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Covalent Functionalization of Dipole-Modulating
Molecules on Trilayer Graphene: An Avenue for
Graphene-Interfaced Molecular Machines

Phong Nguyen, Junwen Li, T. S. Sreeprasad, Kabeer Jasuja, Nihar Mohanty,
Myles Ikenberry, Keith Hohn, Vivek B. Shenoy,* and Vikas Berry*

The molecular dipole moment plays a significant role in governing important
phenomena like molecular interactions, molecular configuration, and charge transfer,
which are important in several electronic, electrochemical, and optoelectronic systems.
Here, the effect of the change in the dipole moment of a tethered molecule on the
carrier properties of (functionalized) trilayer graphene—a stack of three layers of
sp>-hybridized carbon atoms—is demonstrated. It is shown that, due to the high
carrier confinement and large quantum capacitance, the trans-to-cis isomerisation of
‘covalently attached’ azobenzene molecules, with a change in dipole moment of 3D,
leads to the generation of a high effective gating voltage. Consequently, 6 units of
holes are produced per azobenzene molecule (hole density increases by 440 000 holes
um=). Based on Raman and X-ray photoelectron spectroscopy data, a model is
outlined for outer-layer, azobenzene-functionalized trilayer graphene with current
modulation in the inner sp? matrix. Here, 0.097 V are applied by the isomerisation of
the functionalized azobenzene. Further, the large measured quantum capacitance of
72.5 UF cm™ justifies the large Dirac point in the heavily doped system. The mechanism
defining the effect of dipole modulation of covalently tethered molecules on graphene

will enable future sensors and molecular-machine interfaces with graphene.

1. Introduction

Isomerizable molecules produce precise dipole modula-
tion and nanoscale mechanics,['7 which can be employed
to build molecular valves,>8] molecular hydroswitches,!
molecular cargo lifting,'” and molecular shuttles.'1-13!
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Similarly, several biosystems leverage molecular mechanics
and dipolar behavior. For example, flagella strands (2-100
nm) on the outer cell wall of bacteria rotate to propel bac-
teria in solutions. Amongst mechanically actuating molecules,
photoswitable (photoisomerizable) molecules are interesting
since these systems can be switched optically. The mechanics
of these molecules are characterized by modulation of the
dipole moment, response at high frequencies, and the absence
of heat production. An extensively studied photoswitchable
molecule is azobenzene, which photoisomerizes between
trans and cis states, where the two configurations assume
different dipole moments (trans = 0D; cis = 3D). There are
several examples of electron-tunneling modulation through
junctions with azobenzene;'*'7l however, studies on its
“covalent interfacing” to apply dipole-induced potential to
change the carrier properties of the interfaced substrate are
limited. In 2011, Kim et al.'8] showed that azobenzene mol-
ecules attached vertically on graphene via n—r interfacing
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Figure 1. Representative model showing azobenzene molecules covalently bonded on the sp regime of functionalized graphene. The azobenzene
group changes its configuration on graphene (trilayer) when exposed to UV (cis) and blue light (trans). This mechanical motion of azobenzene
modulates the density of holes in ATG. Bottom right: The optical image of ATG device between the gold electrodes 20 um apart. The Raman spectrum
of the ATG sheet shows the D and G peak representing the graphenic backbone. Since graphene is functionalized, the Raman spectrum shows a

D peak at 1350 cm™. No appreciable 2D peak was observed.

between pyrene and graphene can induce doping. However,
noncovalent anchoring strategies (m—r interfacing, adsorp-
tion, etc.) are less robust under the conditions required for
cleaning graphenic surfaces, such as annealing at high tem-
peratures or joule heating under high vacuum.

In this contribution, we demonstrate that top and bottom
layers of trilayer graphene (which are functionalized) can be
leveraged as a platform to covalently bind azobenzene mol-
ecules at the top sp? regime with epoxy, -COOH, and ~-OH
groups. We discuss the functionalization process, structural/
optoelectronic characterization, and conductivity-modulation
model. In this stable, covalently functionalized azobenzene-
trilayer-graphene (ATG) device, the electric field (and its
polarity) from the molecular dipole moment of azobenzene,
their configuration and orientation (normal component), as
well as proximity with respect to graphene influences gra-
phene’s doping density (and/or carrier polarity). Hence, the
devices exhibit robust and reversible carrier doping via a
configurational change of azobenzene upon programmed
UV/blue light exposure (Figure 1).

2. Device Fabrication

The device construct consists of a 300 nm silica dielectric
layer on heavily doped n-type silicon back-gate with ATG
deposited between two gold electrodes 20 um apart. Fur-
ther, a monolayer (3-aminopropyl)triexthoxysilane (APTES;
Acros Organics) is used as a linker between silica (silane
chemistry) and the bottom layer of ATG (via amide bond).
Briefly, to fabricate the device, the silica substrate with gold
electrodes is cleaned with water, acetone, ethanol, and iso-
propanol, dried, and exposed to oxygen plasma for 5 min
(700 mTorr, 100 W). Subsequently, the substrate is submerged
in 0.1% APTES in ethanol for 10 min to introduce positively

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

charged amine groups onto the silica surface. The chip is
washed with 100% ethanol solution, dried, and baked in the
oven at 120 °C for 5 min to strengthen the bonds between
silane and silica. To deposit the trilayer graphene (TLG)
sheets across the gold electrodes, the chip is submerged in a
GO solution for 15 min (see Supporting Information 1.a for
GO preparation). This covalently binds GO to the substrate
via amide bonds. Finally, the 4-aminoazobenzene molecule
is tethered to the GO sheet via amide linkage by incubating
the chip in 4-aminoazobenzene solution (1% aqueous)
in the presence of 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-
tetramethyl uronium hexafluorophosphate Methanaminium
(HATU) reagent!'*? for 12 h.

Here, the carboxylic and hydroxyl groups on the GO’s
exposed surface and the amine group on the 4-aminoazoben-
zene form amide bonds in the presence of the HATU
catalyst (see Supporting Information 1.b for HATU proce-
dure).[921-22] Subsequently the unreacted oxy groups are
reduced via hydrazine treatment (see Supporting Informa-
tion 1l.c) to produce ATG sheets spanning the electrodes.
Finally the device is washed thoroughly with copious amount
of water, acetone, and isopropanol to remove any residual
hydrazine or adsorbed azobenzene. For subsequent calcula-
tion and analysis, the optimized orientation of the azoben-
zene molecule with respect to graphene was obtained from
the ChemSketch program’s molecular mechanics algorithm
(Figure 1).

3. Results and Discussion

A typical device (Figure 1) consists of ~35 x 20 um?> ATG
between gold electrodes. The Raman spectrum of a typ-
ical ATG sheet shows the D and the G peaks at 1350 and
1595 cm™!, respectively. This indicates the presence of the
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Figure 2. Left: AFMimage (1.7 umx 1 um) of a typical ATG sheet showing
a height of 3.6 nm. Subtracting the height of the azobenezene and oxy
groups, the underlying graphene is 3 sheets (including the two oxidized
sheets). Right: The XPS spectrum of the ATG sheet shows the presence
ofthe azo group. The peak at~401.5 eV in ATG corresponds to the amide
linkage (0=C-N) used to attach TLG to silica and 4-aminoazobenzene to
GO.The peak at 400.5 eV corresponds —(C—N)— and N=N in azobenzene.

graphenic backbone in ATG (Figure 1). No appreciable peak
for 2D band was observed, as expected for functionalized
graphene.[’] Atomic force microscopy (AFM) analysis of
the ATG devices gave a total thickness of 3.6 nm (left panel,
Figure 2). Considering the height of the azobenzene group
(0.31 nm), the remaining thickness corresponds to 3 gra-
phene layers with two outer functionalized sheets and 1 inner
graphene sheet.

X-ray photoelectron spectroscopy (XPS) data were
recorded with a Perkin—Elmer PHI 5400 electron spectrom-
eter using acrochromatic Al Ko radiation (1486.6 eV). Anal-
ysis was carried out under a vacuum less than 5 x 10~ Torr
and heated to 120 °C to remove any adsorbed molecules on
the surface. The XPS binding energies were measured with
a precision of 0.025 eV. The analyzer pass energy was set to
17.9 eV, the contact time was 50 ms, and the area scanned was
4 mm?. For the ATG, the peak for the amide bond (O=C-N)
and the N=N azo bond of azobenzene molecules appears
around 401.5 eV and 400.5 eV respectively;**! while for the
trilayer graphene (TLG, without azobenzene) the peak for
the amide linkage with silica appears at around 401.5 eVI*]
(see Supporting Information Figure S2).

From XPS data analysis for the N and C peaks,

#N 1 F+c .
#C ~ 16 108+ 6a + 7b @

3a
#Nazobenzene _ 4 7
4

#I\Isilane B 1 (2)

the azobenzene molecular density is 2.5 molecules nm™.
Here: a is the number of N atoms in N=N azobenzene mol-
ecules per nm?, b is the number of N atoms in C-N azoben-
zene molecules per nm? (b = %), and ¢ is the number of N
atoms in C-N silane molecules per nm? (see Supporting
Information Figure S3 and 4.c). The area of the azobenezene
molecule is 0.27 nm? (or 3.7 per nm? of packed density), and
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the total density of azobenzene molecule, p,,, = 2.5 per nm?,

calculated from XPS analysis (more details in the Supporting
Information 4.c).

After confirming the anchoring of azobenzene on TLG,
we studied the ATG device’s optoelectronic behavior under
UV/blue light exposure. As discussed earlier, graphene sur-
face is ultrasensitive to the interfacial events and two primary
explanations are discussed in the literature for this phenom-
enon:*!l A) Graphene possessels a high quantum capaci-
fen? __ where e is the electron

hOF (m+ng) 2
charge, h is Planck’s constantFﬁF is the Fermi velocity of the

Dirac electron, and n, and n, are the carrier concentrations
from the gate potential and the intrinsic carrier concentra-
tion of ;raphene respectively);(?2 for a bilayer and trilayer:
Cq= ﬁ?, if Fermi energy (ep) is hlgher than the inter-
layer couphng (77); for trilayer: Cq = ‘—hzgﬂg% 4e5 + /2 )’1), if
g < 7. The quantum coupling of the interfacial molecules
with graphene enhances the effective electric field due to
the dipole moment of the molecules.””] The effective gating
potential (AVy), therefore, translates from a change in
dipole voltage (AV,) of the molecule to AVg = f <%> AV,
where f is the fraction of sp? area which is gated by the
azobenzene molecules. This was calculated using the equa-
tion f= (f};) OputkAaze = 2.5 x 0.27 = 0.675, where the
bulk density of azobenzene py, = 2.5 azo/nm? (calculated
from XPS) and the area of one azobenzene molecule is
Ao =027 nm?. Also, C,,, = (C ', + C~',)" and C, is the gate
capacitance. B) Confined Doplng The change in the carrier
concentration of graphene due to the change in the dipole
moment of the molecule is amplified as a result of the con-
finement of the doped carriers within its ultrathin structure.
The consortium of these properties makes graphene an ideal
candidate for detecting interfacial molecular events.

Before the optoelectronic measurements, care was taken
to remove adsorbed/nonbonded molecules (including any
residual azobenzene, which can bind on graphene).l?$291 All
the ATG devices were electrically annealed (Joule heating
=1IVt; 3 V for 5 min). Since high vacuum is not effective to
avoid molecular desorption/adsorption,*’] the device’s optoe-
lectronic response was characterized under a helium-pressur-
ized (19 psia) probe station with quartz optical windows; He
adsorption on a graphene surface is negligible.’!! The gold
electrodes spanning ATG (source—drain) and silicon (back-
gate) were connected to a dual-source meter (Keithley 2612).
Each device was again electrically annealed (3 V for 30 min)
under high He pressure to remove residual adsorbed impuri-
ties if any. The quartz optical ports were connected with UV
(365 nm, power = 2.3 mW/cm?) and blue (420 nm, power =
0.6 mW/cm?) lamps to study the effect of UV and blue light
exposures and dark (See Figure 3). The UV light isomerizes
the azobenzene into its cis form (benzene rings closer to one
another and a dipole moment of 3D), while blue light (or
dark at room temperature) brings the azobenzene back to its
trans form (benzene rings are opposite one another and have
a dipole moment of 0D).

The optoelectrical measurements (Figure 3) show that the
conductivity of the ATG device increases with exposure to
UYV, and reverts back to the original value with exposure to

tance (for monolayer: C,

www.small-journal.com




m full papers

17404 174 4

P. Nguyen et al.

_ Ldsio, Alp
K= ey \ave

17204 1724

UV _ Dark Blue
—>—>

1700 1704

Current (nA)
Current (nA)

Here, u is the hole mobility, dsio, is the
thickness of silicon wafer, L is the channel
length, W is the average channel width, &
is the relative static permittivity of SiO,
(~4), g, is the permittivity of free space,
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Figure 3. A) The figure shows the response of the ATG device (under 19 psia pure He
environment at room temperature) exposed to UV, blue and dark for 90 s each at 100 mV
source—drain voltage. (b) The same response (as (a)) is measured at 10 mV source—drain
voltage. The current axis has been rescaled to better represent the change. Also, the
azobenzene’s trans configuration can be achieved via blue light exposure and temperature.
Since, the rate of decrease of conductivity was not significantly more than that in dark
environment; the room temperature is high enough to favor the trans state in the absence
of UV. Further, it is known that the azobenzene could readily fluctuate between cis and trans
configurations,3?! leading to a fluctuation in current, as observed in electrical measurements.

blue light (420 nm) or in dark (UV/blue off), where the expo-
sure time was 90 s each. The change in current for 100 mV
and 10 mV source—drain voltage were 0.5 and 5 nA, which are
directly scaled with the voltage (Figure 3a,b). This change in
conductivity is attributed to doping of charge carriers in gra-
phene due to a change in the dipole moment of the azoben-
zene. Here, the increase in dipole potential (due to 3D change
in dipole moment) leads to hole doping in the cis configura-
tion on the p-type (shown later) device. Further, the direct
scaling of current modulation with voltage implies that the
change in conductivity is not caused by desorption, the rate of
which must increase with voltage due to Joule heating induced
desorption. The measurements shown here are after several
cycles of UV and blue exposures to equilibrate the response.
Further, the cis to trans transition (under dark) is slower than
trans to cis (UV on; see Supporting Information). A reduced
graphene-oxide device (without azobenzene) did not show
any discernible response to UV/blue exposure under similar

Based on the carrier-mobility and hole
dominant transport, we approximated the
change in hole concentration due to the
configuration change of the azobenzene-
molecule. Here, the gating voltage (JAVg|)
which induces the same change in current
as the azobenzene mechanics (0.5 nA)
is 34 V. This gating voltage provides the
change in carrier density via the gate-
capacitance equation: Aq = Cs;o, - (127).
Here, Ag is the carrier surface density created due to
azobenzene isomerization, and e is the elementary charge
(1.60 x 107! C). This equation provides a value of ~4.4 x
10° holes/um? generated due to the molecular-gating from
UV-induced change of the azobenzene-molecule’s configura-
tion from trans to cis. With an azobenzene density of 2.5 nm=2,
this implies that mechanics of ~1 azobenzene molecule pro-
duces 6 holes. This corresponds to 15 quanta of hole generated
per nm? of the base ATG. Also, the total carrier concentration
at zero gate voltage is 3.3 x 10° um? (nyope = ( —25 ))

neVps
To explain the mechanism of isomerization-induced

doping in ATG, we use a simple model, which assumes that
chemically exfoliated trilayer graphene comprises of two
outer (top and bottom) functionalized (sp?) and one middle
graphene (sp?) layer. In our system, the top layer is assumed
to have a homogenous distribution of covalently bonded
azobenzene and bottom is assumed to have oxy groups.
Therefore, the electronic transport is dominant in the middle

Figure S4). The noise observed in the cur-
rent measurements are expected to be a
result of fluctuation in the configuration of
the azobenzene, as has been discussed in
several studies.?? To confirm the integrity
of the sample after electrical measurments,

conditions (see Supporting Information,
(@)

20 pm

1

Gold Electrode

(b) Back gating in cis state (UV on)

1054

XPS measurments were done, which gave
similar scans to the ones before the opto-
electronic measurments.

The carrier mobility and polarity in the
ATG device were measured from back-
gating studies using silicon as the back-
gate and 300 nm silicon oxide as the gate
oxide (Figure 4). The negative differential
of the Ipg with Vg indicates that holes
are the majority carriers (p-type device).
The (average) slope of —2.22 x 102 nA/V
implies a hole mobility of 0.195 cm?/V/s
calculated via:

Source (Vp) (+)

E
:$
(=
a

Azo M$ecules

K

Gating Source (V)

Current (nA)

Drain (V) (-)

103

ATG sheet oo -

Vp=10mV ;p,

Gating Voltage (V)

Figure 4. A) A schematic of the back gating measurement setup on device consisting of
an ATG sheet spanning gold electrodes spaced 20 um apart. The silica substrate, 300 nm,
acted as a gate oxide, and heavily doped silicon acts as gate electrode. B) The gating study,
conducted at 10 mV drain voltage, showed that the ATG device is p-type with a hole mobility
0f 0.195 cm?/V/s. The measurement was made for the cis configuration of azobeneze in ATG.
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graphene layer with azobenzenes on the top layer acting as
molecular gates. Although, the charge mobility is high in sp>
region, we observe a low value, which is attributed to the
presence of a large density of charge traps from the function-
alized groups in the top and bottom layers.

The dipole voltage induced on the middle graphene layer
by azobenzene molecules via the change in dipole moment
of the molecules (from cis to trans forms) is calculated by
A\/d = [(Aﬂ)Sin(e)/(4ﬂ€or2)][42[i2(§/rAzo-Graphene)2 - 1]_3/2 +
3(i-1)X[3%/4(&/7 ayo-Graphene)* — 117 where A is the change
in the dipole moment of azobenzene, i is the index (repre-
senting the distance of the dipole of the azobenzene and
the point of interest), 75,0 Graphene 18 the distance between a
dipole and middle-layer graphene, pp,creq.azo 18 the density of
azobenzene molecules packed in top layer graphene oxide
(3.7 azobenzene/nm?), and 6 is the angle of inclination of the
cis-azobenzene with respect of graphene (6 = 17.5). The Au
is calculated to be 3D (3sin(6) D = 0.92 D), which yields an
induced dipole voltage (AV,) of 0.097 V.

The gating experiment shows that the change in con-
ductivity via azobenzene’s isomerization (0.5 nA at 10 mV
Vpg) is also brought by 34 V of gating potential (see Sup-
porting Information Figure S5). This implies that the change
in the charge carriers for azobenezene isomerization through
graphene’s quantum capacitance is the same as that pro-
duced by gating: AV = f g AV;. This provides a
quantum capacitance value o %5 uF/cm?. Further, since
the mobility of carriers in TLG is not expected to change
with doping,?! our approximation of constant mobility with
azobenzene-actuation is justified and consistent with earlier
results on molecular-interfacing of few layer graphene with
molecular moieties.'®31-33-3] The quantum capacitance of
72.5 uF/cm? provides a measure of the total carrier concen-
tration (fCo = m), Do = 3-19 x 10 um™. This value
is consistent with the total carrier concentration calculated
from gating experiments (3.3 x 10° pm2).

It was recently reported that the azobenzene’s configura-
tion change is faster, when it is incorporated into a thick GO
composite where the tunneling distance between the sheets
change.’®] This although is a different mechanism, is con-
sistent with the fast response of our ATG device. Further, our
TLG devices without azobenzene does not show a discern-
ible change in conductivity with UV or blue light exposure
under the same conditions, confirming that the adsorption/
desorption mechanism can be negated in the Helium envi-
ronment. Our result, in combination with the case of verti-
cally-oriented azobenzene on graphenel'®! showing reverse
response, demonstrates that the polarity of doping is also
dependent on the original orientation of azobenzene. We also
show doping of graphene via n—r interfacing with perylene
tetracarboxylic acid (see Supporting Information Figure S6).

4. Conclusion

In summary, we demonstrate that molecular mechanics
(trans to cis configuration) of covalently anchored azoben-
zene (density = 2.5 nm™?) on trilayer graphene (37.5% sp?
coverage) can sensitively and reversibly modulate its carrier

small 2013,
DOI: 10.1002/smll.201300857

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S| s

density (4.4 x 10° holes/um?). Here, the change of 3D in the
molecular dipole moment produces 0.097 V of dipole voltage,
which leads to production of 6 quanta of hole per azoben-
zene molecule. The sensitivity evolves from the high quantum
capacitance of 72.5 uF/cm? The total carrier density calcu-
lated from gating was consistent with that from quantum
capacitance. We envision that this work will generate interest
in applying graphene’s sensitivity to molecular actuation
and dependence on original orientation to develop rational
interfaces with molecular machines (for example, rotaxane)
and biomolecules for advanced applications in molecular
switches, electromechanics, and protein folding. Futuristi-
cally, graphene nanoribbons devices interfaced with actuable
molecules (proteins or molecular machines) could exhibit
enhanced sensitivity.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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