelle concentrations were obtained from the break-
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points of plots of surface tension (7) versus In (surfactant concen-
tration) and also for graphene dispersions.

2.3. Small-angle neutron scattering

Scattering was measured on the ZOOM and LOQ diffractometers
at the ISIS Pulsed Neutron and Muon Source, UK. The accessible Q
range was 0.007 - 0.23 A, arising from incident neutron wave-
lengths of 4 = 2.2-10 A at 25 Hz. The SANS samples were prepared
in deuterium oxide (D,0) to enhance the neutron contrast and
improve signal-to-noise. The samples at 0.03 M surfactant concen-
tration were contained in 2 mm path length quartz cells and held
in a thermostatted computer-controlled sample changer at 25 °C.
Absolute scattering intensities I(Q) (cm™') were determined to
within 5% by measuring the scattering from a partially-
deuterated polymer standard of known molecular weight and
hence known [(0). The instrument-independent SANS data,
reduced using the Mantid framework (https://www.mantidpro-
ject.org), were then model-fit using the SasView program
(https://www.sasview.org) constraining scattering length densities
(listed on Table S1) and other known parameters. Unknown struc-
tural parameters were allowed to refine during the fitting process
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to obtain an optimized fit as required by the different scattering
model functions. The SANS data are presented as a function of
the (magnitude of) scattering vector, Q = (47n/)\) sin(0), where 0 is
half of the scattering angle. As a general rule of thumb, the approx-
imate size of a feature is 27/Q.

3. Results and discussion

3.1. Surfactant self - Assembly and stabilization of graphene
dispersions

SANS experiments were performed to determine the shape and
size of aggregates in these systems. Fig. 2 shows the SANS profiles
for SDS, SDBS, DC3Ph2, and TC3Ph3 surfactants in surfactant solu-
tions and graphene nanoplatelet (GNP) dispersions. The SANS pro-
files for the surfactant solutions are indicative of charged micelles.
SDS and SDBS micelles were fitted with a scattering law describing
charged spherical micelle whereas for DC3Ph2 and TC3Ph3 the
model for charged ellipsoidal micelles was employed. A more
detailed comparison between the measured and literature values
can be found in previous work [6,7]. Now with added GNP, the
SANS of SDS and SDBS micelles did not indicate any significant
changes in micelle shape, with the radius only differing by ~4 A
(see Table 1). On the other hand, for DC3Ph2 the SANS curve is still
a characteristic of ellipsoidal micelles with commensurate changes
in both polar and equatorial radii. In this case, the surfactants
might be both adsorbed on GNP surfaces and aggregated in
micelles. Analysis of SANS for TC3Ph3 indicated an ellipsoid-to-
stacked disk transition, consistent with adsorption of TC3Ph3 sur-
factant on the surface of GNPs. Studies by Yoonessi et al. [29] and

100 4
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Milner et al. [30] are consistent with this interpretation, their anal-
yses of GNP scattering data indicated stacked-disk structures with
radii of 1250 A and 2.08 pm.

A convenient way to evaluate the efficiency of surfactants for
stabilizing graphene dispersions is by comparing the properties
of the surfactant-GNP nanocomposites with pure graphene disper-
sions. Electrical conductivity measurements of GNPs dispersed in
natural rubber latex (NRL) composites showed a trend of increas-
ing electrical conductivity (o) for surfactants with a higher number
of aromatic moietes: GNP/NRL/TC3Ph3 > GNP/NRL/DC3Ph2 > GNP/
NRL/SDBS > GNP/NRL/SDS. Interestingly, the highest o for each
nanocomposite was not achieved at the same surfactant concen-
tration, and an optimum surfactant concentration for dispersing
graphene was found in each case. The GNP/NRL nanocomposites
stabilized with TC3Ph3 achieved the highest ¢ at 0.016 M
(2.22 x 1073 S cm™ '), whereas with DC3Ph2 the optimum concen-
tration was 0.032 M (¢ ~ 9.36 x 1076 S cm™') and for SDBS it was
0.024 M (355 x 10> S cm™'). The standard surfactant SDS
achieved its highest conductivity (¢ ~1.76 x 10~8) at 0.032 M.

The electrical conductivity of nanocomposites is an indication
of GNP dispersion quality and stability. Zeta (¢) - potential mea-
surements of aqueous GNP dispersions with surfactants are listed
in Table 1. The results reveal a trend of increasing ¢ on increasing
the number of aromatic groups in the surfactant chains. Hence,
TC3Ph3 gave the highest ¢ of - 95 mV, followed by DC3Ph2
(-69 mV), SDS (-43 mV), and SDBS (-40 mV). For all surfactants
shown in Fig. 3 it is now possible to draw a relationship between
aromaticity, surfactant self-assembly, colloidal stability, and
nanocomposite electrical conductivity (SDS is not included
because it is a non-aromatic surfactant). It can be seen that
changes in surfactant molecular structure, by increasing the num-

©)
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Fig. 2. SANS profiles for surfactant solutions and surfactant-stabilized GNP dispersions for: (a) SDS, (b) SDBS, (¢) DC3Ph2, and (d) TC3Ph3. [Surfactant] = 0.03 M and T = 25 °C.
Data for SDS and SDBS solution are new to this study; those for other samples are replotted from Ref. [6]. Lines are model fits for charged spherical and ellipsoidal micelles
(with an effective Hayter-Penfold S(Q)), or stacked disk model (TC3Ph3 + GNP only). Characteristic error bars are shown for the lowest intensity samples. Measurements were

done in triplicate.
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Table 1

Zeta ({) - potential and parameters fit to the SANS data.”

Journal of Colloid and Interface Science 620 (2022) 346-355

Sample Shape R (A)+2A RS (A)£2A Ry (A)£2A Raisk (A) £ 50 A Zeta ({) - potential (mV)
SDS Sphere 20 - - - -

SDBS Sphere 18 - - - -

DC3Ph2 Ellipsoid - 5 24 - -

TC3Ph3 Ellipsoid - 5 32 - -

SDS + GNP Sphere 24 - - - —-43 4

SDBS + GNP Sphere 22 - - - -40+8
DC3Ph2 + GNP Ellipsoid - 25 15 - -69+7

TC3Ph3 + GNP Stacked disk - . . 286 -95+6

2 [surf.] = 0.030 M.
b R = Radius of spherical micelle.
€ R, = polar radius for ellipsoid; R, = equatorial radius for ellipsoid.

9 Ryisk = Radius of stacked disk micelle. Experimental uncertainties correspond to triplicate repeat measurements for SANS and 8 measurements for zeta potential.
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Fig. 3. Increasing the number of aromatic moieties in the surfactants used to stabilize GNP dispersions effects micelle shape, colloidal stability, and properties of the resulting

nanocomposites.

ber of aromatic groups, affect compatibility with GNPs. This sug-
gests that the surfactant molecular area might be linked to stability
of the GNP dispersions and hence the properties of
nanocomposites.

3.2. Surface tension measurements of surfactant-graphene composites
at the air-water interface

It is known that surface energy of a material can be obtained
through surface tension measurements [31]. Relating to these gra-
phene dispersions, it can be considered that a dispersion would be
stable when surfactants can interact favorably with the graphene
surfaces and aqueous phase [32-34]. In another challenging appli-
cation of surfactants, for stabilizing water-in-CO, (w/CO,)
microemulsions, it has been established that there is a correlation
between the ability of a surfactant to lower the air-water surface
tension and performance in stabilizing w/CO, microemulsions
[35,36]. This approach has been employed to screen solvents for
efficient liquid-phase exfoliation [33,34,37] and the state of dis-
persed carbon materials [38]. In this study, the emphasis is on low-
ering surface tension between air-water interfaces as a guide for
the graphene-water interface (which is expected to be experimen-
tally challenging).
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Plots of surface tension versus In (surfactant concentration),
shown in Fig. 4, display the surface tension of pure surfactant solu-
tions and surfactant-stabilized GNP dispersions. The curves
demonstrate clean breaks at critical micelle concentrations (cmcs).
A slight decay observed after the cmc is noted, as typically encoun-
tered with anionic surfactants due to ionic strength effects at
higher surfactant concentrations [39]. Quadratics were fitted to
the pre-cmc curves using the Gibbs equation to generate adsorp-
tion isotherms (I") (Eq. (2)) and limiting areas per molecule at
cmc (Aeme: EQ. (3)) as follows.

1 dy
I'=~RT Inc @)
1
Acmc = m (3)

Table 2 compiles the values of cmc, surface tension at the cmc
(limiting surface tension), and A.,,. obtained from the tensiometric
analysis.

Changes of surfactant molecular structure, such as varying the
length, branching, methylation or aromatization on the surfactant
tails, have important effects on the aqueous properties [40-42].
Compared to the literature values (see Supplementary Material
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Fig. 4. Air-water surface tension (y) vs. In concentration plots of single-, double-,
and triple-chain surfactants for: (a) surfactant solutions and (b) GNP dispersion at
25 °C. Lines are quadratic fits to the pre-cmc data. Linear fits to post-cmc data. The
error bars represent the uncertainty for triplicate measurements of air-water
surface tension.

Table S2), the measured cmc for SDS in this study is noticeably
lower, while SDBS is a little higher. Looking at the cmc values it
is apparent that there is an increasing hydrophobicity (lower
cmc) trend on addition of phenyl rings to the surfactant tails. The
TC3Ph3 surfactant has three times the number of aromatic groups
compared to SDBS and has a cmc almost one sixth of that for SDBS.
On the other hand, the cmc of DC3Ph2 is slightly higher than SDBS
indicating it is slightly more hydrophilic. The relative hydrophobic-

Journal of Colloid and Interface Science 620 (2022) 346-355

ity of a phenyl group has been attributed to about 3.5 normal
methylene (CH,) groups [42]. If an effective chain length (i.e. the
total number of carbons in the longest portion only) concept is
used to rationalize the higher cmc observed for DC3Ph2, it is not
a surprise then that the SDBS can be considered to be more
hydrophobic, since SDBS has a total of 16 CH, groups where
DC3Ph2 only has 6.

Another interesting parameter obtained from the surface ten-
sion data analysis is the limiting surface tension at the cmc (Yenc):
surfactants with lower y.,,. values are expected to be better stabi-
lizers. However, it can be seen here that introduction of phenyl
groups increases y.nc with the highest value being for TC3Ph3. This
may be attributed to the delocalized electrons in phenyl groups
which limit the effectiveness of surfactants [42]. The effect of y¢pc
for dispersing graphene is difficult to identify: SDBS should outper-
form TC3Ph3, but when comparing the zeta potentials and electri-
cal conductivities o of the nanocomposites it seems not to be the
whole story. On the other hand, for the A,y there are subtle
changes observed. From a molecular geometric viewpoint, addition
of phenyl groups enlarges the effective molecular volume in the
surfactant tail regions as compared to simple linear alkyl chains.
Hence A.nc is expected to increase with a greater number of phenyl
groups [42].

Work with a series of phenyl tipped analogues of Aerosol-OT
(AOT) showed an increase in the surfactant tail volume with phe-
nyl moieties in comparison to saturated and branched alkyl chains
[42]. The values of cmc, Yeme and Aqpc for the phenyl-tipped AOT-
analogues surfactants are given in Table S3. The cmc of DC3Ph2
compares well with literature values for double chain phenyl-
tipped Aerosol-OT (AOT) analogue surfactants in Table S3. In that
study [38], Aqnc varied based on the aromatic ring position in the
surfactant tails. All in all, extension of the alkyl-phenyl chain
length affects the hydrophobicity and effectiveness at lowering
surface tension.

Moving now to the GNP dispersions, Table 2 shows that the
interfacial properties resemble those for pure surfactant solutions,
implying that the presence of GNPs in the system does not signif-
icantly control the activity of surfactant at air-water interface (for
the most part). Similar observations were found when studying
single walled nanotube dispersions in SDS solutions using ten-
siometry [38,43]. By means of a conductometric titration, Hsieh
and co-workers documented a similar micellization point for SDS
in water and graphene dispersions [44]. All these observations sug-
gest that air-water surface tension measurements can be used to
gauge surfactant interfacial activity for graphene dispersions. Ten-
siometric analysis of surfactant solutions therefore will be used to
assess surfactant interfacial adsorption as discussed in the follow-
ing section.

Table 2

Parameters® derived from air-water (a/w) surface tension measurements and Langmuir isotherm analyses.
Sample cmc + 0.03 Yeme £ 1 Acmc £ 2 C," +0.03 ™ ' 0 Oeme Copt” + 0.8

(x1073 M) (mN m™1) (A%) (x1073 M) ( x 10-°mol m—2) ( x 10-°mol m~2) (x1073 M)

SDS 6.28 35.4 93 11.37 1.92 +0.14 1.98 0.97 £+ 0.01 0.94 + 0.07 -
SDBS 1.98 345 97 3.42 1.59 + 0.35 1.62 0.98 + 0.02 0.94 + 0.05 -
DC3Ph2 3.59 35.8 95 7.00 1.76 £+ 0.19 1.77 0.99 £ 0.06 0.99 + 0.04 -
TC3Ph3 0.53 38.5 100 2.01 1.77 £ 0.21 1.77 1.00 £ 0.10 0.88 + 0.08 -
SDS + GNP 6.25 36.1 103 50.00 2.25+0.16 247 091 £ 0.12 0.65 £ 0.19 32.0
SDBS + GNP 1.25 334 101 10.00 1.82 £+ 0.24 1.91 0.95 £ 0.11 0.86 £ 0.13 24.0
DC3Ph2 + GNP 5.00 36.8 83 20.00 2.71 £ 0.70 2.87 0.95 + 0.24 0.70 + 0.10 32.0
TC3Ph3 + GNP 0.31 36.3 70 10.00 3.81+0.75 3.83 0.99 + 0.04 0.62 +0.13 16.0

2 cmc: critical micelle concentration; yme limiting surface tension at cmc; Aqne: headgroup area at cme; C': surfactant concentration in bulk phase; I': surface excess
density; I';,: surface concentration of monolayer; 6 surface coverage; 0.m: surface coverage at the cmc.

b At optimum surface coverage.

¢ Surfactant concentration at highest electrical conductivity of nanocomposite. Error estimations based on triplicate measurements.
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3.3. Surfactant adsorption: Langmuir isotherm model

It can be expected that there is a dynamic equilibrium between
surfactant molecules in the bulk, surfactant molecules at the air-
water interface and those that adsorbed on the graphene surfaces.
Based on simulations, ionic surfactants adsorbed at graphene sur-
faces can be thought of as organized structures of surfactant mono-
layers [45-47]. This is consistent with the interpretation of SANS
data given above, where surfactant monolayers are formed around
GNPs [6].

The Langmuir isotherm can be used to model equilibrium
adsorption from a bulk solution to a monolayer [31]. One way to
characterize the monolayer adsorption is to consider the surface
excess (I'). The surface excess can be estimated reliably from the
surface tension data via the Gibbs equation (Eq. (2)) for surfactants
and with dispersed carbon materials [38,43,44]. The data were
then fitted to the Langmuir isotherm (Eq. (4)) and used to generate
the limiting values of surface concentrations Iy, (mol cm~2) and
surface coverages (0). Where C; is the surfactant concentration at
bulk phase and a is a constant. Although the purpose is to show
how surfactant properties at the air-water interface can be used
to estimate the activity in graphene dispersions, comparisons were
also made with data for GNP dispersions to directly evaluate any
differences. Values for C;, I';,, I and 0 are summarized in Table 2.
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Returning to the data in Table 2, the concentration needed to
achieve the same surface coverage (0) is significantly lower for
the trichain TC3Ph3 (6 = 1.00, C; = 0.002 M) than the di-chain sur-
factant (DC3Ph2; 0 = 0.99, C; = 0.007 M). In other words, TC3Ph3
does not require such high concentration to attain full coverage
(0 = 1). Here, for SDBS, the interface was found to be 98% covered
by surfactant molecules whereas SDS was 97% making it slightly
lower than DC3Ph2. It can be deduced that at cmc, not all the inter-
face is fully occupied by surfactant, and that all the surfactants
required concentrations > cmc to achieve almost or full coverage
according to this Langmuir model (Table 2).

The observed trend for GNP dispersions is the same as for the
surfactant solutions, by where the prerequisite C; for non-
aromatic surfactant SDS is still the highest among the series. Com-
paring data on the optimum surfactant concentrations to achieve
the best electrical conductivity and the concentration needed to
form a monolayer (C;), it can be seen that the optimum surfactant
concentration generally is well above C;, except for SDS. This con-
firms that surfactant molecules adsorb on graphene surfaces to
form monolayers. This will be used below, to develop the surfac-
tant coverage index @ and help understand how surfactant molec-
ular structure can be correlated with graphene compatibility and
dispersion stability.

3.4. Calculation of the surface coverage index (®)
[s it possible to quantify the effectiveness of a surfactant for sta-
bilizing the graphene-water interface? To employ calculations of &,

it is assumed that the surfactant behavior at the air-water inter-
face and on graphene surfaces is similar, the justification was

"

Fig. 5. Schematic illustration of surfactant molecular arrangement on graphene surfaces to visualize how the coverage index is calculated.
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Table 3

Calculated surface coverage index (¢) correlates with surfactant performance.
System® " +0.02 Nanocomposites electrical conductivity enhancement® Polymer Number of aromatic group Ref
This study
SDS 0.20 (1.47 + 0.09) x 10° NRL 0 (6]
SDS + GNP 0.18
SDBS 0.21 (2.36 £ 0.01) x 10® NRL 1
SDBS + GNP 0.20
DC3Ph2 0.32 (6.21 £ 0.03) x 10° NRL 2
DC3Ph2 + GNP 0.37
TC3Ph3 0.34 (1.47 £ 0.08) x 10° NRL 3
TC3Ph3 + GNP 0.49
Other works
SDS + TRGO 0.20 1.00 x 10° NRL 0 [52]
SDBS + G 0.21 9.20 x 10° PP 1 [14,53]
CTAB + RGO 0.23 1.00 x 10* NRL 0 [54]
CTAB + MLG 0.23 2.22 x 10° SBR 0 [55]

2 GNP: graphene nanoplatelet; TRGO: thermally reduced graphene oxide; G: graphene; RGO: reduced graphene oxide; MLG: multilayer graphene.
b Coverage index for SDS and SDBS in other works were calculated using data obtained in this study meanwhile Acpc used to calculate @ for CTAB obtained from[56]
¢ Relative to the electrical conductivity of polymer host. “NRL: natural rubber latex; PP: polypropylene; SBR: styrene butadiene rubber. Error estimation based on triplicate

measurements.

already discussed previously (Sections 3.2 and 3.3). Hence, under
these assumptions, the physical parameters needed to calculate
the coverage index can be obtained from the air-water surface ten-
sion measurements.

Recalling Eq. (1) above, the proposed index requires calculation
of the total volume of the molecular fragments from the literature
Vea and the experimentally measured values of surfactant volume
at air-water interface as Vieqs (Eq. (6)) [23,48,49].

Vmeas = Acch

(6)

where A, is the surfactant headgroup area at the cmc and t is the
interfacial surfactant layer thickness, which can be estimated from
the effective tail length by the Tanford equation [23].

T = 15 + 1.265(n) (7)

where n. represents the number of carbons in linear chains.

A better estimate of layer thickness may be obtained from com-
puter studies at graphene-water interfaces [47,50] or through scat-
tering experiments, but the purpose here is to simplify the approach,
and especially to avoid the need for neutron scattering. The possible

arrangement of surfactant tails at a graphene surface is depicted in
Fig. 5. As can be seen, the surfactant tail may be tilted or bent relative
to the graphene surface to maximise the intermolecular interactions
at an optimum configuration or length [51]. Detailed calculations
and parameters used for the analysis are found in Supplementary
material (Table S4 and S5). Table 3 shows the calculated @ for SDS,
SDBS, DC3Ph2, and TC3Ph3 surfactants. The coverage analysis for
the GNP dispersions is also included. To further study the correlation
between @ and surfactant performance for stabilizing graphene dis-
persions, the value for @ is included here for a different ionic surfac-
tant which is frequently used in this field
(Cetyltrimethylammonium bromide: CTAB, Table 3).

3.5. Coverage index (®) and surfactant performance in graphene
dispersions

The hydrophobic effect favors the exclusion of surfactant tails
from the aqueous phase and drives the adsorption onto graphene
[51,57]. Here, the relationship between coverage index and exper-
imental studies of graphene dispersion stability is demonstrated in

1600 0.6
® TC3Ph3 + GNP [6] E
< A DC3Ph2 + GNP [6]
= v SDBS + GNP [6]
>< g 0.5
£ R0 4 cTAB+MLG[55] s
2 ®  SDS + GNP [6] =
g ® SDS +TRGO [52] <
5 8001 @ SDBS+G][53] - 04 -5
[3) on
= @ CTAB+RGO [54] x <
2 3
.‘6 | (&)
g 400 1 0.3 8
3 ¥ g
'TS w2
E 04 o . 02
2
T 1 1 1 T T 1 0.1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Number of aromatic groups

Fig. 6. Correlation between number of aromatic groups in the surfactant, surface coverage index (@), and electrical conductivity enhancement of the resulting graphene
nanocomposites. The error bars represent the uncertainty of the electrical conductivity enhancement.
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Fig. 6. (It is important to note that chemical structural details,
being the volume of surfactant tail and headgroup area are not
considered for the Langmuir isotherm).

The single chain SDS surfactant has relatively low ¢ at its cmc
(0.20). The presence of an aromatic moiety near the SDBS head-
group has a small effect on @, raising it to 0.21. Introducing a sec-
ond chain and with now two aromatic rings for DC3Ph2 increases
@ to 0.32 (Table 3). Adding in now a third aromatic group for
TC3Ph3 increases @ to 0.34, which also provides the greatest stabil-
ity for graphene dispersions. On the other hand, for a linear chain
aromatic-free cationic surfactant CTAB the value of ¢ is 0.23; above
the values for both SDS and SDBS. It is, however, too early to draw a
firm conclusion on the effect of surfactant headgroup type (anionic
vs cationic) on ¢ owing to only limited data used in this study.

Previous work [6], showed correlations between @, the optimum
electrical conductivity enhancement and stability of graphene/nat-
ural rubber composites (NRL): here also, this general trend is seen
(see Table 3). In terms of graphene dispersion properties, surfactant
performance is improved on increasing the number of aromatic
groups in the surfactant (see Fig. 6). The effect is more profound
when comparing the single and double-chain surfactants (Fig. 6).

It can be assumed that surfactants with higher coverage index
will present as “stubby” molecules at the interface, providing a bet-
ter barrier against direct penetration of water into the interfacial
zone, which would lead to instabilities. Although previous literature
using this coverage index & was about water-in-CO, (w/CO,)
microemulsions, the general trend is that structural modifications
leading to higher coverage values will offer improved surfactant per-
formance in any application [21,22,26]. The above results show that
the readily calculated index & offers a quick and straightforward
method in screening surfactant chemical structures for two chal-
lenging applications of surfactants: surfactant stabilized graphene
dispersions and w/CO, microemulsions. Hence, correlations
between ¢ and dispersion stability and properties of nanocompos-
ites have been highlighted, based on reasonable assumptions about
surfactant structure and determination of aqueous properties of sur-
factant solutions and graphene dispersions.

4. Conclusions

To date, the affinity of aromatic surfactants and polymers for
graphenes has been attributed to m-7 interactions. Both experi-
mental [5,8,58] and simulation studies [17,18] have shown that
increasing the number of aromatic groups in surfactants has nota-
ble effects on stability of graphene dispersions. It is of interest to
explore whether 7-7 interactions are the only way to account for
graphene compatibility or are there other approaches which might
be helpful. Here, a new index for graphene-surfactant compatibil-
ity has been introduced and evaluated, which builds in the cele-
brated packing parameter framework of Israelachvili [24]. This
parameter is the surfactant coverage index (®) and it has been
demonstrated to be useful in describing the compatibility of sur-
factants to stabilize graphene-water interfaces for aqueous disper-
sions [6]. The links between surfactant chemical architecture and
graphene dispersion stability can be now readily understood,
increasing @ indicates that surfactant molecules will occupy more
space at the graphene-water interface, hence preventing penetra-
tion of water to the graphene surfaces. This new concept shows
great promise in helping guide design of optimized surfactants
for graphene-water dispersions and other challenging applications.
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