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In-situ optical absorbance spectroscopy was used to monitor transparent carbon based molecular
electronic junctions with various molecular and metal oxide layers. Junctions with molecular layers
consisting of N-decylamine (C10N) and fluorene (FL) did not show absorbance changes upon the application
of voltage pulses. Junctions with molecular layers consisting of 4-nitroazobenzene (NAB) and 9,10-
anthraquinone (AQ) showed absorbance changes upon the application of voltage pulses which were
reversible for at least tens of cycles. For NAB junctions, a negative voltage pulse caused an increase in
absorbance at 410 nm and a decrease in absorbance at 360 nm. For AQ junctions, a negative voltage
pulse caused an absorbance increase at 395 nm and a decrease in absorbance at 320-350 nm. These
absorbance changes are consistent with the reduction of the NAB and AQ layers when the carbon substrate
is biased negative. Positive voltage pulses reversed the absorbance changes observed during a negative
pulse which is consistent with the reoxidation of the molecular layer. The persistence of the absorbance
changes depended strongly on the molecule, with absorbance changes persisting for tens of minutes for
NAB junctions but only several seconds for AQ junctions. The in-situ optical absorption results are
supported with solution based electrochemistry of both free molecules and chemisorbed molecular layers
and time-dependent density functional theory. We have shown that in-situ optical absorbance spectroscopy
can be used to probe changes in energy levels through absorption changes in biased molecular junctions,
which should be useful for deducing structural and electronic changes that strongly effect electron transfer
in molecular electronic devices.

Introduction

As the field of molecular electronics matures, focus should
change from the discovery of novel molecular based
architectures to understanding the mechanisms behind the
electronic properties of these architectures. Molecular based
devices have been reported to exhibit many electronically
important characteristics such as negative differential
resistance,1–3 conductance switching,4,5 rectification,6–8 and

bistability.9,10 A fundamental question behind these observed
characteristics is if they are influenced by the quantized
energy levels of the molecules, a significant driving force
behind the excitement in this field. Optical spectroscopy is
an attractive method to probe energy levels and molecular
structures within molecular devices containing 103-1012

molecules. Optical absorption (UV-vis), FTIR, and Raman
spectroscopy allow direct, nondestructive measurements of
molecular properties such as energy levels, oxidation states,
and molecular structure which are difficult to obtain from
current-voltage or capacitance-voltage measurements alone.
In addition, optical spectroscopy often provides fast time
resolution for in-situ monitoring of functioning devices. The
well established field of spectroelectrochemistry has exploited
optical spectroscopy for monitoring molecules in electro-
chemical cells and thin films allowing complementary
structural and electrochemical analysis.11,12 The current
investigation describes the application of some of the
principles of spectroelectrochemistry to solid state molecular
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electronic devices to probe the electronic properties of
molecular layers only a few nanometers thick.

We have previously reported the use of in-situ Raman
spectroscopy to monitor the molecular structures of chemi-
sorbed molecular layers both in solution and solid state
devices.13,14 Nitroazobenzene molecules chemisorbed on a
carbon electrode in an electrolytic solution exhibited revers-
ible changes in their Raman spectrum when the electrode
was cycled between reducing and oxidizing potentials.
Analysis of the Raman spectra and voltammetry allowed the
correlation of the vibrational changes with the reduction and
oxidation of the chemisorbed molecular layer. In solid state
devices, consisting of NAB and TiO2 between carbon and
Au electrodes, Raman spectroscopy revealed vibrational
changes consistent with the reduction and oxidation of the
molecular layer caused by an applied voltage. Although
Raman provides valuable in-situ structural information, it
requires the molecular layer to consist of a strong Raman
scatterer and be subjected to prolonged laser exposure. FTIR
spectroscopy has been used to characterize molecular devices,
but in-situ analysis has been limited by signal acquisition
times of several minutes.15–17 In addition, FTIR has limita-
tions on the substrate material where the surface selection
rules are most pronounced on Au. Optical absorption has
been used to probe conducting polymers in light emitting
diodes and metal/polymer/semiconductor structures, but the
polymer layers were much thicker (∼100 nm) than those
used in molecular electronic devices.18,19

The motivation for using optical absorption as a diagnostic
tool is threefold. First, since many molecular systems of
electronic interest absorb in the ultraviolet-visible region,
optical absorption allows for the analysis of a wide range of
molecular systems. Metal oxides in molecule/metal oxide
“heterojunctions” are also amendable to optical absorption
spectroscopy. Second, time resolution of optical absorption
may range from femtoseconds to seconds for laser based
techniques or microseconds to seconds with broadband light
sources. Considering the speed of most electronic devices,
fast time resolution is necessary for in-situ analysis of
junction dynamics. Third, optical absorption gives direct
evidence of energy level changes within an electronically
active device. Although the absorption wavelength does not
necessarily directly relate to the HOMO-LUMO gap in the
molecular layer, it does give insight to how energy levels
change with time. By measuring absorption as a function of
applied voltage or time, significant insight into electron

transfer and energy level alignment between device layers
can be obtained. For these reasons, optical absorption
spectroscopy should be an useful in-situ probe of molecular
electronic devices provided the device structure is amenable
to spectroscopy of the “buried interface”.

An initial question is what scale of absorbance changes
should be expected from a device with a redox active
molecular layer in the nanometer thickness range. An
estimated absorbance change associated with a redox reaction
is given by a modified Beer-Lambert equation:

∆A(λ))∑
i)1

i)n

ε(λ)ib∆Ci )∑
i)1

i)n

ε(λ)i∆Γi

where ε(λ)i is the molar absorptivity at wavelength λ of
species i, b is the path length, ∆Ci is the change in
concentration, ∆Γi is the change in surface concentration,
and n is the number of absorbing species. Assuming Γ ) 1
× 10-10 mol · cm-2 and εanion ) 1 × 104 M-1 · cm-1 (1 ×
107 cm2 ·mol-1), the absorbance change would be 1 × 10-3

for complete reduction of a monolayer to its anion, which is
higher than the limit of detection for sensitive optical
absorption spectrometers. Although optical absorption is not
necessarily linear with the number of chromophores in dense
molecular layers, as is the case for dilute solutions, the above
calculation gives a rough estimate of the expected absorbance
change.

The molecular junctions that were investigated in this study
had a similar architecture to our previous carbon/molecule/
metal oxide/Au junctions.20,21 To allow optical transmission,
the opaque carbon based pyrolyzed photoresist films (PPF)
used previously were replaced with optically transparent
electron beam evaporated carbon films, which have been
shown to have electrochemical properties similar to those
of PPF.22 The oxide layer, SiO2 or Al2O3, behaved as an
electron barrier prohibiting DC conduction through the
junctions allowing the junctions to operate in the coulomb
blockade (CB) regime. As has been shown experimentally
and proposed theoretically, junctions operating in the CB
regime can exhibit redox reactions analogous to conventional
electrochemistry.14,21,23,24

In the current investigation, we used in-situ optical
absorbance spectroscopy to investigate the molecular layer
in molecule/oxide junctions. Application of voltage pulses
resulted in reversible absorbance changes which are consis-
tent with changes in the oxidation state of the molecular
layer. Identification of the oxidation state and energy levels
within the molecular layer is critical to understanding electron
transfer properties within molecular devices. To our knowl-
edge, these in-situ optical absorption spectra are the first
reported for a nanometer thick molecular layer in an active
solid state molecular junction. These results provide evidence
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that the electronic state of a molecular layer can be
dynamically changed, which is a significant milestone in
confirming the molecular influence on our architecture of
molecular junctions.

Experimental Section

Optically transparent substrates were prepared with electron beam
evaporation by successive depositions of 2.0 nm Cr, 5.0 nm Pt,
and 5.0 nm C (from graphite rods) on fused quartz slides (G.E.
124, Technical Glass Products). Deposition pressure was <5.0 ×
10-6 torr with a deposition rate of 0.3 A · s-1 for all three layers.
Atomic force microscopy (AFM) was used in tapping mode to
measure the surface roughness of the substrates. A collinear four
point probe was used to measure the electrical resistivity of the Pt
and C layers. Top oxide/Pt contacts were evaporated through a
shadow mask giving a cross bar architecture with an active area of
0.16 cm2. Deposition of 10 nm oxide layers, from either SiO2 or
Al2O3, was performed at an O2 backpressure of 1 × 10-5 torr and
a rate of 0.3 A · s-1. Pt top contacts, 10 nm thick, were deposited
at <8.0 × 10-6 torr with a rate of 0.3 A · s-1 without breaking
vacuum after oxide deposition. An image of a final junction is
shown in Figure 1. A Perkin-Elmer Lambda 900 UV-vis-NIR
spectrometer was used to record the absorbance of the transparent
substrates and final junctions relative to a reference quartz slide.

For 4-nitroazobenzene (NAB), 9,10-anthraquinone (AQ), and
fluorene (FL) junctions, modification of the transparent substrates
was performed through electrochemical reduction of a 1.0 mM
solution of the corresponding diazonium salt in acetonitrile
(MeCN) containing 0.1 M n-tetrabutylammonium tetrafluorobo-
rate (TBABF4), as described previously.25,26 N-decylamine
(C10N) modification was performed through electrochemical
oxidation of 5 mM N-decylamine in MeCN containing 0.1 M
TBABF4 at 1.4 V versus Ag/Ag+ for 10 min.27,28 Solutions were
thoroughly degassed with Ar before modification and blanketed
with Ar during modification. Modified substrates were sonicated
in MeCN for 5 min to remove physisorbed molecules. Molecular

layer thicknesses were measured using a “scratching” technique
with AFM, as described previously.29

Solution voltammetry was performed with a BAS/epsilon po-
tentiostat, Ag/Ag+ nonaqueous reference electrode, and a platinum
counter electrode. The working electrode was a stationary 2 mm2

Au electrode (BAS, MF-2014) modified by evaporating 5.0 nm of
both Pt and C successively on the Au electrode to replicate the
transparent substrate. To minimize effects caused by oxygen and
water, the electrochemistry was performed in a dry nitrogen
environment. The MeCN solvent was dried, nitrogen purged, and
transferred via a Schlenk line into a nitrogen glovebox. Voltammetry
of free NAB and AQ was performed with 1.0 mM solutions in
MeCN containing 1.0 M TBABF4. For NAB and AQ layers,
voltammetry was performed using NAB and AQ modified elec-
trodes as the working electrodes in 1.0 M TBABF4.

In-situ optical absorbance of the molecular junctions was
measured in the absence of a liquid electrolyte. After mounting a
junction in a CCD based spectrometer (see below), a reference
spectrum without applied bias was collected. Response to an applied
bias is stated as delta absorbance (∆A) which is the change in
absorbance relative to the reference spectrum. Since the junction
absorbance was 2-3 orders of magnitude larger than the observed
∆A (∼1 × 10-3), the reference spectrum was set to zero on the
∆A scale to permit the observation of small changes in absorption.
With this convention, a positive ∆A identifies an increase and a
negative ∆A identifies a decrease in absorbance relative to the
reference spectrum.

A custom program in Labview 8.1 (National Instruments) was
used to apply voltage pulses to the junctions with the pulse
sequence: V ) 0 for 30 s; V ) Vneg for 100 ms; V ) 0 for 30 s; V
) Vpos for 100 ms; and V ) 0 for 30 s, where Vneg (Vpos) is the
magnitude of the negative (positive) voltage pulse. In all experi-
ments, the voltage sign convention is the carbon substrate relative
to the Pt top contact. After each voltage pulse, ∆A was measured
while V ) 0 during the 30 s wait period. After each pulse sequence,
the capacitance of the junction was measured from a current-voltage
curve and compared to the initial junction capacitance to ensure
dielectric breakdown did not occur during the in-situ measurements.
Several examples of current-voltage behavior before and after
absorbance monitoring are shown in Supporting Information.
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Figure 1. Schematic and image of an optically transparent molecular electronic junction.
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In-situ optical absorbance spectra were recorded with a custom
built optical absorbance spectrometer. A tungsten-halogen lamp
(Sciencetech Inc.) with a very low ripple DC power supply was
used as the light source with quartz optics and apertures to transmit
a 2.5 mm diameter light pattern through the cross-bar junctions as
indicated in Figure 1. Care was taken to restrict the light beam to
the active area of the junction. To electrically address the devices
in the sample chamber, wires were attached with conducting silver
epoxy. Quartz optics were used to match the transmitted light into
an f/4 Czerny-Turner spectrograph (Andor, Shamrock SR-303-i-
b) with a back-thinned CCD (Andor, Newton DU920N-BU).

Since the expected ∆A is in the 1 × 10-3 range, maximizing
signal-to-noise ratio was crucial. The CCD was cooled to -60 °C
to minimize thermal noise and full vertical binned (FVB) to
maximize the number of counts. Since the CCD camera had a very
low readout noise (three counts per FVB readout), binning speed
was selected to maximize total counts. Readout and shutter speed
limited the maximum number of counts to 3 × 106 with a two
second integration period at 600 nm. In the shot noise limited
regime, the standard deviation of the absorbance is given by
modification of an equation presented by Ingle and Crouch30 in
the case where the incident and transmitted intensities are nearly
equal:

σA ) √2(0.434)(√counts
counts )

Assigning the limit of detection (LOD) as three times the standard
deviation, LOD is

LOD) 3[√2(0.434)(√counts
counts )]

Using the maximum number of counts measured for a 2 s
integration period, the LOD is 1.1 × 10-3. Increasing the integration
time to 30 s causes the LOD to decrease to 2.8 × 10-4. Superpixel
integration was used to increase the LOD by effectively increasing
the number of counts while keeping the resulting decrease in
wavelength resolution (<4 nm) a fraction of the absorption
bandwidth. Superpixel integration was critical in wavelength regions
where the counts were below the maximum counts, which occurred
in the blue region of the spectra. With the use of superpixel
integration and relatively small dark signal and readout noise, we
are confident to identify the LOD to be 2.0 × 10-4 at all reported
wavelengths.

Gaussian ’03 was used to perform time dependent density
functional theory (TDDFT) [B3LYP/6-31+G(d,p)] to predict total
energies, excitation transitions, and orbital energies.31 Diffuse

functions were added to the basis set to describe the Rydberg state
correctly, which has been shown necessary for excited-state TDDFT
calculations.32 FilmStar, a dielectric thin film software, was used
to calculate the effect of changing the index of refraction of the
molecular layer on ∆A spectra.33

All the junctions tested were fabricated on transparent substrates
with Pt as the top contact. Junctions are labeled as “molecule/oxide”,
with both the substrate and the top contact omitted. For example,
“NAB/SiO2” refers to a quartz/Cr/Pt/C/NAB/SiO2/Pt junction as
shown in Figure 1.

Results

The sheet resistance and surface roughness of the quartz/
Cr/Pt/C substrate before and after the deposition of various
substrate layers are listed in Table 1. The sheet resistance
of the quartz/Cr/C substrates was three orders of magnitude
higher than that of the quartz/Cr/Pt substrates. By employing
Pt as a conductive sublayer, the substrates had both an
acceptable resistance and a transparency while retaining
carbon as the junction substrate, similar to our previously
reported devices. For a typical completed junction, the
resistance attributable to the substrate and top contact was
∼250 Ω. As noted in Table 1, the roughness of the quartz
slide following deposition of Cr/Pt and Cr/Pt/C did not
significantly change compared to the quartz slide itself,
implying that the deposited layers were uniform. We reported
previously that electron beam deposited carbon was elec-
trochemically similar to glassy carbon and PPF allowing
modification of the quartz/Cr/Pt/C substrates with diazonium
reduction to proceed as expected.22 Table 2 lists the
thicknesses of the molecular layers formed on both quartz/
Cr/Pt/C and PPF substrates showing that the resulting layer
thicknesses were similar. Successful modification and high
device yield reinforces the conclusion that the transparent
junctions are structurally similar to the PPF junctions reported
in detail.

Cyclic voltammograms of free and chemisorbed NAB and
AQ in electrolytic solution are shown in Figure 2. For free
NAB, two quasireversible waves centered at -1131 mV (∆Ep

) 81 mV) and -1463 mV (∆Ep ) 112 mV) were observed
at 0.1 V · s-1. For chemisorbed NAB, a quasireversible wave
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Table 1. Surface Roughness and Sheet Resistance of Deposited
Layers on Quartz (Q) Slides

layer surface roughness (nm ( σ) sheet resistance (Ω/0)

Q 1.16 ( 0.18 insulator
Q/Cr/C 0.98 ( 0.12 1.4 × 104

Q/Cr/Pt 1.08 ( 0.21 8.4 × 101

Q/Cr/Pt/C 0.88 ( 0.10 6.0 × 101

Table 2. AFM Measured Molecular Layer Thickness on Q/Cr/Pt/C
and PPF Substratesa

molecule Q/Cr/Pt/C PPF

NAB 3.9 ( 0.7 4.5 ( 0.7
AQ 3.6 ( 0.8 3.9 ( 0.5
FL 1.5 ( 0.7 1.7 ( 0.4
C10 1.4 ( 0.6 2.1 ( 0.5

a Thickness (nm) ( σ.
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was centered at -1082 mV (∆Ep ) 78 mV) for 0.1 V · s-1.
For free AQ, a quasireversible wave centered at -1220 mV
(∆Ep ) 78 mV) was observed for 0.1 V · s-1. Chemisorbed
AQ showed a quasireversible wave at 1249 mV (∆Ep ) 115
mV) for 0.1 V · s-1. Comparing chemisorbed NAB and AQ,
the reduction peak for AQ was broadened compared to NAB.
These results agree well with previous reports showing that
reduction occurs within chemisorbed molecular layers in
electrolyte solution.13

Optical absorbance of a transparent substrate, NAB/SiO2,
and C10N/SiO2 junctions are shown in Figure 3a. The
maximum absorbance of all final junctions was below 1
absorbance unit (10% transmission) over the 320-820 nm
range. A molecular absorbance signature was not observed
in Figure 3a because the absorbance of the molecular layer
is expected to be 2-3 orders of magnitude smaller than the
total absorbance of the junction. Inferring the absorbance of
the molecular layer by subtraction of the absorbance with
and without a molecular layer leads to artifacts associated
with bulk reflection and should be avoided. Absorbance of
molecule/Al2O3 junctions had similar absorbance magnitudes
and characteristics to molecule/SiO2 junctions. ∆A versus
wavelength for a -4 V voltage pulse on NAB/SiO2 and
C10N/SiO2 junctions is shown in Figure 3b. For NAB/SiO2

junctions, a positive ∆A was observed near 410 nm, a
negative ∆A near 360 nm, and a broad negative ∆A in the
500-800 nm range. ∆A for C10N/SiO2 junctions, if any, were
not observed within the LOD of the spectrometer. ∆A of a
NAB/SiO2 junction increased as the magnitude of the
negative voltage pulse was increased, as shown in Figure
3c. The voltage increase caused the observed ∆A to increase
with a ∆A threshold voltage of about -2.5 V. Figure 3d
shows ∆A after a -4 V pulse on the NAB/Al2O3 and C10N/
Al2O3 junctions. NAB/Al2O3 junctions showed absorbance

changes similar to NAB/SiO2 except for additional negative
∆A below 330 nm and in the 600-800 nm range. These
additional ∆A trends were observed in C10N/Al2O3 junctions,
although on a smaller scale, providing evidence that they
are caused by the Al2O3 layer.

Figure 4a shows ∆A for NAB/SiO2 junctions after an initial
-4 V pulse and subsequent +4 V pulse. The ∆A observed
in NAB/SiO2 junctions after a -4 V pulse was reversible
with a +4 V pulse causing a negative ∆A at 410 nm, a
positive ∆A at 360 nm, and a broad positive ∆A in the
500-800 nm range. These absorbance changes can be
reversibly modulated by the polarity of the voltage pulses
for at least tens of cycles, although the actual cycle lifetime
was not measured. Reversible absorbance changes were also
observed for NAB/Al2O3 junctions. The ∆A after a voltage
pulse was stable for at least tens of minutes, as shown after
a -4 V pulse at 410 nm plotted versus time in Figure 4b.

Figure 5a shows ∆A of AQ/SiO2 and FL/SiO2 junctions
caused by a -4 V pulse. AQ/SiO2 junctions showed a
positive ∆A at 395 nm, negative ∆A at 320-350 nm, and
broad negative ∆A in the 500-700 nm range. Compared to
NAB/SiO2 junctions, the ∆A threshold voltage observed was
0.75 V more negative at -3.25 V. Similar to the C10N/SiO2

junctions, FL/SiO2 junctions did not have an observable
absorbance change for applied voltage pulses up to (4.0 V.
Figure 5b shows ∆A decay for AQ/SiO2 junctions after a
-4 V pulse, indicating a complete decay in ∼10 s. Since
the RC time constant of the junctions and voltage pulse
length were shorter than the spectrometer’s integration time,
the observed ∆A was not caused by electroreflectance
changes during the voltage pulse.

TDDFT calculated energies, several selected calculated
absorption wavelengths, and experimentally reported absorp-
tion wavelengths for NAB, NAB radical anion, AQ, and AQ

Figure 2. Cyclic voltammetry of free and chemisorbed molecules in MeCN containing 1.0 M TBABF4 versus Ag/Ag+ reference electrode: (a) 1 mM free
NAB; (b) chemisorbed NAB; (c) 1 mM free AQ; and (d) chemisorbed AQ at 0.1 V · s-1 (solid) and 1.0 V · s-1 (dashed).
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radical anion are listed in Table 3. Although the calculated
oscillator strengths could be used as an indication of the
absorbance strength, correlation between these calculated
values and experimental measurements is generally poor,
especially for radical anions.34 Considering the molecules
are self-solvated, attached to a surface, and exposed to
electric fields of several MV · cm-1, the reported excitation
energy should be used as a general reference. An important
conclusion is the calculated absorbance wavelength of the
radical anion was red-shifted compared to the neutral species
for both NAB and AQ. This conclusion is supported with
previously reported absorption values of NAB and AQ anions
in electrolytic solution.35–37 The calculated energies show
both anions are more stable compared to their neutral state
in the gas phase: NAB anion is 1.90 eV more stable than
NAB and AQ anion is 1.36 eV more stable than AQ.

Discussion

For C10N/SiO2 junctions, ∆A in response to a voltage pulse
was below the LOD in the range of (4 V. ∆A caused by
redox activity of the C10N layer was not expected in both
the measured wavelength and the applied voltage range.
Since SiO2 has an optical band gap larger than the measured

(34) DiLabio, G. A.; Litwinienko, G.; Lin, S. Q.; Pratt, D. A.; Ingold, K. U.
J. Phys. Chem. A 2002, 106, 11719–11725.

Figure 3. (a) Absorbance of a transparent substrate, NAB/SiO2, and AQ/
SiO2 junctions; (b) ∆A of NAB/SiO2 and C10N/SiO2 after a -4 V, 100 ms
pulse; (c) ∆A of NAB/SiO2 for negative voltage pulses of -2 V, -3 V,
and -4 V; (d) ∆A of NAB/Al2O3 and C10N/Al2O3 after a -4 V, 100 ms
pulse.

Figure 4. (a) ∆A of NAB/SiO2 after a -4 V pulse and subsequent +4 V
pulse. ∆A of the two voltage pulses are nearly symmetric about zero ∆A;
(b) ∆A of a NAB/SiO2 at 410 nm before and after a -4 V pulse. The
increase in ∆A at t ) 2 min was caused by the application of the -4 V
pulse.

Figure 5. (a) ∆A of AQ/SiO2 and FL/SiO2 after a -4 V, 100 ms pulse; (b)
∆A of AQ/SiO2 after a -4 V pulse as a function of time.
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spectral range, an observable ∆A was also not expected for
the SiO2 layer. Although the deposited SiO2 layer was not
crystalline, high O2 backpressure during deposition has been
shown to create near stochiometric films.38,39 The absence
of a detectable ∆A in the C10N/SiO2 case allows three critical
conclusions to be drawn. First, C10N and SiO2 can be used
as “controls” which do not exhibit voltage dependent optical
responses in the wavelength range investigated. Second,
changes in transmission due to voltage induced electrore-
flectance changes in the electrodes were not observed and,
therefore, are smaller than the LOD. Third, the intensity of
the single beam spectrometer is at least stable for the several
minutes required for spectrum acquisition.

Similar to C10N/SiO2 junctions, ∆A for FL/SiO2 was below
the LOD. The lack of an observed absorbance change
indicates that either the FL layer is not redox active in the
applied voltage range or the absorbance changes associated
with the reduction of the FL layer are too small to measure.
The reported reduction potential for FL is -3.05 V versus a
Ag/Ag+ electrode indicating that reduction of the FL layer
would be significantly less likely compared to NAB and AQ
layers.40 In addition, FL has a calculated lowest unoccupied
molecular orbital (LUMO) at -1.07 eV which is about
3.8-4.0 eV above the Fermi level of the carbon substrate.
Considering this large mismatch between the Fermi level of
the carbon substrate and the LUMO of FL, limited electron
transfer between the two layers would be expected in the
(4 V range.

Based on the voltammetric results, NAB and AQ were
shown to be electrochemically reducible as free molecules
and chemisorbed on a carbon surface. When the molecular
layer in a solid state junction consisted of either of these
molecules, voltage dependent absorbance changes were
observed. If reduction of the NAB layer occurred, the positive
∆A at 410 nm would be consistent with the formation of
NAB anions and the negative ∆A at 360 nm with the loss of
neutral NAB. This observed red shift in absorption is
consistent with the TDDFT calculations, which predicts a
red shift upon formation of the NAB anion compared to the
neutral NAB molecule. Comparable absorption changes were

observed in NAB/Al2O3 junctions indicating the absorption
changes at 360 and 410 nm were not caused by the SiO2 or
Al2O3 layers. If the AQ layer underwent reduction, the
positive ∆A at 395 nm would be consistent with the
formation of AQ anions and the negative ∆A at 320-350
nm with the loss of neutral AQ. Although the AQ anion did
not have a calculated absorption at 395 nm, reduction of the
AQ layer is probable. The calculated AQ LUMO (-3.17
eV) has only a slightly higher energy than the NAB LUMO
(-3.43 eV). Compared to NAB/SiO2 junctions, AQ/SiO2 had
a more negative ∆A threshold voltage. These results are
consistent with the cyclic voltammetric results where chemi-
sorbed AQ reduction occurred at a slightly more negative
potential compared to chemisorbed NAB reduction.

For NAB/SiO2 junctions, the application of a positive
voltage pulse after a negative voltage pulse caused a positive
∆A at 360 nm and a negative ∆A at 410 nm. These
absorbance changes are opposite to the absorbance changes
after a negative voltage pulse and are consistent with the
reoxidation of the NAB layer during the positive voltage
pulse. Since a positive ∆A at 360 nm and a negative ∆A at
410 nm after a positive voltage pulse were observed, the
initial NAB layer appears to have been partially reduced.
Previous Raman spectrometry on similar devices has pro-
vided evidence that the initial NAB layer is partially reduced
during either diazonium reduction or deposition of the oxide
layer.41 Since ∆A can be cycled for at least tens of cycles,
the reduction and subsequent oxidation of the NAB layer is
consistent with a chemically reversible redox process in a
solid state device.

For both NAB/SiO2 and AQ/SiO2 junctions, a negative
∆A was observed in the 500-800 nm range after the
application of a negative voltage pulse. Since NAB, AQ,
and their anions are not expected to have optical absorption
in this wavelength region, ∆A could be the result of
intermolecular interactions or the change in the index of
refraction of the molecular layer. Reduction of NAB and
AQ was calculated to significantly increase their polariz-
ability and thus increase the index of refraction of their
respective molecular layer. Calculations with FilmStar
showed a change in the index of refraction of the molecular
layer in carbon/molecule/SiO2/Pt junctions could result in a
broad negative ∆A in the red region of the spectrum.
Considering both absorption and index of refraction changes
of the molecular layer upon reduction, ∆A of the molecular
layers has two classifications: molecular absorption changes
and molecular index of refraction changes. Both of these

(35) Pedersen, S. U.; Christensen, T. B.; Thomasen, T.; Daasbjerg, K. J.
Electroanal. Chem. 1998, 454, 123–143.

(36) Shamsipur, M.; Hemmateenejad, B.; Babaei, A.; Faraj-Sharabiani, L.
J. Electroanal. Chem. 2004, 570, 227–234.

(37) Tian, H.; Bergren, A. J.; McCreery, R. L. Appl. Spectrosc. 2007, in
press.

(38) Khodier, S. A.; Sidki, H. M. J. Mater. Sci.: Mater. Electron. 2001,
12, 107–109.

(39) Rao, K. N.; Shivlingappa, L.; Mohan, S. Mater. Sci. Eng., B 2003,
98, 38–44.

(40) Jezorek, J. R.; Lagu, A.; Seigel, T. M.; Mark, H. B. J. Org. Chem.
1973, 38, 788–795. (41) Nowak, A. M.; McCreery, R. L. Anal. Chem. 2004, 76, 1089–1097.

Table 3. Calculated Total Energies (Gas Phase), Selected Calculated Excitation Wavelengths (Gas Phase), and Experimentally Measured
Excitation Wavelengths (Solution) of NAB, NAB Anion, AQ, and AQ Aniona

molecule energy (E-h)
calculated wavelengths, free

molecule [oscillator strength] (nm)

experimental
wavelengths

[solvent] (nm)

NAB -777.31 340.2 [0.05]; 343.6 [0.00]; 368.6 [0.83]; 511.3 [0.00] 330 [MeCN]32

NAB anion -777.38 352.0 [0.08]; 408.8 [0.60]; 850.0 [0.32] 490 [MeCN]32

AQ -688.82 324.9 [0.12]; 340.5 [0.00]; 384.8 [0.00], 420.13 [0.00] 270, 320 [DMF]30,31

AQ anion -688.87 363.1 [0.02]; 407.7 [0.00]; 568.0 [0.18] 274, 390, 410, 556 [DMF]30,31

a A complete list of the calculated excitation wavelengths is located in Supporting Information.
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changes should be considered during the analysis of in-situ
optical absorbance spectra.

Although both NAB/SiO2 and AQ/SiO2 junctions showed
evidence for solid state reduction, the persistence of the
observed ∆A differed by at least 2 orders of magnitude. ∆A
after a voltage pulse was observed for at least tens of minutes
with NAB/SiO2 junctions but for only several seconds with
AQ/SiO2 junctions. In the cyclic voltammetric results, the
reduction peak of chemisorbed AQ was broader compared
to that of chemisorbed NAB which has been reported to be
an indication that chemisorbed AQ anions are less stable
compared to chemisorbed NAB anions.42–44 The NAB anion
had higher stability than the AQ anion when compared to
their respective neutral states in TDDFT calculations. These
two results are consistent with a more stable NAB anion
layer, but there may be other factors which affected the ∆A
persistence. One additional explanation is the reduced
molecular layers are stabilized by the presence of point
defects or counterions. Since the oxide layer was deposited
by electron beam evaporation, point defects are expected to
be present in the oxide films. In addition, the application of
high electric fields can cause the formation of additional point
defects and the rearrangement of counterions. Complexing
of the reduced molecular state with either point defects or
counterions would add additional stability to the reduced
molecular layer. For the NAB anion, the highly negative NO2

group could complex with point defects efficiently at the
molecular/oxide interface. For the AQ anion, the carbonyl
groups located in the center of the molecule are less likely
to interact with point defects in the oxide based on the lack
of spatial interaction with the oxide layer. Via one or more
of the above explanations, the persistence of ∆A was strongly
dependent on the molecule composing the molecular layer.

Conclusions

Overall, these results provide experimental evidence that
molecular energy levels within a carbon/molecule/oxide/Pt
junction can be dynamically changed by an applied bias.
Understanding how these energy levels change will provide
a more complete understanding of the electronic behavior
of molecular devices. As indicated in the discussion, ad-
ditional experiments are needed and are currently in progress
to more completely identify the following: stability of
reduced molecular layers, charge injection mechanisms, and
the effect of an applied bias on redox active oxide layers
such as TiO2. In-situ optical absorption spectroscopy was
shown to be applicable for NAB and AQ molecular junctions;
for example, AQ could not be analyzed with Raman
spectroscopy because of its weak Raman scattering. As an
additional diagnostic tool, optical absorption spectroscopy
can be used in-situ to probe the molecular layer “buried”
within a molecular junction. We anticipate that UV-vis-NIR
absorption spectroscopy in both static and transient modes
will provide important insights into structural changes and
electronic behavior of working molecular junctions under
an applied bias.

Acknowledgment. The authors would like to thank Haijun
Yan for his help with the modification of carbon substrates.
This work was supported by the National Science Foundation
through Project No. 0211693 from the Analytical and Surface
Chemistry Division, The National Research Council of Canada,
Natural Science and Research Council of Canada, and the
Alberta Ingenuity Fund.

Supporting Information Available: Current-voltage curves for
C10N/SiO2 and NAB/SiO2 junctions showing the capacitance nature
of the junctions and the effect of the voltage pulses; a complete
table of the calculated TDDFT excitation energies and oscillator
strengths (PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.

CM703614N

(42) Bard, A. J.; Faulkner, L. R. Electrochemical Methods Fundamentals
and Applications, 2nd ed.; John Wiley: New York, 2001.

(43) Matsuda, H.; Aoki, K.; Tokuda, K. J. Electroanal. Chem. 1987, 217,
1–13.

(44) Matsuda, H.; Aoki, K.; Tokuda, K. J. Electroanal. Chem. 1987, 217,
15–32.

3856 Chem. Mater., Vol. 20, No. 12, 2008 Bonifas and McCreery


