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Pyrolysis of diluted commercial photoresist spun onto quartz slides yields

optically transparent graphitic films. Transparent carbon electrodes ;6

nm thick can be reproducibly prepared, with a maximum absorbance in

the ultraviolet–visible (UV-vis) range of 0.25 at 270 nm. These electrodes

are sufficiently conductive for electrochemistry, enabling modification of

the surface via diazonium ion reduction and spectroelectrochemistry.

Good quality ultraviolet–visible absorption spectra of covalently bonded

molecular layers of nitroazobenzene, nitrobiphenyl, and azobenzene, with

thicknesses of 1.4–4 nm, were obtained after subtracting the spectrum of

the unmodified substrate. The spectra of all three molecules immobilized

on the carbon surface showed red shifts of the absorption maxima relative

to a solution of free molecules, indicating substantial electronic

interactions between chemisorbed molecules and the p system of the

substrate and/or intermolecular coupling. Spectroelectrochemical mea-

surements show that reduction of free and chemisorbed molecules

produce new absorption features in the 500–800 nm range; these spectral

changes are partially reversible upon repeated potential cycling. Finally,

density functional calculations correlate the new bands to the formation of

anion radical or ‘‘methide’’ species that have more extensive electron

delocalization than the parent molecules. The results from this work are

useful for linking structural transformations in molecular layers ‘‘buried’’

under conductive top contacts in a type of molecular junction to changes

in the electronic properties of the junction.

Index Headings: Ultraviolet–visible spectroscopy; Spectroelectrochemis-

try; Thin films on carbon; Molecular electronics.

INTRODUCTION

Molecular electronics has been the focus of intense research
over the past decade.1–11 A critical issue has been delineating
the nature of electronic coupling between conducting ‘‘con-
tacts’’ and the molecules under study as electronic compo-
nents.12,13 Although many interesting and potentially valuable
electronic phenomena have been reported for molecule-based
devices, including nonlinear resistance,14,15 conductance
switching,16 memory,9,17,18 and negative differential resis-
tance,19,20 all rely on making contact between a conductor or
semiconductor and molecules. Moreover, the importance of the
contacts in determining the behavior of these devices is a topic
of some controversy. For example, a gold/benzenedithiol/gold
molecular junction has conductance properties that depend (at
least) on junction structure, the energy levels of the benzene
ring, and the facility of electron transfer from the gold contacts
through the sulfur/Au bonds.14,21–25 Consequently, to meet the
objective of exploiting the wide variety of electronic structures
available from organic molecules as circuit components to
achieve improved and/or novel microelectronic functions (one
of the primary goals of molecular electronics), the coupling
between conductors and molecules must be understood and,

ideally, controlled.12,26–28 To meet these goals, a robust and
reproducible junction format is needed that can be used to
establish relationships between electronic and molecular
structure using a variety of analytical techniques.

Our group has recently reported several molecular electronic
junctions based on covalent bonding between conducting
carbon surfaces and aromatic molecules such as biphenyl,
nitroazobenzene, fluorene, and nitrobiphenyl.15,29 These junc-
tions exhibit electron transport properties that depend strongly
on molecular structure, and in some cases exhibit phenomenon
such as hysteresis and bistability, which might be employed in
the development of molecular memory devices.9,30–32 In order
to probe junction structure with optical spectroscopy, these
junctions can be made with thin metal (or metal oxide) films as
top contacts that are sufficiently conductive to enable the
application of a bias voltage, and yet also are optically
transparent.

Optical spectroscopy in all of its forms has been invaluable
for characterizing molecular films adsorbed at solid surfaces. In
particular, it is often the primary goal of an experiment to
deduce the chemical or physical behavior of a molecular layer
in response to an external stimulus (e.g., an applied voltage
bias). Such characterizations are valuable for applications in
many fundamental research areas, including electrochemistry,
nanotribology, adhesion, and catalysis, and in the construction
of chemical and biological sensors.33–36 Vibrational or
electronic spectroelectrochemistry can provide dynamic struc-
tural and/or electron transfer mechanistic information.35,37–40

Changes in spectral features can be related to the corresponding
transformations in the properties of a molecule resulting from
oxidation or reduction at an electrode surface.

In this work we report spectroelectrochemistry of molecules
both in solution and chemisorbed onto transparent carbon
electrodes. Ultraviolet–visible (UV-vis) spectra for 1.4 to 4 nm
thick layers of nitroazobenzene (NAB), azobenzene (AB), and
nitrobiphenyl (NBP) chemisorbed on transparent carbon
surfaces are obtained with a conventional spectrometer in air
and also in electrolyte solution under potential control. Spectral
changes as a function of applied potential are related to density
functional theory (DFT) calculations for the reactants and
structures related to possible reduction products. Collectively,
the insights provided by this work provide a foundation for
characterizing and tracking electronic levels in the devices,
which serves as a strong complement to our previous Raman
characterizations of structural changes for similar molecules in
solid-state molecular electronics junctions.13,30,41–43 Moreover,
the possibility of electronic coupling between the conductive
‘‘contacts’’ and the molecular layers adjacent to them is
discussed.1

The work described herein was enabled by a recently
developed protocol for preparing transparent carbon film
electrodes described by Donner et al.44 This technique provides
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a substrate that is suitable for optical absorbance measurements
(i.e., is transparent over the UV-vis range) and that is
sufficiently conductive for spectroelectrochemistry.

EXPERIMENTAL

Substrates. Optically transparent pyrolyzed photoresist
films (OTPPF) were prepared by the method of Donner et
al.44 First, AZ-P4330-RS photoresist (AZ Electronic Materials,
Somerville, NJ) was diluted to a concentration of 5% (v/v) with
propylene glycol methyl ether acetate as the solvent. Next, this
solution was spin-coated onto quartz slides at 6000 rpm for 60
s. After soft baking at 90 8C for 10 min, samples were
transferred to a tube furnace for pyrolysis. A 5% H2 in N2 gas
mixture is kept flowing at 100 sccm throughout pyrolysis,
where the temperature was ramped at 10 8C min�1 up to 1000
8C and held for 1 hour.45,46 Finally, the samples were allowed
to cool to room temperature (H2/N2 still flowing). Preparation
of non-transparent ‘‘bulk’’ pyrolyzed photoresist films (PPF)
utilized the same procedure with non-diluted photoresist.

The OTPPFs were characterized with Raman spectroscopy,
atomic force microscopy (AFM), spectroscopic ellipsometry,
and UV-vis absorbance. Ten Raman spectra obtained along a
1.8 mm line on the OTPPF surface showed minimal variation
in shape and a consistent D/G peak intensity ratio, with an
average value of 1.91 6 0.06, indicating strong similarities to
‘‘bulk’’ PPF46 (i.e., the presence of ordered graphitic crystalline
phases is similar to, but not identical to, that found in glassy
carbon). Line scans performed with AFM along 5 lm of
OTPPF showed a maximum peak-to-peak variation of 61 nm,
and a root mean square (rms) roughness of 0.5 to 0.8 nm,
consistent with previous characterizations of ‘‘bulk’’ PPF.45,46

Deposition of Molecular Layers. The synthesis of 40-

nitroazobenzene (NAB), 4-azobenzene (AB) and 40-nitro-
biphenyl (NBP) diazonium tetrafluoroborate salts was carried
out from the corresponding amines as described in detail
elsewhere.29,47 Electrochemical deposition of organic layers
from the diazonium reagents was carried out using 1 mM
solutions in acetonitrile with 0.1 M tetrabutylammonium
tetrafluoroborate (TBABF4) as the supporting electrolyte.
Surface modification was carried out with four cyclic scans
from þ0.4 to �0.6 V versus Ag/Agþ at a sweep rate of 0.2 V
s�1. Although the details of the deposition procedures have
been reported in detail elsewhere,9,48 the use of very thin
OTPPF as the substrate presents some unique challenges.

The relatively high resistance of OTPPF yielded significant
ohmic potential losses, resulting in poor coverage of the
bonded films. In order to overcome this difficulty, an Au film
was deposited onto the OTPPF, as shown in Fig. 1. Two
separate geometries were tested. Design 1 utilized a 10 nm
thick Au film adjacent to the OTPPF, while design 2 involved
deposition of the Au as a contiguous border around the area to
be modified. The border was sputter coated around a 4 3 15
mm solid shadow mask to yield a 4 3 15 mm unmodified
OTPPF area, which was slightly larger than the window needed
for optical experiments. Following deposition, a special
electrochemical cell that exposed the center 3 3 12 mm of
the OTPPF area to electrolyte solution was used to deposit
molecules. As will be discussed below, design 2 significantly
reduced potential error by providing a low resistance current
path during electrochemical modification, resulting in uniform,
high-coverage films, from which acceptable UV-vis spectra
could be obtained.

After surface modification (using design 2), the thickness of
the molecular layers were determined by AFM ‘‘scratching’’ of
a 500 3 500 nm trench, followed by line profiles through the
scratched area, as described in detail elsewhere.48 The
molecular layer thicknesses so determined were NAB, 3.96
6 0.68 nm; AB, 3.22 6 0.59 nm; and NBP, 1.35 6 0.29
nm. Since the molecular lengths of the three molecules range
from 1.37 to 1.48 nm, the NAB and AB films are clearly
multilayers, while the NBP film thickness is close to that
expected for a monolayer. These results are in agreement with
previous reports by several authors in which multilayer
formation has been demonstrated for diazonium modifica-
tion.48–51

A sample of solid NAB physisorbed on quartz was prepared
by drop-casting a dilute solution of NAB in ether. Nitro-
azobenzene reagent and the amine precursors for diazonium
synthesis were obtained from Sigma-Aldrich, and used as
received.

Spectroelectrochemistry. For spectroelectrochemical ex-
periments, a Perkin Elmer Lambda 900 UV-vis spectrometer
was employed. A Bioanalytical Systems Epsilon potentiostat
was used to control the potential within a quartz cuvette in the
sample chamber of the spectrometer. The cell was allowed to
equilibrate at each applied potential for ;6 minutes before
acquiring spectra.

Variable Angle Spectroscopic Ellipsometry. Bulk PPF
(freshly prepared) and polished glassy carbon (GC-20, Tokai
Carbon) samples were characterized using variable angle
spectroscopic ellipsometry (J.A. Woollam VASE). Four
incident angles (508, 608, 708, and 808) were used, with the
spectroscopic resolution set at 5 nm. Data analysis employed a
two-phase model (substrate and air), where the dispersion of

FIG. 1. Schematics of OTPPF on quartz: Design 1 (top) utilized a gold area
adjacent to the OTPPF, while design 2 (bottom) tested a gold border
surrounding the OTPPF to reduce ohmic potential errors. The hashed regions
indicate the area intended for modification with diazonium reduction. Other
materials as indicated.
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the optical constants of the substrates (PPF or GC) were
modeled using a Cauchy function. Complex nonlinear least-
squares fitting performed in the VASE32 software using this
model resulted in fits for the optical constants (n and k), with
mean-square errors (sum of the residual between experimental
and modeled data for W and D squared) of less than 0.9.

For thickness measurements of OTPFF, a three-phase model
was used (quartz, OTPPF layer, and air). The values for n and k
for quartz were preloaded in the VASE32 software (which uses
literature values), while the OTPPF layer utilized fixed optical
constants determined as described above. Since OTPPF on
quartz is transparent, the data was analyzed in the back-side
reflection-corrected mode in VASE32. The experimental
values for W and D (as a function of wavelength and angle
of incidence) were fit to the thickness of the OTPPF layer. For
all analyses of VASE data, the angles of incidence were
corrected during the fitting algorithm (angles were accurate to
60.58).

Theoretical Calculations. Gaussian ’03 calculations for
theoretical molecular layer lengths and HOMO-LUMO gaps
were performed on a dual-Pentium PC with density functional
theory (B3LYP) using a 6-31G(d) basis set.52 UV-vis spectra
were simulated using Film Star (FTG software).

RESULTS AND DISCUSSION

Optical Properties of Optically Transparent Pyrolyzed
Photoresist Films. Figure 2 shows the average experimental
UV-vis spectrum obtained from ten OTPPF samples, with air
as the reference. Error bars represent 6 one standard deviation,
showing that the shape of the absorption profile is reproducible
to within 10% in absorbance throughout this spectral region.
The wavelength of maximum absorbance (kmax) varies less
than 2% (272 6 4 nm), while the absorbance value at kmax is
0.23 6 0.02 (which corresponds to a minimum %T of 59 6
3%). The most likely cause of sample-to-sample variation in
absorbance is small deviations in the thickness of the OTPPF
when several samples are prepared under ostensibly identical
conditions. To test this assertion, the thicknesses of the films
were intentionally varied over a wide range by changing the
concentration of the photoresist used to prepare the sample. In
addition, UV-vis spectra were simulated as a function of film
thickness using optical constants obtained from ellipsometric

measurements. As shown in Table I, the values of kmax and
film transmittance (%T) varied monotonically with the
concentration of the photoresist, in agreement with the results
of Donner et al.44 For example, Donner et al. used a minimum
photoresist concentration of 25% and observed ;30% T at 300
nm for a single coating, while we obtain ;25% T at 265 nm
(see Table I), implying that the OTPPF samples are similar for
the two labs. The small shift in kmax with thickness could arise
from a number of causes, including differences in reflectivity
and changes in the crystalline and/or electronic structure of the
PPF. However, we do not currently understand the origin of
this phenomenon.

In order to further characterize the optical properties of
OTPPF, values for the refractive index (n) and extinction
coefficient (k) of PPF and GC versus k were determined using
VASE. Figure 3 shows a plot of n and k as a function of
wavelength for bulk PPF (open circles) and GC (filled circles).
Also shown are literature values for GC (triangles).53 Although
the shapes of the curves are similar in all three cases, there are
significant differences in magnitude over most of the spectral
range examined. The differences between the literature
values53 for n and k and our results for GC is probably
attributable to variations in surface roughness produced by
hand polishing of the GC. On the other hand, the offsets in the
data for PPF relative to GC may be due to the disparity of a
number of factors, including, for example, surface roughness,
the size and/or distribution of graphitic crystal grains, and the
types and densities of functional groups at the surfaces of the
two substrates. For all three substrates, Fig. 3 indicates the
presence of an absorbance band at ;260 nm (i.e., the
wavelength at which the derivative of n with respect to k
and the value of k are maximized), which is consistent with the
experimental data shown in Fig. 2. Moreover, the data in Fig. 3
were used to calculate UV-vis spectra for thin layers of PPF or
GC, which confirmed the presence of the absorbance band. The
solid curve in Fig. 2 is a calculated spectrum for PPF using the
optical constants in Fig. 3 and a thickness of 4.8 nm. The
excellent correspondence with the observed spectrum indicates
that the n and k values determined from ellipsometry are
reliable, and also that PPF made with 5% photoresist solution is
;5 nm thick.

The thicknesses of PPF samples made from various dilutions
of photoresist were estimated by simulating spectra using the
optical constants of PPF. The thickness of the PPF layer was
adjusted until the transmittance at kmax (or kmin in this case) in
the calculated spectrum matched the experimental value
(results listed in Table I). For the case of the 5% diluted
sample, the thickness of the PPF was also determined using

FIG. 2. Experimental absorbance spectrum of OTPPF (open circles) on quartz
prepared using a 5% (v/v) solution of photoresist, with air as the reference. The
error bars represent 6 one standard deviation for ten samples. The solid line is
the calculated spectra using the optical constants for PPF determined with
VASE (see Fig. 3) and a 4.8 nm thickness parameter (path length).

TABLE I. Values for kmax, the transmission (%T) at kmax, and calculated
thicknesses from spectral simulations as a function of photoresist dilution.

Photoresist
dilution (v/v)

kmax (nm)
%T at
kmax

Thickness (nm)

Experiment Simulation Simulationa VASE

50% 257 256 0.04% 100 � � �
33% 260 260 2% 60 � � �
25% 265 265 26% 19.5 � � �
10% 270 268 37% 13 � � �
5% 272 274 57% 6.7 5.9 6 0.8
1% 274 274 94% 0.25 � � �

a Thickness producing the closest match of %T at kmax for a spectrum
calculated from the optical constants shown in Fig. 3.
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VASE. Both methods yield a thickness of ;6 nm, with
approximately 10% standard deviation in the ellipsometric data
(three samples). This level of variation shows that the deviation
observed in the absorbance spectra for OTPPF can reasonably
be explained by thickness effects (i.e., differences of 1–2 nm in
film thickness). This fact is important when referencing spectra
of molecules adsorbed on OTPFF, as discussed below.

Spectra of Molecules Chemisorbed on Optically Trans-
parent Pyrolyzed Photoresist Films. Based on the optical
characterization of OTPPF, samples prepared using a photo-
resist dilution of 5% (v/v) were chosen for spectroelectrochem-
istry due to the high transmittance of the samples (i.e., at least
57% over the range 220 to 800 nm), which maximizes
spectroscopic sensitivity. Although the reproducibility of film
absorbance at kmax is reasonable (0.24 6 0.03), it is too large
to permit an accurate subtraction of a standard PPF absorption
spectrum from those obtained for molecules bonded to PPF.
Consequently, each OTPPF sample was used as its own
‘‘reference’’ for optical measurements by recording a spectrum
before and after deposition of the molecular layer.

Figure 4A shows UV-vis spectra for OTPPF and NAB/
OTPPF, with air as a reference. While the additional
absorbance due to the thin molecular layer is apparent, it is
more obvious after subtraction of the OTPPF spectrum from
that for NAB/OTPPF (for the same OTPPF sample), as shown
in Fig. 4B. Note that the subtraction accurately accounts for the
absorbance of the OTPPF electrode since it is a self-referencing
method, and therefore the band at ;270 nm does not contribute
significantly to the spectra in Fig. 4B. The correction procedure
also reduces the overall absorbance to a level that represents
only the absorbance of the molecular layer. This process also
reduces errors resulting from small differences in the OTPPF
thickness, and perhaps other sample-to-sample variations
causing the optical absorbance of each OTPPF substrate to
fluctuate.

As discussed above, the high resistivity of OTPPF
necessitates particular attention to ohmic potential error when
it is used as an electrode. The resistivity of PPF (0.005 X-cm) is
comparable to that of glassy carbon,46 which is significantly
higher than that for most metals. Based on this value, the
predicted resistance for a 6 nm OTPPF electrode is 8.3 3 103

X/m, illustrating that significant potential error can result
during the electrochemical modification procedure such that the
characteristics of the NAB films on OTPPF (i.e., thickness,
packing density, etc.) may be affected. Figure 4B shows UV-
vis spectra that were obtained using OTPPF electrodes
modified with NAB using both of the designs shown in Fig.
1 (OTPPF was used as its own reference in both cases, as
described above). Clearly, design 2 results in a higher density
of absorbing species on the surface, indicating that without the
Au border, ohmic potential losses lead to reduced NAB surface
concentrations. Consequently, we have chosen design 2 in all
further experiments to ensure a minimal variability in
absorbance due to inefficient modification. As noted in the
experimental section, design 2 yielded molecular layer
thicknesses comparable to those obtained on bulk PPF. The
results shown in Fig. 4 demonstrate that UV-vis spectra for
molecules chemisorbed onto OTPPF can be obtained with
sufficient signal to identify spectral features. However, it is
worth noting that the relatively high resistance of OTPPF is a
possible source of error whenever large electrochemical
currents are required.

Free and Adsorbed Molecular Spectra. In order to
establish the spectral signatures of the molecules and derive
insight into the effect of covalent immobilization, spectra for
molecules in solution are compared to that for the chemisorbed
state. Figure 5 shows spectra of NAB in cyclohexane solution
(5A), chemisorbed onto OTPPF (5B), and as a solid film (5C).
The chemisorbed spectrum was obtained by subtracting the
response for the same OTPPF/quartz sample prior to NAB
modification from that for NAB/OTPPF/quartz. Figure 5B
establishes that the absorbance spectra of thin layers of
molecules bonded to OTPPF are readily measurable, giving

FIG. 3. Optical constants (A) n and (B) k for polished glassy carbon (GC)
(solid circles), ‘‘bulk’’ (i.e., non-transparent) PPF (open circles), and literature
values for GC53 (open triangles) as a function of wavelength.

FIG. 4. (A) UV-vis absorption spectra of NAB/OTPFF/quartz (dotted curve),
with air as a reference. The spectrum for the same OTPPF/quartz sample before
bonding of NAB is also shown (solid curve). (B) Absorbance spectra of NAB
on OTPPF obtained by subtracting the absorbance of NAB/OTPPF/quartz from
that for the same OTPPF/quartz sample prior to modification. The dotted curve
(design 1) is for deposition of the Au area adjacent to the OTPPF (see Fig. 1,
top), while the solid curve (design 2) is for the Au border (see Fig. 1, bottom).
Design 2 was used in panel (A).
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signals in the range 0.02–0.05 absorbance units. These
observations can be accounted for by considering the
concentration and molar absorptivity of NAB in the thin film.
The NAB film thickness and coverage determined previously
(4.0 nm and 4 3 10�10 mol cm�2, respectively)41,43

corresponds to a concentration of 0.001 mol cm�3. The molar
absorptivity of NAB in cyclohexane is 28 000 M�1 cm�1 (see
Fig. 5A), which leads to an estimated absorbance of 0.011 for a
4 nm path length (NAB thickness) after the application of
Beer’s law. Although the film spectrum is not expected to
accurately correspond to that obtained in solution, the estimate
shows that the peak absorbance of 0.031 in Fig. 5B is
reasonable.

Several other important observations result from a compar-
ison of the spectra in Fig. 5. First, chemisorbed NAB shows a
main absorbance band that is both broadened and significantly
red shifted with respect to NAB in cyclohexane. Second, there
is significant absorbance out to at least 800 nm for chemisorbed
NAB, whereas in solution the absorbance vanishes for k
greater than ;550 nm. Finally, the spectrum of solid NAB of
unknown thickness (drop-cast from ether) also shows consid-
erable absorbance across the visible range, with a weak peak at
334 nm.

Similar results to those shown in Fig. 5 for NAB were
obtained for AB and NBP. Figure 6 shows spectra for AB and
NBP in cyclohexane and chemisorbed on OTPPF. In both
cases, the immobilized molecules show spectra that have red-
shifted and broadened absorbance features, as was the case for
NAB. However, the solid spectra for these two molecules (not
shown) have more severely broadened features than that for
NAB. Table II lists kmax for all three molecules in the

chemisorbed, solution, and solid states. Analysis of Table II
shows a consistent trend: kmax is at a minimum in solution,
highest for the chemisorbed films, and intermediate (although
closer to the solution value) for the drop-cast film. Previous
work for NAB chemisorbed at smooth silver surfaces also
revealed a red shift in the chemisorbed spectrum, although the
spectrum on Ag has a different shape from that on PPF.54

The trends noted above can be caused by at least two effects.
First, electronic coupling between the chemisorbed molecules
and the graphitic p system may be substantial, resulting in
changes in orbital energies that lead to decreases in the
HOMO-LUMO gap. Second, intermolecular interactions

FIG. 5. UV-vis spectra of (A) 1 3 10�5 M NAB in cyclohexane, with
cyclohexane as a reference; (B) chemisorbed NAB (4 nm thick) on OTPPF,
obtained as described for Fig. 4B; and (C) solid NAB film on quartz, prepared
by drop-casting from ether solution (unknown thickness).

FIG. 6. UV-vis spectra of (A) (top) 1 3 10�4 M AB in cyclohexane, and
(bottom) chemisorbed AB (3.2 nm thick) on OTPPF; and (B) (top) 1 3 10�4 M
NBP in cyclohexane, and (bottom) chemisorbed NBP (1.4 nm thick) on
OTPPF. Spectra obtained as described for Fig. 4B.

TABLE II. Observed kmax for chemisorbed, solution, and solid
molecules.

Molecule

kmax, nm

Chemisorbed Solution (in C6H12) Solid

NAB 356 330 336
AB 340 316 320
NBP 325 296 312
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within the densely packed molecular film could cause a similar
effect, or perhaps reinforce the effect of substrate coupling.
Although the thicknesses of the drop-cast solid films are
unknown, these samples were prepared as analogues to the
chemisorbed film, but without covalent bond formation
between the molecular film and substrate (or between
molecules in the layer). The results in Figs. 5 and 6 and Table
II establish essential features that will be used to analyze
changes in spectral features in spectroelectrochemical experi-
ments. These results will then be analyzed together with
density functional calculations to investigate the possibility of
electronic coupling effects.

Spectroelectrochemistry. Figure 7 shows UV-vis spectra of
0.1 mM NAB in acetonitrile (with 0.1 M TBABF4 as
supporting electrolyte) as a function of the potential applied
(Eappl) to an OTPPF working electrode immersed in the
solution. Spectra are referenced to OTPPF in blank electrolyte
(no NAB) at open circuit. Comparison of Fig. 7 to Fig. 5A
shows that the initial spectrum for NAB at Eappl¼ 0 V (vs. Ag/
Agþ) is very similar to that for NAB in cyclohexane. At this
potential, no NAB reduction should occur. However, when
Eappl is stepped to �1.2 V, a potential at which reduction is
expected to occur, a new absorption band appears between 490
and 500 nm, the absorbance above ;500 nm undergoes a
general increase, and the original band at 330 nm decreases in
magnitude. These spectral changes are at least partially
reversible with repeated cycling between Eappl values of 0
and �1.2 V, indicating that the process leading to changes in
the electronic spectrum of NAB is chemically reversible. As
discussed in more detail below, we attribute the absorption
band at 490–500 nm to the NAB anion formed upon reduction
by one electron. AB and NBP in solution show similar trends
upon reduction in acetonitrile, with the AB reduction product
having a maximum absorption at 422 nm and the maximum
absorption of reduced NBP at 560 nm. We note, however, that
the full magnitude observed initially for a given band is not
fully recovered upon returning Eappl from a reducing potential
back to 0 V. Moreover, the degree of degradation was strongly
dependent on the level of residual O2 in the N2-purged solution
and sample chamber, possibly indicating that the reduction
product of NAB is unstable in the presence of O2 in solution.

Spectroelectrochemistry for Chemisorbed Nitroazoben-
zene. Figure 8 shows UV-vis spectra of an NAB-modified

OTPPF electrode immersed in 0.1 M TBABF4 in acetonitrile.
No NAB was present as a free molecule in solution, and the
spectra are referenced to unmodified OTPPF in the same
electrolyte solution. The initial spectrum at Eappl¼0 V in Fig. 8
has the same general appearance as the spectrum for
chemisorbed NAB in air (see Fig. 4B); the long wavelength
bands at ;360 and ;500 nm have roughly the same positions
and shape. The spectra in Figs. 5B and 8 are not, however,
identical. For example, there is additional absorbance between
250 and 300 nm that we attribute to the subtraction of the
relatively large OTPPF/CH3CN background. In an analogous
fashion to the process described for Fig. 7, four spectra are
shown in Fig. 8 collected for a sequence of Eappl values of 0,
�1.2, 0, and�1.2 V. When Eappl is stepped from 0 to�1.2 V,
the band at ;360 nm decreases in intensity, an additional
absorbance band at ;500 nm appears, and the absorbance
above ;500 nm undergoes a general increase. These changes
are qualitatively similar to those observed for NAB in solution
(Fig. 7). Moreover, as observed for NAB in solution, the
changes for chemisorbed NAB were partially reversible during
a second potential cycle, with some degradation of the reduced
form with time, possibly from interactions with water or
oxygen. Collectively, the experiments in Figs. 7 and 8
demonstrate changes in the electronic properties of NAB for
negative Eappl, both in solution and chemisorbed onto carbon.
As discussed below, these trends are consistent with a one-
electron reduction mechanism.

Theoretical Calculations. We have reported previously on
the reduction of NAB to a radical anion41 and its relevance to
the conductance changes observed in PPF/NAB/TiO2 molec-
ular junctions.43 Based on Raman evidence, these earlier
studies showed that chemisorbed NAB is reduced to a quinoid
form at approximately �1 V (vs. Ag/Agþ) in acetonitrile. As
shown in Table III and discussed in more detail below, the
quinoid form of chemisorbed NAB is expected to have a
smaller HOMO-LUMO gap (2.1 eV) relative to the parent
molecule (3.6 eV), based on density functional theory
calculations (Gaussian ’03).41 Thus, using insights derived
from calculated gap energies, the changes observed in
electronic spectra as a function of Eappl can be related to
structural models.

Figure 9 shows several relevant chemical structures. The top
row shows NAB in three different forms: the free molecule
(left) and two anions representing possible structures for
reduced NAB (center and right). Of the two reduced forms,

FIG. 7. UV-vis spectra for 1.0 3 10�4 M NAB dissolved in acetonitrile
containing 0.1 M TBABF4 obtained through an OTPPF electrode as a function
of Eappl (vs. Ag/Agþ). Reference spectra collected at open circuit with no NAB.
The optical path length in the solution was ;5 mm. Spectra were acquired ;6
minutes after Eappl was stepped, in the order indicated.

FIG. 8. Spectroelectrochemical sequence similar to that of Fig. 7, but for NAB
chemisorbed on an OTPPF electrode immersed in blank 0.1 M TBABF4 in
acetonitrile. Spectra referenced to unmodified OTPPF immersed in the same
solution.
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NAB in solution corresponds to the center radical anion
structure, while a non-radical ‘‘methide’’ species at far right
relates to reduced NAB chemisorbed at carbon. The ‘‘methide’’
linkage is a model structure for NAB chemisorbed to the edge
plane of PPF, after a one electron reduction. The bottom row of
Fig. 9 shows a corresponding series of structures for NBP.

Table III lists HOMO-LUMO gaps calculated for NAB, AB,
and NBP and the two reduced species as in Fig. 9. Note that for
the radical anions, two additional gaps are listed corresponding
to electronic transitions from the fully occupied HOMO to the
half-filled (i.e., sometimes occupied, SO) radical orbital
(HOMO-SOMO) and one for the radical orbital to LUMO
(SOMO-LUMO). Calculated dihedral angles between the two
rings for NBP are also given in Table III (all three forms of
NAB and AB are predicted to be planar). Note that the dihedral
angle decreases upon reduction, with a nearly planar geometry
for the methide anion. Most importantly, however, in all cases
reduction produces long wavelength absorption band(s); in
solution, these correspond to HOMO-SOMO or SOMO-
LUMO transitions for the radical species, while the HOMO-
LUMO gap for the reduced chemisorbed molecules red-shifts:
NAB from 350 to 588 nm, AB from 314 to 488 nm, and NBP
from 292 to 633 nm.

As discussed earlier, reduction of NAB in solution (Fig. 7)
results in a significant decrease in the intensity of the
absorbance band at ;330 nm, with concurrent increases in
the absorbance below 200 nm and in bands at ;500 and ;550
nm. Referring to Table III, the changes in the electronic spectra
are consistent with reduction of NAB to a radical anion, with a
blue shift in the HOMO-LUMO gap (explaining the increased
absorbance below 200) and more intensity at longer wave-
lengths due to HOMO-SOMO transitions.

As shown in Fig. 8, reduction of chemisorbed NAB
produces similar results. The best matches to the transitions
in Table III implicate the reduction of NAB to a radical anion
or methide species. That is, the long wavelength absorption for
reduced NAB indicates narrowing of the HOMO-LUMO gap
(methide anion). The general red-shifted absorbance features
for chemisorbed films relative to NAB in solution, combined
with the much smaller red-shift for solid films, demonstrates
that covalent bonding of molecules to aromatic carbon surfaces
can result in structures with enhanced delocalization of

electrons relative to the free molecule. The reduction of
chemisorbed molecules can augment this effect, showing that
injection of electrons into films chemisorbed to carbon can lead
to extensive electron delocalization, possibly providing a basis
for conductance changes in electronic junctions.

CONCLUSION

Carbon is a less common optically transparent electrode
(OTE) material used in spectroelectrochemistry;37,38 however,
this work demonstrates that OTPPF can be effective provided
ohmic losses are acceptably low. Spectroelectrochemistry of
organic nanofilms (i.e., monolayers or multilayers with ,10
nm thickness) is typically reported for relatively thick films of
strong absorbers55–57 or for films on high surface area
structures such as supported nanoparticle arrays.58,59 However,
as noted in the Introduction, the rapidly rising interest in
molecular electronics provides a strong incentive to develop
spectroscopic methods that can provide dynamic structural and
electronic information about nanofilms.

The UV-vis method described herein may be particularly
useful for studying molecular electronic devices composed of
stratified components since the spectral changes are directly
related to electronic structure. Thus, the approach may provide
insights into electron transfer mechanisms occurring within the
device under bias. UV-vis absorption spectroscopy provides
information that is complementary to previously developed
Raman techniques but also is likely to prove much more
general since far more organic molecules are strong UV-vis
absorbers than are strong Raman scatterers. For example, the
reduction of NAB in molecular junctions was observed with
Raman spectroscopy, but the technique relied on strong
resonant Raman enhancement for adequate sensitivity. Nitro-
biphenyl, fluorene, etc., do not have strong Raman cross-

TABLE III. Calculated HOMO-LUMO gaps for parent molecules and
radicals.a

Molecules

Gap (nm)

HOMO-
LUMO

HOMO-
SOMO

SOMO-
LUMO

NAB

Parent, planar 349.5
Restricted radical anion 298.4 504.3 730.9
Methide anion 588.3

AB

Parent, planar 314.0
Radical anion 241.2 565.7 420.6
Methide anion 488.1

NBP

Parent, 378 dihedral 291.7
Radical anion, 218 dihedral 236.8 391.8 598.5
Methide anion, 1.18 dihedral 633.1

a Gaussian ’03, B3LYP/6-31 G(d).52

FIG. 9. Structures of (top row) NAB and (bottom row) NPB parent
molecules (left), anions (center), and methide anions (right). The methide is a
model for the parent molecule bonded to the edge plane of PPF, then reduced
by one electron. Dihedral angles between phenyl rings are shown for NBP; the
NAB and AB molecules are planar in all forms.

1252 Volume 61, Number 11, 2007



sections but may be amenable to monitoring with UV-vis
absorption. A partially transparent molecular junction of the
type OTPPF/molecule/TiO2/Au would permit absorption
measurements on an active junction in response to changes
in bias. We are currently pursuing work along these lines to
probe the electronic and structural changes in devices with
active regions in the thickness range of 2–10 nm.
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