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ABSTRACT: Self-assembled monolayer films of a cyclo-
metalated ruthenium complex with a redox-active amine
substituent and three carboxylic acid groups have been
prepared on ITO electrode surfaces. The obtained thin
films show three-state electrochromic switching with low
electrochemical potential inputs and high near-infrared
absorbance outputs. Thanks to the long retention time of
each oxidation states, these films have been used to
demonstrate surface-confined flip-flop memory functions
with high ON/OFF ratios at the molecular scale.

olecular materials that can respond to external stimulus

hold great promise for miniaturized devices with
switching and memory functions." For eventual practical
applications, the confinement of solution-phase demonstrations
to solid support is essential.”> The molecular materials can be
deposited in the form of monolayer,® multilayer,* or polymeric
thin films.” Smart surfaces with monolayer of molecular
materials are particularly appealing in achieving high
information density with the smallest device size. However, it
is extremely difficult to realize a high ON/OFF ratio in
monolayer molecular devices, due to the low output signal at
the molecular scale and the severe interference of the
background noises.” In addition, most reported surface-
confined molecular switches are bistable, and they are useful
for the construction of binary logic gates. To further increase
the information capacity, it would be charming to develop
tristable materials and devices. Up to date, thin films with three-
state switching are very rare.’

We present herein a monolayer-based molecular switch that
can perform three-state switching with electrochemical inputs
and near-infrared (NIR) optical outputs, namely NIR electro-
chromism” at the molecular scale. The use of electrical inputs is
compatible with existing electronic technologies. NIR absorp-
tion signals as the outputs have the advantages of being low
energy, nondestructive, and low interference with substrates.®
In addition, the common optic fiber telecommunication
wavelengths are in the NIR region. NIR electrochromic
materials are useful as variable optical attenuators (VOA) in
optical telecommunications.” NIR electrochromism on the
basis of polymeric thin films have been demonstrated.>'°
However, NIR electrochromism based on the monolayer films
has not been possible to date.

The molecule used for forming the monolayer film is the
ruthenium complex 1(PF;) (Figure 1), where a Ru—C bond is
present with a redox-active dianisylamino substituent on the
para position of the Ru—C bond. Three carboxylic groups are
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installed on the terpyridine ligand as the anchoring groups for
film formation on ITO surfaces. The use of multidentate
carboxylic li%ands for the formation of stable films has been well
established."' Previous studies showed that the strong
ruthenium-amine electronic coupling of related compounds
with no carboxylic groups resulted in two stepwise redox waves
with a potential separation over 400 mV."> As a result, three
distinct redox states are available and each state display
significantly different NIR absorption spectrum in solution.

Complex 1(PF4) was sznthesized from the known methyl
ester precursor 2(PFg)'*® as depicted in the Supporting
Information, SI. The self-assembled monolayer (SAM) was
prepared by immersing the freshly cleaned ITO glass electrode
in 0.1 mM of 1(PF;) in MeOH for appropriate time, followed
by washing with copious MeOH and CH,Cl, and sonication in
clean CH,Cl, for 1 min. The thus-obtained thin film shows two
redox waves at +0.23 and +0.65 V vs Ag/AgCl (Figure 2a). The
film has good electrochemical stability. The shape of the cyclic
voltammogram (CV) is essentially retained after S00 potential
cycling between 0 and +0.8 V. Each redox couple has a peak-to-
peak potential separation of 40 mV. Both anodic and cathodic
currents are linearly dependent on the scan rate (Figure S1, SI),
characteristic of surface-confined redox behavior. The 40 mV
peak-to-peak potential separation is partially caused by the
charge repulsion between neighboring metal complexes. The
methyl ester 2(PF;) did not bind to ITO at all (see the
magenta curve in Figure 2a), indicating that the interaction
between the carboxylic group and ITO is key to the formation
of the SAM.

Figure 2b shows the plot of the surface coverage (T,
determined by the charge under the electrochemical waves)
versus the immersing time consumed for the preparation of the
SAM. Around 20 h are needed to reach saturation with a
maximum I of 2.4 X 107'° mol/cm®. This coverage is higher
with the previously reported SAMs of a hexacoordinated
osmium polypyridyl complex (I ~ 1 X 107'* mol/cm?)."* One
possible reason is that complex 1(PF) has a very short linker,
which tends to give a higher coverage. Indeed, SAMs of bis-
tridentate ruthenium complexes up to 4 X 107'° mol/cm®
coverage has been reported recently.'* Another possibility is
that neighboring molecules 1(PF;) are densely packed due to
weak intermolecular interaction, e.g, by hydrogen bonding
from the free carboxylic groups. The above-mentioned peak-to-
peak potential separation is a result of such dense packing.

The water contact angle of the 1(PF)/ITO SAM is 35.5°,
compared to 55.9° for the bare ITO glass (Figure S2). This
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Figure 1. Schematic presentation of the preparation and electrochemically addressable three-redox-state switching of 1"*/ITO SAM.
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Figure 2. (a) Anodic CV of the 1"*/ITO SAM (I = 2.4 X 107'° mol/
cm?) at 50 mV/s in 0.1 M Bu,NCIO,/CH,Cl,. The magenta curve is
the CV of ITO after immersing in solution of methyl ester 2(PF). (b)
The plot of the surface coverage of the SAM versus the immersion
time of the ITO electrode in 0.1 mM 1(PF,;)/MeOH during the
preparation of the SAM. (c,d) AFM height images of the bare ITO
glass and the 1(PF4)/ITO SAM (1 ym X 1 um in size), respectively.

indicates that the ITO surface becomes more hydrophilic after
functionalization with 1(PFg), possibly caused by the presence
of free carboxylic group of the ruthenium complex. Figure 2c,d
shows the surface morphology of the bare ITO glass and the
1(PF,)/ITO SAM measured by atomic force microscopy
(AFM), respectively. They have similar surface topography with
a mean roughness (rms) of 3.0 and 3.4 nm, respectively. No
apparent aggregates are observed in Figure 2d. This suggests a
rather homogeneous adsorption of the molecules on the
electrode surface. Considering the good electrochemical
stability and a surface coverage in the order of 107'° mol/
cm? of these films, the possibility of forming multilayer films is
low.

The binding mode of carboxylic group with ITO glass is
believed complex. Weak electrostatic and hydrogen bonding
interaction and covalent bonding between the carboxylate and
the metal ion defect sites of ITO are possible.”> Powedered
oxides were previously used as the substitute of ITO for FTIR
measurements to probe the interaction between molecules and
substrates.'> After adsorbed on In,O; powders, the carbonyl
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signal of 1(PFg) at 1732 cm ™" disappeared, with the appearance
of a new peak at 1535 cm™" (Figure S3). The latter peak is
possibly from the carbonyl vibration of the carboxylates of
1(PFs) on In,O; surfaces. Considering a relatively high
coverage of the 1(PF,)/ITO SAM, most molecules are believed
to stand upright with a bidentate binding mode, as shown by
the schematic representation in Figure 1. The X-ray photo-
electron spectrum (XPS) of the film evidence the Ru 3dS signal
at 280.6 eV (Figure S4 and Table S1). However, the Ru/N
integration ratio (0.06/2.24) is much lower with respect to the
theoretical value (1/6).

The above film displays two well-defined redox couples at
low potentials with a wide potential separation. As a result,
three distinct redox states (state “A”, “B”, and “C” in Figures 1
and 2a) can be distinguished. In state “A”, the amine is neutral
and the ruthenium ion is in the +2 oxidation state. In state “B”,
one free radical spin is delocalized across the amine-ruthenium
array. The amine unit is in the form of an aminium radical
catiolr21 and the ruthenium ion has +3 oxidation state in state
“C”.

Spectroelectrochemical measurements were performed on
the 1""/ITO SAM to characterize the absorption spectra in
different states (Figure 3a,b). Surprisingly, these films exhibit
rather high NIR absorbance signal even at the monolayer scale.
In state “A”, the SAM has an absorbance of 0.0080 at 560 nm
(Ass0@a = 0.0080), which is due to the metal-to-ligand charge
transfer (MLCT) transition of 1%. The same order of
magnitude of MLCT absorbance has previously been reported
for a SAM based on a polypyridyl osmium complex.'® In state
“B”, the MLCT absorption decreased a little, and an intense
intervalence charge transfer band of 1** appeared at 1020 nm
(Ay020@8 = 0.0057), which was very weak in state “A” (A;py00a
= 0.0015). In state “C”, the A,p,ppc value decreased to 0.0012,
and an intense N*'-localized transition at 700 nm appeared
with the A,y value increased from 0.0005 (A;qggp) to 0.010
(Az00@c)-

The optical memory effect (the ability to retain the
absorbance value after the applied potential is switched off)
was tested for the above SAM to verify its applicability in
information storage (Figure 3c). In state “A”, the SAM is very
stable. The absorbance at 1020 nm kept constantly at a very
low value after the potential at +0.01 V was released (A,pypas =
0.001; 100 min measured). The retention time at state “B” is
also very long even at the form of monolayer. When the
potential at +0.50 V was turned off, the absorbance at 1020 nm
decreased 22% from +0.007 to +0.0055 after 2 h. The retention
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Figure 3. (a,b) Absorption spectral changes of the 1"*/ITO SAM (I" =
24 X 107" mol/cm?) during spectroelectrochemical measurements.
The applied potentials are referenced vs Ag/AgCl. (c) Retention time
measurement of the 1"*/ITO SAM at three states.

time at state “C” is around 10 min, which is good enough for
their uses as volatile memory.

Figure S5 shows the results of the repetitive three-state
electrochromic switching of the 1""/ITO SAM by four-
potential-step chronoamperometry (one cycle: +0.01 —
+0.50 — +0.90 — +0.50 — +0.01 V). The absorbance at
1020 nm is high at +0.50 V and experiences two switching
processes within one potential cycle. On the other hand, the
absorbance at 700 nm is high at +0.90 V and only experiences
one switching process within one potential cycle. This three-
state switching is fully reproducible after numerous potential
cycling.

Alternatively, two-state switching can be performed by
double-potential-step chronoamperometry. Figure S6 shows
the absorbance change at 1020 nm between state “B” and “C”
during the 100 potential cycles (+0.50 — +0.90 — +0.50 V)
tested. The absolute absorbance values fluctuate slightly.
However, the difference between A;pap and Ajgyppc remains
essentially unchanged. This attests to the good stability of the
film during the electrochemical switching.

The long retention time of the 1"*/ITO SAM makes it
appealing for memory applications. Taking the electrochemical
potential at +0.50 and +0.90 V as the input 1 and 2 signals (Inl
and In2) and the absorbance at 700 and 1020 nm as the output
1 and 2 signals (Outl and Out2), the 1™*/ITO SAM can be
considered as a surface-confined sequential molecular logic with
set/reset flip-flop memory functions (Figure 4)."” When In2 is
applied, the Outl1 signal is high and the output string is 10. On
the other hand, when Inl is applied, the Out2 signal is high.
Note that only one input signal can be applied at the same time.
When the input string is 00 (namely, no potential is applied),
the output signal is dependent on the previously memorized
state.

Figure 4c,d shows the input and output signal changes of the
above memory device during the repetitive “write-read-erase-
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Figure 4. (a)b) Logic circuit and truth table of the set/reset flip-flop
logic. (c,d) Switching of the input potentials (vs Ag/AgCl) and output
absorbance at 700 and 1020 nm of 1"*/ITO SAM (" = 1.0 x 107"
mol/ cmz).

read” cycles. The device was first subjected to a “write” process
by applying a potential at +0.90 V for 10 s. The potential was
then switched off, followed by a “read” process by either Outl
or Out2 for 30 s. The Outl signal is high (A700@Write = 0.004)
and the Out2 signal is low (A,p0@wite = 0.0005) at this stage.
The device was then subjected to an “erase” process by
applying a potential at +0.50 V for another 10 s, followed by a
similar “read” process for 30 s. The Outl signal is now low
(As00@erase = 0.0006) and the Out2 signal is turned high
(AIOZO@erase = 0.0024). The difference between the high and low
absorbance (AA) is 0.0034 and 0.0019 for Outl and Out2,
respectively. The ON/OFF ratio (the ratio between the high
and low absorbance) is 6.7 and 4.8 for Outl and Out2,
respectively. This performance is retained after numerous
“write—read—erase—read” cycles. These ON/OFF ratios are in
fact rather high compared to the state-of-the-art monolayer
switches with visible optical outputs. For instance, Veciana and
Rovira and co-workers reported the bistable SAM switches on
the basis of chloro-substituted triphenylmethly radicals with an
ON/OFF ratio around 3 for the absorption signal at 515 nm.*
In addition, van der Boom and co-workers reported the
monolayer logic gate on the basis of polypyridyl osmium
complexes with a similar ON/OFF ratio around 3—4 for the
absorption signal at 516 nm."® However, electrochromic ON/
OFF ratios for NIR signals based on monolayer films have not
been documented to date.

In conclusion, we have demonstrated the use of a self-
assembled monolayer of a ruthenium complex for the three-
state NIR electrochromic switching. The use of multidentate
carboxylic ligands is beneficial for the formation of stable film
with high surface coverage and good switching reversibility.
The obtained monolayer film exhibits intense NIR absorbance
and long optical retention time at each readily accessible
oxidation states. This film provides an excellent molecular
platform for the construction of surface-confined flip-flop
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systems with high ON/OFF ratios (in terms of monolayer
switches). It is very attractive for the preparation of NIR
electrochromic and memory devices at the molecular scale.
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Synthesis and characterization of 1(PF), preparation, charac-
terization, and NIR electrochromic switching of 1(PF4)/ITO
SAM. This material is available free of charge via the Internet at
http://pubs.acs.org.
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