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We studied the self-assembly of trimesic acid on single- and few-layer graphene supported by SiO2 

substrates. A scanning tunneling microscope operated under ambient conditions was utilized to image 

supramolecular networks of trimesic acid at liquid-graphene interfaces. Trimesic acid can self-assemble 

into large-scale, highly ordered adlayers on graphene surfaces. Phase transition of trimesic acid adlayer 

from a close-packed structure to a porous chicken-wire structure was observed by changing from single- 10 

to few-layer graphene, which was attributed to the modulation of molecule-graphene interactions by the 

layer number of graphene. The guest-induced phase transition of trimesic acid by complexation with 

coronene on single-layer graphene further confirms that supramolecular networks on graphene can be 

rationally tailored with sub-nanometer resolution by balancing between intermolecular vs. molecule-

graphene interactions. We further investigated effects of trimesic acid adlayers on electronic transport 15 

properties of graphene transistors. The adsorption of trimesic acid induces p-doping, and defects in the 

adlayers cause scattering of charge carriers in single-layer graphene. 

Introduction

Graphene1-3 has attracted tremendous research attention due to its 

unique physicochemical properties and potential applications. 20 

Many applications, including graphene based molecular devices 

and electrical/mechanical sensors, require the bare graphene 

surfaces to be engineered with additional functionalities.4, 5 Thus 

the development of surface modification strategies is of practical 

importance for graphene devices. The adsorption and two-25 

dimensional (2D) self-assembly of organic molecules on 

graphene surfaces have been proposed to create homogeneous 

and well-defined interfaces to graphene. In particular, initial 

progress has been made by supramolecular assembly of 3,4,9,10-

perylene tetracarboxylicdianhydride (PTCDA) on epitaxial 30 

graphene (EGra) supported on silicon carbide (SiC) substrates.6, 7 

Submolecular characterization by scanning tunneling microscopy 

(STM) revealed that the supramolecular PTCDA network on 

EGra-SiC closely resembles that on highly-oriented-pyrolytic-

graphite (HOPG) and is insensitive to defects or the layer number 35 

of EGra.6 Thus the self-assembly of PTCDA is mainly governed 

by strong intermolecular interactions between PTCDA molecules, 

instead of molecule-substrate interactions. STM studies of n-

alkane derivatives on exfoliated graphene revealed the formation 

of long-range supramolecular networks, in which the lamellar 40 

configuration of the self-assembled molecules was also fastened 

by strong van der Waals interactions between long alkyl chains of 

molecules.8 On the other hand, switchable self-assemblies and 

their controlled response to external stimuli are among the most 

attractive routes to functional nanoscale structures in material 45 

science,9-11 and it can potentially open up new interests in 

engineering graphene based supramolecular devices.  

A promising class of molecules to form switchable 

supramolecular structures employs directional hydrogen bond (H-

bond) networks. The molecule 1,3,5-benzenetricarboxylic acid, or 50 

trimesic acid (TMA), has been shown to be an excellent building 

block of such kind (Fig. 1a). TMA is a planar molecule with a 

benzyl core that can interact with graphite or metal surfaces. The 

3-fold-symmetrically carboxyl groups on TMA can self-associate 

through intermolecular H-bonds in either cyclic dimer- or trimer-55 

configuration (Fig. 1b), which offers TMA self-assemblies 

structural and functional diversity.12 Previous STM studies on 

HOPG substrates have reported two porous supramolecular 

networks of TMA, chicken-wire and flower structures,13 at 

solvent-HOPG interfaces under ambient conditions, and the phase 60 

transition between the two structures can be induced by solvent-

induced polymorphism.14 Additionally, the self-assembly of 

TMA on Au (111) surfaces was also investigated by in-situ STM, 

and the supramolecular net works of TMA on Au (111) were 

found to be dependent on surface potentials of Au (111).15, 16 65 

Such reports have demonstrated that the self-assembly of TMA 

can be regulated by external stimulation. Herein, by choosing 

TMA molecule as a model system, we report switchable 

supramolecular assemblies on graphene sheets and their effects 

on electronic properties of graphene field effect transistors 70 

(FETs). 
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Result and discussion 

 
Fig. 1 TMA and its hydrogen bond motifs. (a) The chemical structure of 

TMA. (b) TMA hydrogen bond motif in dimeric and trimeric form, where 

blue, red, and white sphere represent C, O, and H atoms, respectively. 5 

STM can directly resolve the molecular arrangements and has 

been successfully applied to study interactions in supramolecular 

structures. Previous reports mainly described graphene supported 

by metals (Cu or Ru) or SiC substrates, whereas graphene 

supported by an insulating SiO2 substrate is currently the most 10 

relevant to nanoelectronics.17, 18 Here, mechanically exfoliated 

single- or few-layer graphene sheets were transferred onto 

insulating SiO2 substrates, and their layer number was identified 

by Raman spectroscopy (Fig. S1†). A graphene sheet was then 

contacted to gold metal pads (20 mm × 20 mm squares) deposited 15 

by using a shadow-mask technique (Fig. S2a†).8 Since no resist 

or chemical was involved during fabrication, no contamination to 

the pristine graphene surfaces occurred. The gold pads were then 

electrically connected to the STM sample holder and thus 

provided a return path of the tunneling current between graphene 20 

and the STM tip(Pt/Ir) (Fig. S2b†). To prepare TMA adlayers on 

graphene, 2µL of 1µM TMA in 1-octanoic acid was deposited on 

the graphene surfaces before STM characterization.16 We note 

that 1-octanoic acid is electrically nonconductive, and its vapor 

pressure at room temperature is low enough to allow STM 25 

characterization at the liquid-solid interface over hours. All STM 

images were recorded in the constant-current mode under 

ambient condition. 

Fig. 2a is the STM image of a single-layer graphene sheet after 

deposition of TMA from 1-octanoic acid solution, which shows 30 

that TMA formed a well-ordered supramolecular network. The 

domains of the TMA adlayer can span over hundreds of 

nanometers on single-layer graphene, indicating the stability of 

the supramolecular structures at room temperature. Fig. 2b is a 

high resolution STM image, which shows that the TMA 35 

molecules form a close-packed structure on the single-layer 

graphene surface. A unit cell length of ~ 0.9 nm was measured 

for the TMA close-packed lattice, which agrees with the 

dimension of an individual TMA molecule flat-lying on the 

graphene sheet by π–π interaction. Therefore the close-packed 40 

configuration of the 2D network is associated with TMA self-

assembling through the intermolecular formation of purely 3-fold 

 hydrogen bonded motif. The proposed structural model derived 

from STM observations is presented in Fig. 2c. 

 45 

Fig. 2 Self-assembled TMA adlayer at the 1-octanoic acid/single-layer graphene interface. (a) Typical large-scale STM image of the 

TMA supramolecular network on single-layer graphene/SiO2. STM image parameters: area = 50.6 nm ×50.6 nm, V = 779.8 mV, I = 

411.4 pA. The scale bar is 5 nm. (b) High-resolution STM image of TMA supramolecular network on single-layer graphene/SiO2. STM 

image parameters: area = 26.5 nm × 26.5 nm, V = 779.8 mV, I = 411.4 pA. The scale bar is 2 nm. (c) Molecular model of the TMA 

close-packed structure. 50 

To our knowledge, the close-packed network of TMA has not 

been reported on HOPG surfaces at room-temperature. Previous 

studies have shown that the layer number of graphene can 

strongly affect the physicochemical properties and reactivity of 

graphene. For example, single-layer graphene was found to be 10 55 

times more reactive to 4-nitrobenzene diazonium salt than bi- and 

few-layer graphene.19 Single-layer graphene deposited with silver 

(Ag) films also shows the largest SERS enhancement factor due 

to strong interactions between Ag and single-layer graphene.20 

Thus to account for the different TMA polymorphs on single-60 

layer graphene and HOPG, we next investigated the dependence 

of TMA self-assemblies on the layer number of graphene in 

detail. 

As shown in Fig. 3a and Fig. S3†, the coexistence of two 

different TMA self-assemblies was observed at 1-octanoic 65 

acid/bi-layer graphene interface. We note that, compared with 

single-layer graphene, bi-layer graphene shows reduced 

nanoscale surface corrugations, which thus facilitates high 

resolution STM imaging on bi-layer graphene (Fig. 3b and 3c). In 

domain I, a close packed structure of TMA was formed on the bi-70 

layer graphene (Fig. 3b), resembling that on single-layer 

graphene. Each bright spot appears as an equilateral triangle and 

the intermolecular distance was measured to be approximately 

1.0 nm, which is consistent with individual TMA molecules flat-

lying with the benzyl ring parallel to bi-layer graphene. On the 75 

basis of above analysis, the corresponding molecular structure of 

(a) (c) 

(a) (b) 

(b)
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TMA in domain I is superimposed on the STM image in Fig. 3b.

 
Fig. 3 Self-assembled TMA adlayers at 1-octanoic acid/few-layer 

graphene and 1-octanoic acid/graphite interfaces. (a) Large-scale STM 

image of TMA on bi-layer graphene/SiO2. STM image parameters: area = 5 

37.7 nm × 37.7 nm, V = 690.3 mV, I = 457.8 pA. The scale bar is 5 nm. 

(b) High-resolution STM image of TMA on bi-layer graphene/SiO2 

corresponding to domains I in (a). STM image parameters: area = 7.9 nm 

× 7.9 nm, V = 591.1 mV, I = 451.7 pA. The scale bar is 2 nm. (c) High-

resolution STM image of TMA on bi-layer graphene/SiO2corresponding 10 

to domains II in (a). STM image parameters: area = 14.0 nm × 14.0 nm, V 

= 903.6 mV, I = 195.3 pA. The molecular models for the assembling 

structure are superimposed on the STM images of domains I (b) and II 

(c), respectively. The scale bar is 2 nm. (d) STM image of the TMA 

chicken-wire structure on tri-layer graphene/SiO2. STM image 15 

parameters: area = 34.6 nm × 34.6 nm, V = 857.8 mV, I = 260.9 pA. The 

scale bar is 5 nm. (e) STM image of the TMA chicken-wire structure on 

HOPG. STM image parameters: area = 12.3 nm × 12.3 nm, V = 735.6 

mV, I = 357.2 pA. The scale bar is 2 nm. (f) Molecular model for TMA 

chicken-wire structure, in which the two lattice vector lengths are both 1.7 20 

nm and separated by an angle of   60° 

In domain II on the bi-layer graphene, a porous chicken-wire 

structure of TMA was identified (Fig. 3c). As the thickness of 

graphene increases to tri-layers, only the chicken-wire structure 

of TMA adlayer was observed at the 1-octanoic acid/tri-layer 25 

graphene interface (Fig. 3d). Further, selective self-assembly of 

TMA in the chicken-wire structure was also observed at the 1-

octanoic acid/HOPG interface (Fig. 3e and Fig. S4†), which is 

consistent with former reports14. The corresponding molecular 

model of the chicken-wire structure is presented in Fig. 3f. The 30 

chicken-wire structure is composed of 6-fold rings of TMA 

molecules that self-assembly through purely 2-fold hydrogen 

bonded motif. The open pores of the chicken-wire network have a 

pore diameter of ~ 1.1 nm and a periodicity of ~ 1.7 nm, which 

thus results in a ~ 50% decrease of the surface molecular density 35 

than that of the close-packed TMA assembly. In the first 

approximation, the molecular coverage, or the packing efficiency, 

of different TMA polymorphs is proportional to the strength of 

the molecule-substrate interaction.21 Thus, the highest molecular 

density of TMA close-packed structure on single-layer graphene 40 

indicates the strongest molecule-substrate interaction between 

TMA and single-layer graphene. The origin for the observed 

different supramolecular structures on single- vs. multi-layer 

graphene might be a complex combination of dispersive and 

electrostatic interactions. Firstly, the band structure of single-45 

layer graphene is distinctively different from those of multi-

layered graphene. The electronic band structure of graphene has a 

linear dispersion near the K point. One the other hand, the 

coupling between the two graphene layers in a bi-layer graphene 

sheet leads to parabolic dispersion and a large density of state 50 

near band touching point.22 Secondly, former electrostatic force 

microscopy (EFM) measurements have shown that surface 

potentials increases with layer number of graphene,23 which can 

results in different electrostatic interactions between TMA and 

graphene. 55 

The use of a guest template to transform the structure of 

supramolecular networks has been recently demonstrated in 2D 

molecular systems.24 We further investigated the possibility to 

transform TMA-graphene supramolecular structures with a guest 

molecule. Coronene (COR) was chosen as the guest molecule to 60 

complex with TMA. COR is a planar molecule consisting of 

seven interconnected benzene rings and has a diameter of ~ 1 nm. 

DFT simulation has shown that the incorporation of a coronene in 

the pore of a chicken-wire TMA hexagonal cell leads to an 

intermolecular energy gain of about -0.20 eV,25 thus COR is 65 

expected to significantly enhance the stability of a TMA chicken-

wire structure over other polymorphs. The good complementarity 

between COR and the pore of TMA chicken-wire polymorph has 

been experimentally demonstrated by the crystallization of their 

molecular complex (TMA)2·COR.26 Here we are interested in 70 

finding out whether coronene can stimulate the structural 

transition of TMA adlayers on single-layer graphene/SiO2. 

TMA and COR in 1-octanoic acid were sequentially added to 

the surfaces of single-layer graphene/SiO2. STM images of the 

resulting adlayer structure at 1-octanoic acid/single-layer 75 

graphene interface were presented in Fig. 4, which reveals the 

formation a chicken-wire structure of TMA with COR sitting in 

the pores. Following addition of COR, no evidence of the close-

packed TMA structure was observed at 1-octanoic acid/single-

layer graphene interface. This efficient polymorphic 80 

transformation process occurs as a result of both hydrogen-

bonding energy gain and the matching of size and shape between 

COR and the pore of TMA network (Fig. 4c). Thus it confirms 

our ability to rationally program graphene-based supramolecular 

structures by balancing between intermolecular and molecule-85 

substrate interactions. 

(a)

)
(b)

(c) (d)

(e) (f) 
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Fig. 4 Guest-induced structural transformation of TMA at the 1-octanoic acid/single-layer graphene interface. (a) Typical large-scale STM image of 

TMA-COR host-guest structure on single-layer graphene/SiO2. STM image parameters: area = 56.2 nm × 56.2 nm, V = 1012.0 mV, I = 192.3 pA. The 

scale bar is 5 nm. (b) High-resolution STM image of TMA-COR hybrid assemblies on single-layer graphene/SiO2. For clarity, the molecular structure of 

TMA is superimposed on the STM image. STM image parameters: area = 8.4 nm × 8.4 nm. The center-to-center distance of the pores is 1.7 nm and each 5 

pore is ~ 1.0nm.The scale bar is 2 nm. (c) Proposed molecular mechanism for guest induced structural transformation from the close-packed to the 

chicken-wire structure of TMA by complexation with COR. 

 
Fig. 5 Four-probe transfer curves of a GraFET before (black) and after 

adsorption (red) of the TMA adlayer, respectively. The black curve shows 10 

the current of the GraFET plotted against the applied back-gate voltage 

after overnight incubation of the device chip in 1-octanoic acid. The red 

curve was measured for the same device after incubation in 1µM TMA in 

1-octanoic acid for 2 hours. Inset, optical picture of the device. Scale bar, 

10 µm. 15 

We have shown that self-assembled supramolecular networks 

on graphene can be rationally tailored with sub-nanometer 

resolution, which may provide new opportunities for graphene-

based electronics. However, electronic interactions between the 

adlayer and graphene transistors have yet to be elucidated. Next, 20 

we investigated the effects of the self-assembled TMA adlayer on 

transport properties of single-layer graphene transistors. GraFETs 

in four-probe configurations were fabricated on Si/SiO2 

substrates by electron beam lithography and subsequent 

formation of 3 nm Cr/30 nm Au metal contacts.8 Four-probe 25 

electrical measurements of GraFETs were performed in a home-

made PDMS chamber filled with 1-octanoic acid solution, and all 

devices were back-gated through 285 nm SiO2. Fig. 5 shows a 

representative conductance versus back-gate voltage 

characteristics of a single-layer graphene transistor before and 30 

after adsorption of the TMA adlayer. Firstly, Dirac points, 

corresponding to the overall charge neutrality point, of ten single-

layer graphene devices shifted positively (∆V��= (4.5 ± 0.7) V) 

after the adsorption of TMA (Fig. S5†), which shows that the 

TMA adlayer induces p-type doping in single-layer graphene. 35 

The doping density in single-layer graphene by the TMA adlayer 

can be calculated as	n_doping  �∆V�� � C�/e, where	C is the 

gate capacitance and e is the electron charge. The averaged ∆V�� 

by the TMA adlayer thus gives a doping density of 3×1011 cm-2 

in single-layer graphene, corresponding to 0.003e by each TMA 40 

molecule. Secondly, in the linear regions of conductance vs. 

back-gate voltage characteristics, the mobility of the GraFET 

decreased from 5000 to 3500 cm2/Vs for hole-and 4300 to 3000 

cm2/Vs for electron-carriers, respectively, after the adsorption of 

TMA adlayer. We attribute the reduced mobility in single-layer 45 

graphene to the scattering effects by impurities in the TMA 

adlayer.27 The impurity centers are formed at defects in the TMA 

adlayer, such as point defects or boundaries between rotated 

TMA domains.  

Conclusions 50 

In conclusion, we have demonstrated that graphene-based 

supramolecular structures can be rationally designed by balancing 

between intermolecular vs. molecule-substrate interactions. The 

guest-host network on single-layer graphene provides a strategy 

for fixing single molecules, with sub-nanometer resolution, on 55 

graphene, which can be an attractive route in the development of 

molecular-level mechanical or electronic graphene devices. 

Method 

(a) (c)(b)
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Sample preparations 

Single-layer graphene flakes for scanning tunneling 

microscopy (STM) imaging were contacted to 3 nm Cr/15 nm Au 

by thermal evaporation using a shadow-mask cut from aluminum 

foils. Self-assembly of 1-octadecanethiol molecules on graphene 5 

was prepared before STM imaging.1-octanoic acid and trimesic 

acid (TMA) were purchased from Sigma-Aldrich and used as 

received. The assemblies of TMA or TMA-coronene were 

prepared by their1 µM solutions deposited on graphene. 

Graphene field effect transistors (Gra-FETs) were fabricated by 10 

e-beam lithography on PMMA950 A4 (MicroChem Inc.) using a 

SEM/FIB dual-beam instrument (Nova 200 NanoLab, FEI) 

interfaced with an Elphy Quantum software (Raith Company). 

Metallization was subsequently carried out by thermal 

evaporation of 5 nm Cr/50 nm Au/3 nm Cr. After lift-off of the 15 

resist, chips with Gra-FETs were annealed at 300°C for 3 hours 

under a vacuum of ~10-5 torr (TPS-Compact pump, Varian) to 

strip the resist contamination from graphene surfaces. 

Characterization 

Raman details 20 

The Graphene flakes were deposited by mechanical exfoliation 

of natural graphite using 3M scotch tapes. Silicon wafers with 

285 nm thermal oxide were purchased from Silicon Valley 

Microelectronics, Inc.. A micro-Raman spectroscopy 

(RenishawinVia Raman Spectroscope) was used to confirm the 25 

layer number of graphene, and the wavelength and power of the 

laser were set as 514 nm and 1.0 mW. 

STM details 

STM measurements were performed under ambient conditions 

at room temperature with a Nanoscope IIIA SPM system (Digital 30 

Instruments, Santa Barbara, CA). The tips were mechanically 

formed from Pt/Ir wires (90/10). All STM image were acquired in 

constant current mode, and typical tunneling conditions are set 

point: 0.3 nA, bias: 0.65 V. The tip was grounded, and no gate 

voltage was applied during STM imaging. 35 

Transport details 

Transport properties of graphene sensors were characterized 

using a semiconductor parameter analyzer (Keithley 4200, 

Keithley Co. Ltd.) at room temperature. A 3 µA current was 

applied in DC mode, and the voltage between the two inner 40 

electrodes was monitored as a function of the back gate voltage 

applied through 285 nm SiO2. 
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