9324  Wiley Online Library

Angewandte

Zuschriften

Molecular Logic Gates

Deutsche Ausgabe: DOI: 10.1002/ange.201504584
Internationale Ausgabe: DOI: 10.1002/anie.201504584

A Molecular Platform for Multistate Near-Infrared Electrochromism
and Flip-Flop, Flip-Flap-Flop, and Ternary Memory**
Bin-Bin Cui, Jian-Hong Tang, Jiannian Yao, and Yu-Wu Zhong*

Abstract: A diruthenium complex with a redox-active amine
bridge has been designed, synthesized, and studied by single-
crystal X-ray analysis and DFT and TDDFT calculations. It
shows three well-separated redox processes with exclusive
near-infrared (NIR) absorbance at each redox state. The
electropolymerized film of a related vinyl-functionalized
complex displays multistate NIR electrochromism with low
operational potential, good contrast ratio, and long retention
time. Flip-flop, flip-flap-flop, and ternary memories have been
realized by using the obtained film (ca. 15-20 nm thick) with
three electrochemical inputs and three NIR optical outputs that
each displays three levels of signal intensity.

The use of molecules or molecular assemblies for informa-
tion processing is one attractive perspective of molecular
science. Since the pioneering work of de Silva in 1993,
a large number of molecular logic gates have been demon-
strated.’™ Among them, sequential molecular logics with
input-history-dependent outputs are very useful for memory
devices. A typical example is set/reset flip-flopt™®! built from
a pair of cross-coupled NOR logic gates or a ternary flip-flap-
flop memory."! A ternary (or higher) memory system has the
advantage of a higher information density with respect to
a binary system,["™” which is critical to meet the challenge of
information storage.

A truly ternary memory needs three inputs and three
outputs with three signal levels. However, molecular materi-
als displaying such functions are very scarce. This contrasts
with a previously reported system built from bistable
materials coupled with an additional intermediate mixed-
valent state or with a single output showing three levels of
signal intensity.”) In addition to the material issue, it is
essential to transform the solution-phase demonstrations to
solid support for eventual practical applications."®** This
could be realized by depositing the materials in the form of
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monolayers,>* 11 multilayers,”?***! or polymeric thin
films.****] We report here an unprecedented redox-active
system that mimics the surface-confined flip-flop and truly
flip-flap-flop or ternary memory.

The basic molecular material is a new diruthenium
complex 1(PFy), (Figure 1a). This compound was designed
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Figure 1. a) Chemical structure of 1(PF),. b) Thermal ellipsoid plot of
the single-crystal structure of 2(PF), at 30% probability. Hydrogen
atoms and anions are omitted. Atom color code: C grey; N blue; Ru
magenta. Selected bond length: Ru1-C1 1.97 A; Ru2—C2 1.93 A; Rul-
N1 6.18 A; Ru2-N1 6.21 A; Rul-Ru2 9.94 A. c) DFT-calculated spin
density distribution of 1°*. d) The isodensity plot of the HOMO of
singlet 1",

by taking the following considerations. The two cyclometa-
lated ruthenium complexes are connected to a redox-active
amine bridge at the para position of the Ru—C bond, which is
believed to allow a strong electronic coupling among the
[Ru—N—Ru] array.””! As a result, multiple redox states can be
accessed at low electrochemical potentials and each state can
be distinguished by strong near-infrared (NIR) charge trans-
fer absorptions. The use of electrical inputs is compatible with
existing electronic technologies. The use of redox-active
molecules for electrochemical logic gates and information
storage has been known.['*1%332] The use of NIR absorption
signals as the outputs has the advantages of being low-energy,
non-destructive, and low-interference with substrates.[?>¢
NIR electrochromic materials are potentially useful as
variable optical attenuators in fiber telecommunications.*’**!
After attaching suitable functional groups, this complex can
be deposited onto electrode surfaces using suitable thin-film-
formation methods."**** Thin films of cyclometalated

ruthenium complexes have been known to have long reten-
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tion time because of the good stability of each redox
state,'*! which is important for their uses as memory
materials.

The synthesis and characterization of 1(PF,), are given in
the Supporting Information (SI). Simply speaking, it is
synthesized from the reaction of [Ru(tpy)Cl;] (tpy is the
terminal ligand 2,2":6',2"-terpyridine) with the central bridg-
ing ligand. This complex has been fully characterized by
obtaining an NMR spectrum, a MALDI-TOF mass spectrum
with consistent isotope distribution, and by microanalysis. We
failed to obtain a single crystal of this complex. However,
arelated complex 2(PF,), with the same bridging ligand albeit
different terminal ligands, namely trimethyl-4,4',4"-tricarbox-
ylate-2,2":6',2"-terpyridine, has also been synthesized, which
fortunately yielded a single crystal suitable for X-ray dif-
fraction analysis (Figure 1b). The central triarylamine bridge
has a three-wheel-propeller geometry. Each ruthenium ion
has a distorted octahedral configuration with two planar
tridentate ligands. The two NCN ligands have a torsion angle
of 115.38° with respect to the central N atom. The Ru—C
bonds (shorter than 2.0 A) are slightly shorter with respect to
Ru—N bonds (2.01-2.10 A).

Figure 2 shows the anodic cyclic voltammograms (CV)
and differential pulse voltammograms (DPV) of 1(PF),.
Three consecutive redox couples at +0.21, +0.44, and
+1.03 V versus Ag/AgCl are observed. The wide separation
between each two neighboring waves ensures the good
thermodynamic stability and ready accessibility of four
different redox states A, B, C, and D.

To characterize the absorption spectra of 1(PFy), at
different redox states, it was stepwisely oxidized by electro-
lysis at a transparent indium-tin-oxide (ITO) glass electrode
and the NIR absorption spectral changes were recorded
(Figure 3). When the potential was gradually applied from
0.01 Vto +0.40 V versus Ag/AgCl, a distinct absorption band
centered on 1680 nm appeared. When the potential was
further increased from +0.40 V to +0.80 V, the NIR band at
1680 nm gradually decreased and a new peak at 1170 nm
appeared. In a third step oxidation (from +0.80V to
+1.20 V), the new peak at 1170 nm decreased again and the
appearance of a band at 750 nm was observed. These three-
step spectral changes are fully reversible when the potential
was decreased from + 1.20 V to 0.01 V. The applied potentials
correlate well with the single, double, and triple oxidations
shown in Figure 2. The absorptions in the visible region
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Figure 2. Anodic a) CV and b) DPV of 1(PF), in 0.1 m Bu,NCIO,/
CH,CN.
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Figure 3. Absorption spectral changes of 1(PF;), upon a) single,
b) double, and c) triple oxidation by electrolysis with an ITO glass
electrode in 0.1 m Bu,;NCIO,/CH;CN. The applied potentials were
referenced versus Ag/AgCl.

decreased a little in all three step processes. In this way, the
four redox states of complex 1 can be distinguished by the
NIR absorption spectra. More importantly, each of the three
higher redox states is characterized by an exclusive and well-
separated absorption peak (1680 nm for 1**; 1170 nm for 1*;
750 nm for 1°") and these states can be simply triggered by
well-separated electrochemical potentials. This feature will
make it perfectly useful in flip-flop and flip-flap-flop devices.

The structure of the singly oxidized state 1’" has been
optimized with B3LYP/LANL2DZ/6-31G*/CPCM(CH;CN)
(see details in the SI). The spin density (a-f3) is delocalized
across the whole [Ru—N—Ru] segment (Figure 1c). The two
ruthenium ions and the central nitrogen atom have contribu-
tions of 0.157, 0.144, and 0.239, respectively. The two cyclo-
metalating phenyl rings and 4-methoxy phenyl ring have
contributions of 0.175, 0.164, and 0.113, respectively. Accord-
ing to the TDDFT results, the NIR absorptions of 1°" are
largely due to the {3 spin transition from the highest occupied
spin orbital (HOSO) to the lowest unoccupied spin orbital
(LUSO) (the D, excitation, Table S1 and Figure S1), which
could be considered as the charge transfer from two
ruthenium components to the middle triarylamine unit.

For the doubly oxidized form 1**, there are two possible
spin states (singlet and triplet) depending on the spin
directions. The singlet state was calculated to be 0.11eV
lower in energy relative to the triplet state. The highest
occupied molecular orbital (HOMO) of singlet 1** is domi-
nated by two ruthenium components (Figure 1d). Figure S2
shows the spin-density population of triplet 1**, which is also
dominated by two ruthenium components. The TDDFT
results in the singlet state show that the NIR absorption of
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1*" is mainly attributed to the electronic transition from the
HOMO to the lowest unoccupied molecular orbital (LUMO)
(the Ss excitation, Table S2 and Figures S3 and S4). For the
triply oxidized form 1°*, the absorption at 750 nm is charac-
teristic for triaryl aminium radical cations.**)

To demonstrate the utility of complex 1 in surface-
confined molecular gates and memories, we first considered
to prepare thin films of related complexes by electropolyme-
rization.?*204142 Electropolymerized films are adhesive and
thickness-controllable. The coordination environments can be
fully retained. The reaction of the same central bridging
ligand with [Ru(vtpy)ClL] (vtpy is 4’-vinyl-2,2":6",2"-terpyri-
dine) gave the vinyl-terminated diruthenium complex 3(PF),
(Figure 4 a). This complex was isolated as the doubly oxidized
form, as characterized by MALDI-TOF mass spectrometry,
microanalysis data, and absorption spectroscopy (Figure S5).

The reductive electropolymerization®*! of 3(PF), pro-
ceeded smoothly on indium-tin-oxide (ITO) surfaces to give
adhesive poly-3"" films, as evidenced by the continuous
increase of the current during the repeated cathodic cyclic
voltammetric scans (Figure 4c). The obtained film displays
similar three redox couples in clean electrolyte solution as has
been observed for 1(PF;),. Both anodic and cathodic currents
are linearly dependent on the scan rate (Figure S6), which is
characteristic of redox events confined on electrode surfaces.
The surface coverage I" (determined by the charge under the
electrochemical waves) can be easily varied by changing the
duration of electropolymerization (Figure 4d).

The above obtained polymeric film adheres to the ITO
substrate tightly, as can be seen from SEM pictures taken
from the cross section of the film (Figure S7). Judging from
the SEM picture, a film with I" of 2.6 x 107’ molcm 2 is about
40 nm thick. Figure 4b shows the typical AFM surface
morphology of the poly-3"*/ITO film with a root mean

"] (PFe)
x
reductive
electropolymerization
Sommlae e e
ITO glass electrode
0.1 M BuyNCIO,/CH;CN

square (rms) of 3.1 nm. The thickness estimated by measuring
the step height produced by scanning across a scratching edge
is about 120 nm for a film of 1.0 x 10~® molecm ?* (Figure S8).
The SEM and AFM pictures consistently suggest that the film
thickness can be estimated by the surface coverage (a surface
coverage of 1.0x 107" molem™ corresponds to 1.2-1.5 nm
film thickness). The counter anions of poly-3"" are mainly
ClO,” anions (instead of PF,;") incorporated from the
electrolyte (nBuy,NClO,) during electropolymerization. This
is supported by FTIR data (Figure S9). The X-ray photo-
electron spectrum (XPS) of the film evidences the Ru3d5
signal at 282.62 eV with the C/N/O/Cl/Ru/atomic ratio of
67.44/6.6/17.15/1.63/0.57 (Figure S10 and Table S3).

Upon stepwise oxidation from poly-3*" through poly-3°",
the I'TO film shows similar three-step spectral changes as have
been observed for 1(PFy), in solution (Figure S11). Figure 4¢
shows the absorption spectra and film pictures of poly-3"* at
different redox states. The difference of the absorption
spectrum in the visible region of poly-3*', poly-3**, and
poly-3*" is not big. The color change of the film at these states
is small (magenta, chocolate, violet red, respectively). The
film at the poly-3°" state is light blue. A relatively thick film
(F'=1.0x10"*molcm ?) shows good contrast ratio (AT %)
upon repeated electrochromic switching (42 % at 1680 nm;
57% at 1170 nm; 44 % at 750 nm; Figure S12). It should be
pointed out that these performances are among the best
contrast ratios ever achieved for NIR electrochrom-
iSm.[25"37’38‘4245]

Two important features of the above films are important
for their uses in flip-flop and flip-flap-flop memories. One is
that poly-3*', poly-3*', and poly-3°" possess exclusive input
and output signals. Another is that each output signal has
a long retention time (Figure S13). The poly-3*" state is
essentially a stable state. The absorption at 1680 nm only
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Figure 4.

a) Schematic representation for the reductive electropolymerization of 3(PFg),. b) AFM height image of the obtained poly-3""/ITO film

(F=1.0x10"® molcm ™). c) CVs recorded during the electropolymerization of 3(PF), (0.2 mm) by 15 potential cycles between —0.8 V and —1.8 V
in 0.1m Bu,;NCIO,/CH,CN. The initial cycle is shown in red. d) CVs at 100 mVs™' of the poly-3"*/ITO film obtained by 15, 30, and 45 potential
cycles. (I'=4.4x107"°, 1.4x107°, and 2.6 x10~° molcm™?, respectively). e) Absorption spectra and film picture of the poly-3""/ITO film at different

redox states (I'=5.0x10"° molcm ).
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decreased a little after six hours when the applied potential at
+0.35 V was switched off. The retention time of poly-3*" and
poly-3°" states are six hours and twenty minutes, respectively.
This is long enough for a volatile memory.

To demonstrate the use of these films in flip-flop and flip-
flap-flop memories, a relatively thin film (I'=1.4x
107 molem 2, about 15-20 nm thick) was used. A flip-flop
memory only needs two input (Inl and In2) and two output
(Outl and Outl) signals. In this sense, three kind of flip-flop
memories can be built from the poly-3"" film by using any two
redox states of poly-3**, poly-3*", and poly-3°". Figure 5 shows
ten repeated Inl-read-In2-read cycles of flip-flop I (3 + and
4 + states are involved), flip-flop II (4 + and 5 + states), and
flip-flop IIT (34 and 5+ states). Taking flip-flopI as an
example, when In2 at 0.75 V was applied, the Outl at 1170 nm
is high (the input and output strings are 01 and 10
respectively). On the contrary, when Inl at 0.35V was
applied, the Out2 at 1680 nm is high. When no inputs are
applied, the output depends on the previous state. In each
cycle, the electrochemical input was applied for 10 seconds.
The response time is within a few seconds. This is followed by
switching off the potential and reading the optical signals for
30 seconds. The signals essentially remain constant during the
“read” process. The ON/OFF ratio is around 6 for both
output signals. The other two flip-flops have similar perform-
ances.

The demonstrations of flip-flap-flop and ternary memory
are shown in Figure 6. In this case, all three redox states (3 +,
4+, and 5+) are involved. The logic circuit is composed of
two parts.”! The three electrochemical inputs (Inl at 0.35V,
In2 at 0.75 V, and In3 at 1.30 V) are first converted into three
new input sequences (I, I,, and I;) with three OR gates. This

o

is followed by three cross-coupled NOR gates to provide the
memory and three optical outputs (Outl at 750 nm, Out2 at
1170 nm, and Out3 at 1680 nm). The input and output signal
changes of the poly-3""/ITO film (I'=1.4x10"" molcm 2,
about 15-20 nm thick) during the ten repeated Inl-read-In2-
read-In3-read (10 seconds for input; 30 seconds for read)
cycles are shown in Figure 6 a—d. During these processes, each
output signal displays three levels of absorbance (0.041, 0.017,
and 0.0097 for Outl; 0.077, 0.022, and 0.0033 for Out2; 0.035,
0.0075, and 0.0004 for Out3). However, the absorbance
difference between the two lower-level signals of each output
is small. For the flip-flap-flop memory, each output only needs
two levels of signal (high for 1 and low for 0). The absorbance
at 0.017 and 0.0097 of Outl are thus both treated as the low
output. A similar situation applies to the absorbance of 0.022
and 0.0033 of Out2 and 0.0075 and 0.0004 for Out3. When the
input string is 001,01 0, and 1 0 0, the output stringis 1 00,
010, and 00 1, respectively (the upper section of Figure 6 f).
When no potential is applied, the output is depending on the
previous state. The order of the three input signals could be
random. The input sequence in Figure 6a and 6c¢ can also be
treated as In2-In3-Inl or In3-In1-In2, in addition to In1-In2-
In3. The film state depends on the last input applied. For the
Out2 signal, a current spike is observed when the 5 + state is
converted to the 3 + state. This indicates that the 5 + state was
first reduced to the 4+ state, followed by a quick second
reduction to the 3 + state.

As has been pointed out above, each output signal indeed
displays three levels of absorbance. In this sense, the above
electrochromic switching mimics a truly ternary memory with
three inputs and three outputs and each output displays three
levels of signal. The high, medium, and low absorbance of

(b) flip-flop I flip-flop II flip-flop 111
Inl In2 Outl  Out2 Inl In2 Outl  Out2 Inl In2 Outl Out2
# E= E= As = A = E= E= Aws= Aus= E= E= A = Aas =
035 075 1170 1680 | 075 130 750 1170 | 035 130 750 1680
A4 \4 nm nm A4 \4 nm nm \4 \4 nm nm
1 0 0 Previous state 0 0 Previous state 0 0 Previous state
2| o i 1 0 0 1 1 0 0 1 1 0
3| 1 0 0 1 1 0 0 1 1 0 0 1
© Flip-flop I (e) e _Fh_lz-l_l?p_ ¥I" o @ Flip-flop III
1.2 1.2
>091 In2at075V.______ __ >09-_ .
o35 rmirmi 0.3
readCLO-] II "ll ][T read 00 — T T T T T
0 200 400 O 0 200 400 600 800 0 200 400 600 800
d) tl's ® t's t's
70 nm (o 1680 nm (out2) —— 750 nm (out1); 1170nm (out2)
0.08 0.08 -
8 @
S 0.06 2 0.061
50.04] % 0.04
(74
< 0.0Z-H § 0.02 1
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Figure 5. a) Logic circuit and b) truth tables of the set/reset flip-flop logic and the electrochemical input (c,e,g) and optical output (d,f,h) signal

changes of flip-flop | (c,d), flip-flop Il (e,f), and flip-flop 111 (g, h) based on the poly-3**/ITO film (I'=1.4x107° molcm™?, about 15-20 nm thick).
Ten repeated In1-read-In2-read cycles are shown. The electrochemical input was applied for 10 seconds, followed by switching off the potential

and “reading” for 30 seconds.
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Figure 6. The input (a,c) and output (b,d) signal changes and truth tables (f) of the flip-flap-flop or ternary memory based on the poly-3**/ITO
film (F'=1.4x10"° molcm 2, about 15-20 nm thick). (c) and (d) are partially enlarged plots of (a) and (b), respectively. e) The logic circuit of flip-

flap-flop. Ten repeated InT-read-In2-read-In3-read cycles are shown.

each output is treated as the + 1, 0, —1 level, respectively. The
logic memory operates according to the lower section of the
truth table shown in Figure 6 f. When Inl is applied, both
Outl and Out2 have medium absorbance whereas Out3 is
high with an output string of —1 —1 1. When In2 or In3 is
applied, the out string is 0 1 0 and 10 —1, respectively. The
output signal ratio at three levels is 4.2/1.8/1 for Outl, 23/6.7/
1 for Out2, and 85/18/1 for Out3, respectively. These high
ratios ensure a low read error rate.

It should be noted that the circuit presented in Figure 6 is
only an equivalent circuit. The three OR gates which convert
the input states are just formal constructs and not real logic
gates implemented in the molecular system. In addition, the
logic operations of the present system is significantly different
from the recently reported memories based on poly(3,4-
ethylenedioxythiophene) (PEDOT) films.*) PEDOT is
essentially a bistable material. Multistate memories were
achieved by using some intermediate potentials as input
signals. However, all outputs are read at the same wavelength.
The input potentials must be precisely controlled in order to
decrease the error in reading the optical output. Our system
features a truly four-state material and three optical outputs
at different wavelengths. No stringent control of the input
potentials is needed.

In conclusion, a new diruthenium complex with a redox-
active amine bridge has been designed and synthesized. It
shows multistate NIR electrochromism in solution and
electropolymerized films. The most important feature is that
it displays exclusive NIR absorbance at three different redox
states. This feature, together with the good contrast ratio of
each output and long retention time of each redox state,
makes it a useful molecular platform for flip-flop, flip-flap-
flop, and ternary memory. The materials used in this work
have both advantages of sophisticated logic functions and
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simple film deposition. The film used in this study is around
15-20 nm thick. To increase the information density, a thinner
film could also be used at the sacrifice of the signal/noise and
ON/OFF ratio. In addition, the preparation and use of
a monolayer film with suitable functional groups is also
possible."! These works will be carried out and reported in
due course.

Keywords: electrochemistry - memory - molecular device -
molecular logic - ruthenium
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