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ABSTRACT: A voltage-activated molecular-plasmonics
device was created to demonstrate molecular logic based
on resonant surface-enhanced Raman scattering (SERS).
SERS output was achieved by a combination of chromo-
phore—plasmon coupling and surface adsorption at the
interface between a solution and a gold nanodisc array.
The chromophore was created by the self-assembly of a
supramolecular complex with a redox-active guest molecule.
The guest was reversibly oxidized at the gold surface to the
+1 and +2 oxidation states, revealing spectra that were
reproduced by calculations. State-specific SERS features
enabled the demonstration of a multigate logic device with
electronic input and optical output.

olecular logic gates' are prototypes of miniaturized infor-
Mmation processing units that can be utilized in a variety of
environments ranging from solution-phase’ to solid-state devices.”
The basic criteria for the operation of molecule-based logic gates
are (1) fast and observable responses (output) that result from
external stimuli (input) and (2) adequate reversibility for resetting
and reuse. Supramolecular chemistry offers several key advantages
toward fulfilling these requirements.” For instance, many colored
charge-transfer (CT) complexes® can be rapidly and reversibly
changed using electrochemical stimuli. Here we consider a new
optical output based on the inelastic scattering of laser light, ie.,
surface-enhanced Raman scattering (SERS),” where molecular
logic arises from the redox activity of a supramolecular system.
This work was partially inspired by recent accounts of optical
information being carried along metallic wires as glasmons, ie., as
light propagating along the surface of a wire.” These surface
plasmon resonances (SPRs) support large electric fields that
confer high degrees of enhancement to SERS spectra. Thus,
information can potentially be transported using near-field light
(plasmons)® and then transmitted into the far field as Raman-
scattered photons. Computational logic can be implemented by
employing the metallic nanostructures as electrodes. Voltage can
serve as the input to redox-active molecules, with signal output as
a SERS spectrum. To the best of our knowledge, no molecular
logic systems using SERS have been devised to date; therefore,
we describe a proof-of-principle system that can be considered as
an active molecular plasmonics device for elementary computation.
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A color-matching strategy’ was employed to achieve reso-
nance (Figure 1) between a supramolecular (Figure la) or
molecular (Figure 1b,c) chromophore, the SPR (Figure 1d),
and the laser light (785 nm; red arrow in Figure 1). When these
spectral features are all in alignment, resonant SERS (also labeled
SERRS) is achieved by the mechanism of chromophore—
plasmon coupling” We have shown previously™'® that this
approach works when plasmonically active gold nanodisc arrays
(Figure 1d, right) are interfaced with solutions of the supramo-
lecular complex'' formed between the tetracationic cyclophane
host cyclobis(paraquat-p-phenylene) (CBPQT*")"? and a tetra-
thiafulvalene (TTF) guest molecule. Here, our active guest
makes use of a monopyrrolo-TTF (MPTTF)" derivative to
generate (Figure 1a) a green-colored CT complex in the form of
the [2]pseudorotaxane MPTTFCCBPQT*". The MPTTF
guest displays two reversible one-electron redox processes'* that
form MPTTE " and MPTTF*" with concomitant disassembly of
the complex. Electrostatic repulsion between the cations and the
tetracationic CBPQT*" host reversibly drives this ?rocess.11
Concomitantly, different chromophores characteristic'> of the
oxidized MPTTF states (Figure 1b,c for MPTTF " and MPTTF*",
respectively) are generated. The new chromophores have varying
degrees of overlap with the SPR, thus generating different SERS
(output) signals.

To test this idea, the SERS spectra from the complex and its
oxidized states were recorded (Figure 2) by incorporating the
gold-coated nanoarray into a three-electrode cell using a Pt
counter electrode and a Ag/AgCl pseudoreference electrode.'
Raman spectra were collected from a thin solution film (<1 zm)
of the complex (186 uM, MeCN)”"® interfaced with the
nanoarray. At 0.0 V, aresonant SERS spectrum from the complex
was observed (Figure 2, green trace) with a characteristic band at
1640 cm "% At oxidizing potentials, spectra for the cations
MPTTE" (40.6 V) and MPTTE*" (40.9 V) were obtained
(Figure 2, red and blue traces, respectively). These data agree
with published accounts of the SERS spectra of the parent TTF
cations.'® The strong bands for MPTTE" at 508 cm™ ' and
MPTTE*" at 529 cm™ ' dominate the spectra. These two bands
together with the 1640 cm ™" band for the complex are specific
for each state of the logic device.
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Figure 1. (a) Recognition between MPTTF and CBPQT** results in a
colored complex.” (b, ¢) Oxidation to the (b) MPTTE" and (c)
MPTTE>" cations generates different chromophores. (d) Reflec-
tance spectrum (air) from a gold nanodisc array (shown in the SEM
image). The spectral overlap for the Raman scattering is in green, and the
red arrow indicates the wavelength of the laser light. Conditions: 1 mM
CBPQT*" + 2 equiv of MPTTF, 0.1 M TBAPF, potentials vs
Ag/AgCl, MeCN solvent, 298 K.

As a means to examine the possibility of real-time monitoring
as well as the system’s reversibility and reproducibility, SERS
spectra were collected during 40 consecutive cyclic voltammo-
grams (CVs) [scan rate () = 50.5 mV s Figure 3a:|.17 The
spectra obtained (Figure 3b) are representative of the species
generated at the electrode surface by comparison to controlled
electrolysis experiments (Figure 2). The similarity of the con-
secutive CVs (Figure 3a) over the course of 40 scans attests to the
reversibility and stability. This situation allowed spectra recorded
for only 2.8 s at ~0, ~0.6, and ~0.9 V during the 40 CVs to be
averaged together (Figure 3b).

When the current (I) and SERS intensities from the CV
cycling experiment were plotted against time (Figure 4), they
correlated well with each other. In the hlgh—wavenumber region,
the CBPQT*"-based band® at 1640 cm ™', which is a signature
for the complex, was present at 0.0 V. This band disappeared
during the voltage ramp (Flgure 4, top) as the band associated
with MPTTE" (508 cm ™ ') increased, concomitant with the first
oxidation (0.5 V, 9.8 s). This signature gave way with the onset
of the second oxidation (+0.75 V, 14.8 s) to the characteristic
MPTTE*" band (529 cm™ ). During the return ramp (0.9 to 0'V),
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Figure 2. Experimental SERS spectra for the MPTTFCCBPQT*"
complex (green line), singly oxidized MPTTF™ + CBPQT*" (red
line), and doubly oxidized MPTTF*" 4+ CBPQT*" (blue line) obtained
at the solution—nanoarray interface. Conditions: Ae,. = 785 nm (10s,
30 mW, average of 10 scans); 600 uM CBPQT*" + 200 uM MPTTE
(186 uM MPTTECCBPQT*"); controlled electrolysis, 0.1 M TBAPE,,
MeCN solvent, 298 K; S = solvent peak.
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Figure 3. (a) Overlay of 40 consecutive CVs and (b) averages of
40 SERS spectra in the 0.0 V (green), ~0.6 V (red), and ~0.9 V (blue)
spectral windows. Conditions: ¥ = 50.5 mV $ Y, Aexe = 785 nm (2.8,
30 mW; average of 40 spectra); also see the caption of Figure 2.

the Raman bands associated with the three species showed a
smooth change from one to the other in the reverse of the order
seen in the forward sweep. It is these correlated voltage inputs
and SERS outputs that provide the basis for logic.

It is important to note that the scattermg bands for MPTTE "
(508 cm™ ") and MPTTE*" (521 cm ™ ") are very close in wave-
length (819.01 and 817.60 nm, respectively), creating a situation
in which cross-talk effects can occur. However, the resolvmg
power of the spectrometer in this case (less than £1 cm ™ or
+0.07 nm) was sufficient to mitigate cross-talk effects, even in
the situation where the two bands had the same intensity during
the oxidation from the monocation to the dication (Figure 4,
where the blue and red traces intersect).'?

The voltage-gated interconversions (Figure 4) provide a set of
voltage inputs and optlcal outputs that can be utilized to identify
representative logic gates."” The potentials of 0, +0.6, and +1.2 V
can be represented as a battery series with the inputs Ox, 1x, and
2x, where x = +0.6 V (the experiments used +-0.9 V, but +1.2V
gave the same response).'” The vibrational bands in the SERS
spectra for the three oxidation states can be considered as three
output channels expressed as either Raman shift positions (cm ™)
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Figure 4. Coupled current (middle) and Raman (bottom) signals
collected from the nanodisc array during in situ CV ramps (top). The
Raman intensities correspond to the MPTTFCCBPQT*" complex
(1640 cm™, green trace),'® MPTTF" (508 cm™', red trace), and
MPTTE*" (529 cm ™, blue trace). Conditions: same as for Figure 3.

relative to the excitation wavelength or as absolute wave-
lengths (nm): 1640 cm ™' (901 nm), 508 cm™ ' (818 nm), and
529 cm™ ' (819 nm). At Ox (0 V), where the inputs are A =
B = 0, the MPTTFCCBPQT*" complex dominates the spec-
trum, giving the output light at 901 nm. At 1x (+0.6 V), one
electron is removed to create the MPTTF ' state. In this case, the
inputs are A=1,B =0 or A= 0, B = 1, each representing the first
oxidation and giving the output light at 818 nm. Lastly, at 2x
(+1.2V), where A = B = 1, the second oxidation occurs with light
scattered at 819 nm. This configuration allows any one of three
different logic gates to be active, depending on the wavelength of
light being monitored. The I/O truth table (Figure S) shows that
information is processed as a NOR, XOR, or AND gate when
901, 818, or 819 nm light, respectively, is monitored. Multiple
logic gates can be used concurrently by monitoring two or more
of these wavelengths simultaneously.

We believe that the SERS output was achieved when all of the
elements (plasmonically active electrode, chromophores, and
input laser light) were brought together into one integrated device.
To support this idea, the signal enhancement mechanisms were
examined. For this purpose, the SERS spectra were compared to
the solution-phase data'® for each state. The spectrum of the
MPTTFCCBPQT*" complex (Figure 2) can be assigned as a
SERRS spectrum on the basis of the fact that it resembles the
resonance Raman spectrum of the bulk solution.'> The SERRS
spectrum is almost identical to the spectrum generated from the
complex with the parent TTF under the same surface-enhanced
conditions,® a characteristic difference being the presence of a
new vibration at 1523 cm . This band is attributed to the
pyrrolo moiety. The surface Raman spectrum originating from
the MPTTEF" monocation (Figure 2b) is also consistent with
resonance (i.e, SERRS) on the basis of a comparison with solution
data."® In both cases, the SERS intensity is enhanced relative to bulk
solution, consistent with enhancement by coupling to the SPR.

The SERS spectrum of the MPTTF*" dication (Figure 2)
shows a greatly enhanced signal even though its chromophore
(Figure 1c) has poor spectral overlap with the plasmon (Figure 1d).

NOR XOR AND
% ('i‘g":."”: Input Values | 1 508 cm-" 529 cm-
g B (818 nm) (819 nm)
0x(0) | 0 0 1 0 0
e | 49 0 1 0
20(+2) | 1 1 0 0 1

Figure 5. Truth table representing the optical output of the
MPTTECCBPQT*" system (x = +0.6 V).

This observation is consistent with the solution spectrum of this
dication and the simulated normal Raman spectrum.

The surface-enhanced vibrational bands of all species are
shifted to lower wavenumbers relative to solution.'® This observa-
tion verifies that the enhancement of the SERS spectra also
originates from surface adsorption, which would place each species
inside the most intense part of the electric field of the SPR.***!

To gain further understanding of the SERS spectra, we
simulated the resonance Raman spectra (see the Supporting
Information) for the MPTTFCCBPQT*" complex and the
MPTTF" and MPTTF*" cations using the time-dependent
theory of Raman scattering and long-range corrected functio-
nals.">** These functionals were found to be essential to correctly
describe the excited states of the MPTTECCBPQT*" complex
and its oxidized forms."

In general, there was reasonable agreement between the simu-
lated and experimental spectra,"® making an assignment possible.
The simulations showed that the state-specific vibrations 1640
(complex), 508 (monocation), and 529 cm ™' (dication) involve
bonds whose lengths change with electronic excitation."> Consis-
tently, these vibrations show strong resonance enhancement.'” In
addition, the 508 cm ™' band in MPTTE* is enhanced by vibronic
coupling to the strong band at 1423 cm ™, as evidenced by the
overtone at 1930 cm ' in the solution resonance Raman and
SERRS spectra."® This vibronic coupling can also be seen in the
experimental absorption spectrum for MPTTF ", where the se-
paration between the main band and the shoulder (marked by * in
Figure 1b) is on the order of 1460 cm” ' The worst agreement
with experiment was found for the MPTTE*" dication, where the
relative intensity of the vibrational band at 529 cm™ ' was under-
estimated relative to the experimental spectrum. This discrepancy
is attributed to preresonance enhancements that occurred under
the experimental conditions because this vibrational band is already
strong in the normal Raman spectrum."

Considerations of these signal enhancement mechanisms
indicate the complexity of the solution—molecule—surface inter-
faces. Nevertheless, it is clear that the chromophore’s resonance
Raman spectrum is retained when on-resonance conditions are
met in the SERS experiment. It is reasonable to expect that this
behavior should not change substantially in a possible solid-state
version and that good environmental stability would ensue using
the system tested here. In studies using related molecules,* the
electrochemical and spectroscopic behavior remained the same
in the solution-phase and solid-state environments. Furthermore,
temperature-dependence studies showed that while the reverse-
switching kinetics slowed in the solid state,”* both the forward
and reverse-switching mechanisms remained the same.>

In summary, we have demonstrated a voltage-to-light logic
device using Raman scattering of laser light by molecules inter-
faced with a plasmonically active nanoarray. Surface enhancement
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of the signal originates from resonance of the chomophores with
the surface plasmon and localization of the molecules/super-
molecules inside the plasmon field by surface adsorption. Supra-
molecular chemistry provided a means of designing the active
elements of this logic device in such a way that it is ultimately the
actions of the molecular players that lead to the logic operations.
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