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Graphene oxide (GO) is selectively functionalized on one face to
prepare Janus platelets which are characterized by various
spectroscopic and microscopic techinques. With this methodology,
Janus GO platelets can be prepared without the use of a solid
substrate and the two platelet faces can be orthogonally modified
in a one-pot reaction.

Structures with two halves or “faces” with distinct properties, such
as solubility or chemical reactivity, are commonly called Janus
particles. These asymmetric materials are of great interest for
applications ranging from complex and tailored self-assembly to
directional particle propulsion.[H] While Janus structures come in a
variety of shapes, spherical structures are most commonly
reported, and have been prepared by ligand exchange on inorganic
particles, self-assembly of block copolymers, and microfluid
methods.™ In contrast to spherical structures, platelets offer
higher surface area and the potential for unique and differentiated
directional properties based on their aspect ratio.® As such, Janus
platelets, with the two faces orthogonally functionalized, are an
attractive class of materials for their complimentary and contrasting
properties compared to spherical Janus particles. To date, the few
reported examples of Janus platelets utilize inorganic substrates
such as layered silicates.®™® Carbon-based Janus platelets (i.e.,
Janus graphene) have been the subject of theoretical™** studies
and have recently been accessed using solid substrates as
template.“Hg] As such, a scalable and facile methodology to access
Janus platelets is needed.

Graphene oxide (GO), sheets of sp2 and sp3 hybridized carbon
atoms decorated with oxygen functionalities, offers an exemplary
platform for the preparation of Janus platelets. GO is readily
accessible in different diameters, can be covalently modified using
different chemistries,[21'23] shows good mechanical,ml medicinal,[zs_
! and gas barrier properties,[28] and is a precursor to conductive
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materials.”* Moreover, the well-known assembly of GO at the air-
water interface in Langmuir-Blodgett (LB) filmsP%®Y and oil-water
interfaces in Pickering emulsions is well established®™ " and
provides an ideal route to differentiate the two faces of the
platelet. To date, such interfacial assembly of GO has been used to
prepare hollow GO sheIIs/membranes,[35’36] and armored polymer
nanoparticles.BMu

Herein, we report the preparation of carbon-based Janus
nanosheets using graphene oxide (GO) as a substrate and thiol-ene
click chemistry. These Janus platelets are contrasted to non-
functionalized and symmetrically functionalized GO using surface-
area isotherms and pendant drop tensiometry, and the two faces of
the structures are differentiated by X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM), and contact
angle measurements. We also demonstrate a one-pot method to
prepare pH-responsive Janus platelets with the two faces
orthogonally functionalized with PS and poly(acrylic acid) (PAA).
This work provides a direct, solution-based route to Janus platelets
which will be used by researchers across many fields for tailored
polymer composites, interfacial stabilization, and dynamic
responsive systems.?”

Acr-GO-PS,,

Fig. 1. Preparation of Janus nanosheets of graphene oxide (GO),
PS40-GO-Acr, by assembly of Acr-GO-Acr at the toluene-water
interface and thiol-ene click using oil-soluble thiol-terminated
polystyrene (PS4o-SH).
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GO was prepared by the modified Hummers method to give
platelets ~300-600 nm in diameter with a C:O ratio of ~3:1, as
determined by AFM and xps. 142 Acrylate functionalities were
appended to both faces of GO using acrylonitrile in an acidic
agueous environment, as previously reported,m] to give Acr-GO-
Acr. A toluene solution of thiol-terminated polystyrene (PS,o-SH,
MW =40,000 Da, 10 mg/mL) and Hunig’s base was then added to a
suspension of these platelets in water and the solution was
sonicated to form an emulsion (0.25-1 mg/mL platelets, H,0:PhCH;
2:1 vol:vol).[“] Of note, the extent of oxidation (C:O ratio), platelet
diameter, solution pH, and ionic strength can all influence the
interfacial assembly of GO, and thus the platelet size, extent of
oxidation, and oil phase are chosen judiciously.mAS] In these
stabilized emulsions, Acr-GO-Acr platelets lie at the interface
between the oil and water phases (Fig. 1) and their relative
planarity should prevent flipping when the solution is unagitated,
leaving only the acrylate moieties exposed to toluene to react with
PS40-SH, and the second, water-exposed face unfunctionalized.
Thiol-ene click reaction to give Acr-GO-PS,, occurred over the
course of ~12 h and successful functionalization confirmed by FTIR
and Raman (Fig. SZ).[46] For comparison, PS,;,-GO-PS,, was prepared
using thiol-ene chemistry in a THF/DMF suspension. The
symmetrically functionalized and Janus structures displayed
dramatically different solubilities: PS,,-GO-PS,, readily suspended in
THF with mild sonication, while the Janus PS,,-GO-Acr only
suspended with extended sonication (>1 h) and a solvent mixture of
THF/DMF.
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Fig. 2. A) Surface-area isotherms of PS,,-GO-Acr Janus GO (black),
Acr-GO-Acr (blue), and PS,y-GO-PS,, (red); B) Interfacial tension
pressures of solvent, PS,-GO-PS,,, and PS,,-GO-Acr from pendant
drop tensiometry measurements.

PS40-GO-Acr, Acr-GO-Acr, and PS,,-GO-PS,, were characterized and
contrasted by AFM, m-A isotherms, and pendant drop tensiometry.
LB films of each material were collected in the sub-monolayer
regime and platelet height was determined by AFM. Dramatically
different height profiles were observed for the three samples (Fig.
S3): Acr-GO-Acr and PS4;-GO-Acr both showed mono-modal
distributions of platelet height, with the Janus structures being
taller than the unfunctionalized platelets, as expected (4.0 + 1.4 nm,
and 18.2 + 4.1 nm, respectively). In contrast, PS;,-GO-PS,, platelets
were taller and more disperse (361.8 + 49.3 nm), suggesting that
PS40-GO-PS,, platelets aggregate and stack, and do not readily
spread into a monolayer on the aqueous subphase.W] Compression
of LB films of the three materials and analysis of the resulting ©-A
isotherms revealed that Acr-GO-Acr behaves nearly identically to
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unfunctionalized GO,BH and PS,o-GO-PS,4 behaves similarly to high
molecular weight PS (Fig. 2A, blue and red traces),W] Both of these
symmetric materials are reminiscent of isolated surface particles,
with compression leading to a monotonic rise in surface pressure. In
contrast, the ©-A isotherm of PS,-GO-Acr shows two distinct phase
transitions, the first at a high surface area of 630 cm? (liquid
expanded region) and the second at 158 cm? (towards collapse
point) (Fig. 2A, black trace), suggesting that the asymmetrically
functionalized Janus GO platelets interact with one another in the
monolayer at lower concentrations than do Acr-GO-Acr or PS;y-GO-
PS40 platelets.m] Pendant drop tensiometry measurements (Fig. 2B)
further show the difference between the symmetrically
functionalized and Janus platelets, with the Janus structures giving
rise to lower interfacial tension (i.e., more amphiphilic, though not
necessarily a “good” surfactant).
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Fig. 3. AFM phase image of PS,-GO-Acr collected by A) upstroke
and B) downstroke deposition methods; Water contact angle
measurements of PS,,-GO-Acr collected by C) upstroke, and D)
downstroke deposition methods.

LB monolayers of Janus nanosheets were collected by upstroke and
downstroke methods and characterized by XPS, AFM, and contact
angle measurements to differentiate the two faces of the platelets.
In LB films of the symmetric materials, the same functionality will
be exposed to the water and air, while for the Janus structures the
acrylate face should be exposed to water and the PS,, face exposed
to air, based on relative hydrophobicity. Thus, deposition of LB films
of PS4-GO-Acr using an upstroke method will present PS,, for
characterization and downstroke deposition will present the
acrylate GO face, giving distinct chemical environments. As
expected, the downstroke deposited PS,-GO-Acr has a
substantially lower carbon content than that of the upstroke
deposited sample (26% vs. 62% respectively, XPS data shown in Fig.
S4), and supports the uniqueness of the two faces of Janus
platelets. Furthermore, the two faces of PS;;-GO-Acr show distinct
AFM phase morphology signatures and water contact angles (Fig.
3); in AFM phase images, Janus GO deposited by upstroke methods
shows poorly defined platelet edges (Fig. 3A) while the sample
deposited by downstroke deposition shows well-defined platelet
edges with a poorly defined corona (Fig. 3B), indicating PS,, is
draped over the platelet edge or the platelet is sitting atop of the
polymer, respectively. Further differentiating of the two platelet
faces, the contact angle of films deposited by the upstroke method
is much larger than those of films deposited by the downstroke
method (60.0 + 4.3° vs. 27.5 + 5.7°, Fig. 3C and D), as expected since
PS is more hydrophobic than acrylated GO. While distinct from each
other, the contact angles for both faces of the Janus PS,;,-GO-Acr
fall between extremes defined by spin-coated PS films (”86")[49] and
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Acr-GO-Acr (17.9 £ 2.3°, Fig. S4) which may arise from the “wetting
transparency” of graphene,[sol different polymer domains, or the
heterogeneity of GO (regions of platelets with a low amount of
alcohols and thus low polymer functionalization). Taken together,
this data indicates PS,o-GO-Acr exposes a hydrophobic, carbon-rich,
and polymer-based environment to the air and a GO-like surface
the water, supporting the covalent attachment of PS,, to only one
face and formation of Janus platelets.

Using this new methodology, bi-functional Janus platelets were
prepared by performing double thiol-ene reaction on Acr-GO-Acr at
the toluene-water interface with water-soluble PAA;-SH (MW =
5,000 Da) and oil-soluble PS,y-SH. The resulting PS,;,-GO-PAA; Janus
sheets are expected to stabilize emulsions at high but not low pH,
as carboxylic acids are deprotonated and protonated, respectively.
As shown in Fig. 4, the difference in emulsion stabilization can be
seen by a change in the interfacial tension determined by pendant
drop tensiometry (Fig. 4A) and visually (photographs, Fig. 4B and
4C). Under acidic conditions (pH~2), PS,,-GO-PAA; does not stabilize
emulsions due to protonation of carboxylic acid moieties decreasing
solubility of the PAA in water. However, under basic conditions
(pH~13) and agitation, an emulsion is formed and interfacial tension
pressure assumedly carboxylic
deprotonation to make PAA water soluble. Attempts to use higher

decreases, due to acid

molecular weight polymers yielded Janus platelets that were
extremely difficult to handle and disperse.
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Fig. 4. A) Interfacial tension pressures of PS,-GO-PAA; platelets at
pH 2 and pH 13; Photographs of PS,,-GO-PAA; in toluene/water at
B) pH 2 and C) pH 13.

In summary, we have prepared Janus GO sheets in solution using
thiol-ene click chemistry on functionalized GO assembled at the oil-
water interface in Pickering-type emulsions. These PS,,-GO-Acr
platelets give LB isotherms consistent with surfactants and show
lower interfacial tension energy than symmetrically functionalized
GO, as determined by pendant drop tensiometry. Furthermore, the
two faces of Janus GO (PS4, and acrylate) are differentiated by XPS,
AFM, and contact angle measurements. Double thiol-ene click on
GO platelets at the interface of an emulsion was used to prepare
Janus PS,-GO-PAA; with distinct interfacial stabilization based on
pH. Ongoing work focuses on covalently attaching a variety of
polymers and small molecules to either face of the platelets, as well
as exploring the influence of size and density of functionality on
platelet properties, and determining purity of sample. This novel
methodology will be used in a variety of applications, from tailored
interfacial properties of GO platelets, to reversible and responsive
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assemblies, thereby opening avenues for the theoretical, esoteric,
and practical investigation of novel platelet systems.
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