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ABSTRACT: Polyclic aromatic hydrocarbons also called Graphene Molecules (GMs), with chemical composition
C,;.H;6(COOH), were synthesized in-situ on the surface of transparent nanocrystaline indium tin oxide (nc-ITO) elec-
trodes and their electronic structure was studied electrochemically and spectro-electrochemically. Variations in the po-
tential applied onto the nc-ITO/GM electrodes induce only small changes in the observed current but they produce dra-
matic changes in the absorption of the GMs, which are associated with their oxidation and reduction. Analysis of the ab-
sorption changes using modified Nernst equation is used to determine standard potentials associated with the individual
charge transfer processes. For the GMs prepared here these were found to be E,,,° = 0.77+0.01 V and E, ,,° = 1.240.02 V vs.
NHE for the first and second oxidation and E, ;" = -1.50+0.04 V for the first reduction. The charge transfer processes are
found to be non-ideal. The non-ideality factors associated with the oxidation and reduction processes suggest presence of
strong interactions between the GM redox centers. Under the conditions of potential cycling GMs show rapid (seconds)
color change with high contrast and stability. An electrochromic application is demonstrated wherein the GMs are used

as the optically active component.

Nanometer-size graphene structures have been recently
attracting growing interest because of their potential to
play an important role in development of number of new
technologies.”™ While expected to retain most of the re-
markable electronic, thermal and mechanical properties
of bulk graphene, unlike graphene, nanographenes are
predicted to have a non-zero band gap tunable by varia-
tion of their size.”” Understanding of how to tune the
absorption and emission of nanographenes from near-
infrared to visible wavelengths and how to control
charge-injection into nanographenes and its effect on
their properties could open a path for their exploitation in
optoelectronic applications, such as photovoltaics, optical
detectors, displays, sensors, etc. This understanding has
so far been limited. This is in part due to the difficulties
with preparation of well-defined structures and in part
due to limited experimental studies of electronic struc-
ture of nanographenes.

Nanographene structures called Graphene molecules
(GMs) are polycyclic aromatic hydrocarbons (PAHs) typi-
cally comprising fewer than 300 carbon atoms, with size
of less than five nanometers. Recently developed methods
for a “bottom-up” synthesis of GMs®* and their solubili-
zation” "™ facilitated experimental studies of their optical
properties®™ and revealed absorption tunability through

visible and near-infrared wavelengths. The studies of
charging of GMs by electrochemical methods, while at-
tempted,” were not yet successful. Here we use a recently
developed synthetic method® to prepare GMs directly on
the surface of nanocrystalline Indium-Tin oxide (nc-ITO)
electrodes and show that these surface synthesized GMs
can be effectively charged, with a high level of control, by
an electrochemical potential applied onto the electrode.
We demonstrate that optical monitoring of the nc-
ITO/GM film during charging yields quantitative infor-
mation about: 1) the absolute energies required for GM
charge injection and the electronic structure of GMs 2)
effect of charging on the absorption properties of the
GMs, and 3) the kinetics of the nc-ITO/GM interfacial
charge transfer. Finally, we demonstrate how the basic
understanding of the nanographene charging processes
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Scheme 1. Abbreviated summary of the procedure for the
preparation of nc-ITO/GM electrode.



can be effectively exploited in a practical application, such
as electrochromic devices, wherein a “bottom-up” synthe-
sized nanographene structure with an inherent bandgap
is used as the optically active component.

RESULTS AND DISCUSSION

An abbreviated summary of the nc-ITO/GM preparation
procedure is shown in Scheme 1 (for more details see
methods section). In a typical experiment a solution of
pre-synthesized precursor P1 was chemisorbed, via a car-
boxylic acid group, onto the porous nc-ITO surface. The
adsorbed P1 was subsequently oxidized, in-situ, to form
surface adsorbed GMs. In the present work we synthe-
sized and studied GMs with the chemical composition
C,;,H;(COOH),. The composition and purity of the GMs
was verified by MALDI Mass-Spectroscopy, whereby the
GMs were first desorbed from the nc-ITO. The mass spec-
tra (MS) of the surface synthesized GMs and the GMs
synthesized independently in solution are shown in Figs.
1a and 1b respectively. Both MS are dominated by a major
peak at 1622 m/z units, consistent with the formation of
C,;,H;(COOH),. An absence of major peaks at m/z >1622
indicates the completion of the dehydrogenation reaction
and lack of significant contamination.

Figure 2a shows typical absorption spectra of the nc-
ITO/P1 and nc-ITO/GM films. The appearance of a broad
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Figure 1. MALDI-TOF mass spectra of GMs synthesized on
nc-ITO surface, (a) after desorption from nc-ITO surface by a
dilute HF/HCI and the same GMs independently synthesized
in solution” (b). The molecular weight of the highest intensi-
ty mass peak is indicated. The laser energy used in the exper-
iment was 13 . Insets: the experimental (red curves) and
calculated (black) isotope distribution for mass peak of
C,H,,"

visible absorption band for the latter is consistent with
the formation of a large conjugated aromatic system. Fig-
ure 2b shows a typical cyclic voltammogram (CV) of a nc-
ITO/GM film. In the region of ~0.4-1.5 V a large capacitive
current (attributed to a large surface area of the nc-ITO)
was observed, with no distinctive peaks indicative of GM
charging, regardless of the scan rate. However, the varia-
tions in the applied potential induced significant changes
in the nc-ITO/GM film absorption that can be related to
the injection of charges into the GMs. The film absorption
variations observed at several wavelengths are shown in
black, blue and red colors in Fig. 2b. Besides the varia-
tions in the magnitude of the induced absorption changes
with the wavelength, we also detected two distinct types
of dependency on the potential. For example, as shown in
Fig. 2b, in the spectral region around 780 nm the absorp-
tion increases between ~0.4 to ~1.1 V reaching a plateau at
~1.4 V. In contrast, the absorption at around 1000 nm
shows a monotonic increase to ~1.4 V vs. NHE. This ob-
servation suggests the presence of two distinct charge
transfer processes.
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Figure 2. (a) Absorption spectra of the solid, dry nc-ITO/GM
film (solid trace) and nc-ITO/P1 film (dashed trace). The
spectra were obtained by subtracting the absorption of the
blank nc-ITO film. Two distinct features: an absorption peak
at ~490 nm (2.57 e€V) and a shoulder at ~590 nm (2.12 eV) are
assigned to the B (So—S2) and p (So—S1) transitions respec-
tively, based on previous analysis of the electronic absorp-
tion spectra of polyclic aromatic hydrocarbons by Clar et al.®
(b) Cyclic voltammogram of nc-ITO/GM film (gray trace)
and the variations in the absorption spectrum of the film
observed during the CV measurement, monitored at 520 nm
(black trace), 780 nm (red trace), and 1000 nm (blue trace).
The measurements were performed at room temperature in
propylene carbonate with 0.5 M LiTFSI as supporting elec-
trolyte, with scan rate 5 mV/s.
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Figure 3. Difference absorption spectra of nc-ITO/GM film as
a function of the applied potential. The spectra were generat-
ed by subtraction of the spectrum obtained at 0.37V from
spectra at the indicated potential (all potential step incre-
ments are 0.1V). The inset shows the absolute spectra of the
same film at indicated potentials. All potentials are reported
vs. NHE.

Fig. 3 shows a summary of the changes in the absorption
spectrum of the nc-ITO/GM film observed following a
series of potential steps. In the spectral range ~420-600
nm a step to a potential 20.47V produces distinct bleach
with the maximum at ~500 nm. In the spectral region
600-100 nm several broad new bands are observed. To
better understand the nature of these optical changes and
to gain a more quantitative insight into the thermody-
namics of the underlying charge transfer processes, the
data in Fig. 3 were globally fit by a modified Nernst equa-
tion in the form of Eq. (1):

AAQA) = AA; () + A4,(A) =

a;(D[B1/(B1 + D] + az(D[B2/ (B, + D] )
where f; = expla,(E — E?)/kgT]

and B, = expla,(E — E3)/kpT]

In Eq. (1) AA is a differential absorbance, E is the applied
potential, kp is the Boltzman constant, T is temperature.
The adjustable parameters a,, a,, E’, E, and «,, a, are re-
spectively the scaling constants, the standard redox po-
tentials and the non-ideality factors associated with the
redox processes “1”, and “2”. Two different processes were
assumed to contribute to the observed absorption chang-
es based on the CV results discussed above. The non-
ideality factor is discussed in more detail in following sec-
tions. The results of the global fitting are graphically
summarized in Fig. 4.

Fig. 4a shows a comparison of the experimental spectrum
(gray trace) and the spectrum of the best global fit to Eq.
(1) (black dashed trace) at the potential of 1.37 V. A similar
quality of fit was observed for data at all other potentials.
This fit to the experimental data yields two distinct
standard potentials E,” and E,’, attributed to the processes
shown in Egs. (2) and (3) below:

GM -e —» GM" E,,° = 0.77x0.01V (2)
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Figure 4. (a) Experimental difference absorption spectra of
nc-ITO/GM film (gray trace) and the best global fit of Eq. (1)
to the experimental data (black dashed trace) for E = 1.37 V.
The spectra of two components, AA, (red trace) and AA, (blue
trace) comprising the best global fit for E = 1.37 V. (b) Varia-
tion of the absorbance with applied potential at 608 nm
(blue), 788 nm (red). The symbols are the experimental data
and the solid lines are the best global fits of Eq. 1 to the data
shown in Fig. 3. The black symbols show experimentally ob-
served variation in the film absorbance at 500 nm at negative
potentials. The solid line is the best fit to a one term modified
Nernst equation. See SI for more details. For clarity the data
are shown as ~AAbsorbance.
GM" - e — GM™

Broad features with very similar peak potential values
were observed in differential pulse voltammetry and
square wave voltammetry measurements (See SI). The
value of the first oxidation potential, E,,,°, determined
here is very similar to the value of the ionization potential
(IP = 0.8 V vs. NHE) obtained previously for a similar
structure by UV photoelectron yield spectroscopy.® Using
the best fit parameters we can calculate the spectra AA,
(=A(GM™) - A(GM)) and AA, (=A(GM™) - A(GM")).
These are shown as blue and red traces in Fig. 4a, respec-
tively. To the best of our knowledge these data represent
the first report of the absorption spectra of the oxidized
GMs. The observation of the strong GM™ absorption in
the 700-800 nm region is consistent with previous obser-
vations of red shifts of the main absorption band upon
chemical oxidation in smaller polycyclic aromatic hydro-
carbons.'® An empirical relationship proposed by Khan et.
al,” E, = 0.32 + 0.60E,, between the energy of the p-band
in the absorption spectrum of the neutral PAHs (E,) and
the lowest-energy transition of their radical cation (E,)

E, o’ =1.2420.02V (3)



can be used to estimate that for the GM studied here the
lowest-energy electronic transition in GM" should be ob-
served at ~780 nm. This is in good agreement with the
results shown in Fig. 4a. Our observation of GM™" is con-
sistent with previous theoretical predictions” and exper-
imental observations of doubly oxidized PAHs.” We note
that in a recent study™ it was reported that graphene,
when positively charged, can under ambient conditions
spontaneously form graphene oxide, with the reaction
rate depending on the graphene oxygen coverage. This
process is unlikely to be significantly contributing to our
observations. In addition to the evidence supporting the
reversible formation of GM"™ summarized above, we find
that the observed kinetics, as well as the spectral changes,
are identical in the experiments performed in air and in
strictly anaerobic conditions (see SI).

A notable feature of the absorption spectra AA, and AA,
is the presence of isosbestic points at 608 nm in spectrum
A, and at 550, 760 and 788 nm in spectrum A,. Since at the
isosbestic point the absorption spectrum of only one of
the oxidized species changes with the applied potential
these points can be used to independently monitor the
GM"™ and GM™ formation. The absorption changes ob-
served at 788 nm (GM™ formation) and 608 nm (GM**
formation), and the curves generated by the parameters
obtained from the best global fit of Eq. 1 to the data in Fig.
3, are shown in Fig. 4b. The curves clearly show distinct
onsets for the two oxidations, consistent with the differ-
ent oxidation potentials of the processes (2) and (3). Also
shown in Fig. 4b are the changes in the absorption of the
nc-ITO/GM film observed at negative potentials, meas-
ured in a separate experiment (see section 2 in SI). In this
case no induced absorption was observed in the moni-
tored spectral range. However, similar to positive poten-
tials, we observed the bleaching of the main absorption
band at ~500 nm and attributed it to GM one electron
reduction as shown in Eq. (4):

GM + e - GM™ E, . =-1.5020.04V (4)

Using these results we calculate the electrochemical
HOMO-LUMO energy gap of the GMs studied here to be
E, = (E,0’ = E,ed’) = 2.27%0.05 V. This is consistent with
the energy gap of similar structures obtained previously
by UV photoelectron spectroscopy” and is similar to the
energy of the lowest energy p-transition in the absorption
spectra of the GMs at 2.12 eV. Based on the above analysis,
the spectral changes observed during the oxidation (Fig.
3) or reduction of the GMs are associated with the depop-
ulation of their HOMO or population of the LUMO fron-
tier orbitals, respectively. This is similar to the mecha-
nism used to explain the bleaching of the optical transi-
tions of bulk graphene induced by an applied bias.” Be-
cause charging leads to a significant distortion of the elec-
tronic structure of the small-size GMs, the bleaching of
the HOMO-LUMO (“band edge”) transition in the neutral
GMs at ~500 nm is accompanied by the appearance of
new induced absorption features associated with the for-
mation of charged GMs.
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Figure 5. (a) Absorption of nc-ITO/GM film at 520 nm as a
function of time at indicated potentials (all potential step
increments are 0.V). The inset shows the variation in the
absorption changes as a function of concentration and type
of electrolyte. All potentials are vs. NHE. For experimental
details see text. (b) Electrochromic properties of GMs. Main
panel: Variation of the nc-ITO/GM electrode absorbance at
soonm upon potential cycling between 0.37 and 1.27V. The
arrows labeled “on” and “off” indicate where the potential is
set to 1.27V and reset to 0.37V, respectively. The experiment
was performed in propylene carbonate, 0.5 M in LiTFSI. In-
set: Photographs of nc-ITO/GMs film following a potential
step from 0.37V to 1.27V (on) and from 1.27 V to 0.37 V (off).

The non-ideality factor, «, in Egs. (1) and (S1) is intro-
duced to account for the non-ideal Nernstian behavior of
the experimental system. The best fits yielded values of ¢,
= 0.19+0.01 and «, = 0.20+0.03 for oxidations and value « =
0.230.06 for the reduction, distinctly different from the
ideal behavior (« = 1). The non-Nernstian behavior of sur-
face adsorbed redox species was observed previously and
several explanations were proposed.”™* Here we attribute
the observed non-Nernstian behavior to strong electronic
interactions between the individual GMs (see methods
section for more details).

Fig. 5a shows temporal changes in the absorption of the
nc-ITO/GM film observed at various applied potentials.
The observed changes in the optical absorption are rapid
(seconds) and highly reversible up to the potential of ~1.5
V. The inset shows that the GM oxidation rate is inde-
pendent of the supporting electrolyte type, but is depend-
ent on its concentration. The observation of rapid, re-
versible changes of the absorption properties of the nc-
ITO/GM films with applied potential prompted us to
study their electrochromic properties.



New electrochromic materials are of great interest for
application in displays and smart windows.”>*® For the
material to have a potential to be used in these practical
applications it should have high coloration efficiency
(change in optical density per unit inserted charge), high
contrast between “on” and “off” states, fast switching re-
sponse, large cycle life, spectral tunability and low cost.
The potential of graphene in electrochromics was demon-
strated previously. Flexible electrochromic devices based
on electro-modulation of multilayer bulk graphene were
shown to provide optical modulation up to 55% in visible
and near-infrared spectral ranges.”” Reversible electro-
chromic behavior, as well as tunable ultrafast optical re-
sponse, under applied bias was also reported for multi-
layer graphene oxide thin films.*>>® Here we study, for the
first time, the electrochromic properties of “bottom-up”
synthesized graphene nanostructures with size-tunable
electronic band gap.

Figure 5b shows the reversible color changes observed for
the nc-ITO/GM films upon potential cycling between 0.37
V to 1.27 V vs. NHE. Under the indicated conditions we
found the coloration efficiency of the nc-ITO/GM films to
be 60-110 cm®/C, maximum contrast of 32% and switching
rate of less than 4s. The electrochromic changes were
persistent for more than five thousand cycles. These per-
formance characteristics of our first generation devices
are comparable with the state-of-the-art electrochromic
inorganic materials® and conductive polymers.> The re-
sults represent an encouraging step towards exploitation
of GMs and their size dependent electronic properties in
electrochromic devices.

CONCLUSIONS

We synthesized GMs with composition C,;,H,;s(COOH),
on the surface of nc-ITO electrode and studied their elec-
tronic and charge transfer properties by electrochemical
and spectroelectrochemical methods. We showed that
one and two electron oxidations and one electron reduc-
tion of GMs can be observed within the electrode poten-
tial window. By analyzing the data with the modified
Nernst expression we were able to determine the standard
oxidation and reduction potentials of the GMs and their
electrochemical HOMO-LUMO gap. Finally, we demon-
strated that GMs are promising materials for electro-
chromic applications.

METHODS

Preparation of nc-ITO. The nc-ITO films were prepared
by a modified literature procedure.* ITO nanopowder
(particle size ~10-20nm) from Inframat Advanced Materi-
als (3.1 g), acetic acid (3 g), and ethanol (10 mL) were
mixed in a 22 mL vial. The mixture was sonicated for 20
minutes in a bath sonicator. Polyethylene glycol (MW.
20,000, 1 g) was added and the mixture was stirred over-
night. The nc-ITO films were prepared by doctor-blading
method where one layer of Scotch tape was used to mask
the surface of FTO glass slide prior to nc-ITO paste depo-

sition. To achieve high conductivity the deposited films
were annealed in two steps. First, the films were heated in
air at 500 °C for 1 hr (ramp: 5 °C/min), and then at 300 °C
for 1 hr. (ramp: 5 °C/min) under a mixture of 6%
H,/94%N,. The procedure yields films light blue in color,
with thickness of ~3 pm. The films were stored under am-
bient conditions before use.

Preparation of nc-ITO/GM. The precursor P1 was pre-
pared by solution chemistry as described previously.” To
adsorb precursor P1 onto the films, the nc-ITO films were
soaked in a dichloromethane solution of P1 (~0.1 mM)
overnight. The films were washed with CH,Cl,, and then
treated with FeCl, (10 mg/mL) in CH,NO,/CH,C, (1/3,
v/v) for 1 hr. under argon (Scholl reaction conditions). A
dramatic change in color of the nc-ITO film can be ob-
served by naked eye during the treatment, indicating
formation of a conjugated structure consistent with GM
formation. The nc-ITO/GM films were then washed with
MeOH to remove excess FeCl..

Mass Spectroscopy of nc-ITO surface adsorbed GMs.
For the MALDI Mass-Spectroscopy studies the GMs were
desorbed from the surface of the nc-ITO. To achieve that,
the nc-ITO/GM particles were exposed to a mixture of
HF/HCI (0.5 M each) for 3-4 days. The desorbed GMs
were collected by centrifugation, washed extensively with
DI water and air dried. Subsequently, the dried GMs were
solid-mixed with the TCNQ (tetracyanoquinodimethane)
matrix for MALDI analysis. In all studied samples the
mass spectra were dominated by a peak at 1622 m/z units,
attributed to the fully conjugated structure with the com-
position C,;,H,;s(COOH),, less the carboxylic acid func-
tional groups (chemical formula C,;,H;,"). The decarboxy-
lation of the GMs and slight deviation of the experimental
and calculated patterns observed in some cases are at-
tributed to the effects of high laser power required for the
ionization of the samples.

Electrochemistry and spectro-electrochemistry ex-
periments. Cyclic voltammograms were recorded using a
CH Instruments electrochemical workstation. Typically,
all electrochemistry, spectroelectrochemistry, and elec-
trochromism experiments were performed in a 3-
electrode setup with nc-ITO/GM as a working electrode,
Ag wire as a pseudo reference electrode, Pt wire as a
counter electrode in separated compartments and propyl-
ene carbonate (PC) as a solvent. Various electrolytes in-
cluding n-tetrabutylammonium hexafluorophosphate
(TBAH) and Lithium  bis(trifluoromethane  sul-
phone)imide (LiTFS) in dry propylene carbonate (PC)
were used as an electrolyte. The Ag reference electrode
was calibrated with Fc'/Fc redox couple. The changes in
the optical properties of the working electrode upon ap-
plication of a potential were monitored with an Agilent
8453 UV-Vis diode array absorption spectrometer. The
reductive  side  electrochemical and  spectro-
electrochemical measurements were performed in a
glovebox under Argon atmosphere. The absorption



changes were monitored using a fiber optic Ocean Optics
UV-VIS 2000+ absorption spectrometer.

Analysis of the physical origin of the non-ideality
factor. To better understand the origin of the non-ideal
behavior in the case of nc-ITO/GM films studied here we
first verified that it is not a property of the electrode. For
that purpose electrodes modified with Ru(bpy)(bpy-
PO,H,),Cl, complex were prepared and their spectro-
electrochemical response was studied using the Nernst-
type analysis similar to the one described in main text
(see supporting data section, Figures Ss, S6). For the Ru
complex modified electrodes we find that the data can be
well fit with a single term standard Nernst equation (i.e.,
a = 1), which indicates that in the case of nc-ITO/GM
films the non-ideal behavior is an inherent property of the
GMs. Based on the results of our MS studies as well as the
observation of a distinct isosbestic point in the spectro-
electrochemical data we conclude that there is no signifi-
cant variation in the electronic properties of the GMs; i.e.,
that the GMs form a uniform ensemble in terms of their
electronic structure. To determine if the non-Nernstian
behavior may be caused by the potential drop at the elec-
trode surface, spectro-electrochemical experiments were
performed using two different supporting electrolytes,
LiTFSI and n-tetrabutylammonium hexafluorophosphate
(nTBAH). Since we detected no difference in the redox
behavior of the films in these two electrolytes, consistent
with previous studies,* we infer that non-Nernstian be-
havior of the GMs is not related to the potential drop ef-
fect. Therefore, the non-Nernstian behavior observed for
the nc-ITO/GM films is attributed to the Frumkin-type
behavior, which has been frequently observed for surface
attached redox couples, conducting polymers, and inor-
ganic quantum dot films. In this model, the non-ideality
factor a is related to the interaction energy of the
charged species by the expression o = 1/(1- 6/2),>* where ¢
is the interaction parameter equal to W/RT, with W being
the interaction energy, R the gas constant and T tempera-
ture. For a ~o0.2 observed for all the charge transfer pro-
cesses we can calculate the interaction energy to be W=-
0.21 eV. The negative sign indicates repulsive interaction.
This analysis indicates that the intermolecular interac-
tions significantly impact the oxidation and reduction
potentials of individual GMs. Interestingly; the presence
of an isosbestic point at 608 nm in the spectroelectro-
chemistry data (Fig. 3) suggests that these electronic in-
teractions do not significantly affect the optical properties
of the neutral GMs. In other words, any interaction-
induced energy shifts seem to affect the filled and vacant
molecular orbitals equally. This observation is similar to
the results of previous theoretical studies,” which indicate
that the peripheral functionalization of GMs with electron
withdrawing or donating groups affects the absolute en-
ergies of the frontier orbitals, but not the size of the
HOMO-LUMO gap.
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