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Abstract

We report on the covalent attachment of pyrene to quartz and indium-doped tin oxide (ITO) surfaces, and its characterization by steady-
state and time-resolved emission spectroscopy. We estimate the chromophore surface coverage on the basis of their electrochemical oxidation
mechanism in acidic solution. Electrochemical oxidation of immobilized pyrene results in the formation of radical cations, which are
converted into hydroxypyrene and, after a second oxidation step, are transformed into isomeric forms of dihydroxypyrene/pyrenedione redox
couples. Our findings demonstrate that surface-bound pyrene can be used as a spectral probe in environments that are isolated from oxidizing

conditions and agents.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Supported lipid bilayer mimics have been investigated
extensively because of their ability to function in a
biomimetic manner. Interest in these systems has ranged
from their use in understanding basic physical properties of
lipid bilayers to supporting transmembrane proteins in their
active forms. This family of molecular interfaces has also
been the focus of recent attention owing to their potential
utility in the construction of biosensors [1-7]. Lipid bilayer
films represent a relatively well-controlled environment, but
the interrogation of these systems has proven to be
challenging. Optical spectroscopies of chromophores
imbedded in bilayer films have been used to gain
molecular-scale insight into the dynamics and average
environments contained within these structures [8,9]. Our
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interest here lies in the characterization of an optical probe
molecule, especially with regard to its stability and
propensity for oxidative degradation.

Pyrene is a chromophore that has been used extensively
to probe intermolecular interactions in bulk solutions and
selected other environments [10]. The motivation for using
pyrene as a probe is that its optical response is anomalously
sensitive to local environment polarity, a result of strong
vibronic coupling between the S| and S, electronic states.
We have devised an experimental means to covalently
immobilize pyrene on solid substrates such as quartz and
indium-doped tin oxide (ITO). Using this immobilization
technique, we are poised to use pyrene for the character-
ization of hybrid bilayer assemblies. In this report, we
characterize surface-bound pyrene spectroscopically and
electrochemically. Our data show that surface-bound pyrene
readily forms an electroactive hydroquinone/quinone redox
couple, and we are able to determine surface coverage by
measurement of the charge exchanged during the electro-
chemical cycling between dihydroxypyrene and pyrene-
dione. These electrochemical experiments demonstrate that
pyrene can undergo stepwise oxidation and that its use as an
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interfacial probe is limited under conditions of oxidizing
agents being present.

2. Experimental
2.1. Chemicals

All chemicals used in this work were of the highest
quality commercially available: 1-aminopyrene (Aldrich,
>98%), adipoyl chloride (Aldrich, 98%), 4-methylmorpho-
line (Aldrich, 99%), 1-hydroxypyrene (Aldrich, 98%), 1,6-
pyrenedione (Aldrich), sodium borohydride (Aldrich, 98%),
acetonitrile (Aldrich, anhydrous, 99.8%), ethyl acetate
(Spectrum Chemical, ACS grade), sulfuric acid (Aldrich,
99.999%), hexane (Aldrich, 95+%), 1-pentanol (Aldrich,
99+%). Aqueous solutions were prepared from water
distilled in-house.

2.2. Steady-state emission spectroscopy

Emission and excitation spectra were recorded with a
JY-Spex Fluorolog 3 spectrometer using a 3-nm band-pass
for excitation and a 3-nm band-pass for emission
collection.

2.3. Time-resolved emission measurements

The time-correlated single-photon counting (TCSPC)
system used to acquire time-resolved spectroscopic data
has been described elsewhere [11] and we present a brief
overview of the system here. The second harmonic of the
output of a mode-locked CW Nd:YAG laser (Coherent
Antares 76-S) is used to pump a cavity-dumped dye laser
(Coherent 702-2) operated at 560 nm using Pyromethine
567 laser dye (Exciton Chemical). The output of the dye
laser was typically 100-mW average power at a 1-MHz
repetition rate with ~5-ps pulses. A fraction of each pulse
is used as a temporal reference beam with the remaining
light being frequency doubled using a Type II KDP
crystal to provide a 280-nm light for chromophore
excitation. The system is operated in reverse time mode
to ensure the operation of the counting electronics in a
linear regime, and is characterized by an instrument
response function that is typically 35-ps fwhm. The
instrument is controlled using National Instruments Lab-
VIEW® v. 7.0 software.

2.4. Electrochemical measurements

Electrochemical measurements were conducted with a
PC-controlled Electrochemical Workstation (CH Instru-
ments Model 650A), using a small volume three-
electrode cell with Pt wire as the counter electrode. All
potentials are quoted versus Ag/AgCl/l M KCl,q
reference electrode.

2.5. Substrate preparation

Quartz slides (NSG Precision Cells, P/N 10040 UV fused
silica windows—non-fluorescent) and gold electrodes (Au,
99.99%; 0.2 cm?) were cleaned by immersion in piranha
solution (3:1 v/v ratio of concentrated sulfuric acid and
hydrogen peroxide) for ca. 20 min. Indium-doped tin oxide
(ITO) films (Bayview Optics, Dover-Foxcroft, ME) depos-
ited on the same quartz slides were used for spectroscopic
measurements and ITO films on glass substrates (Delta
Technologies) were used for electrochemical measurements.

2.6. Bonding I-aminopyrene to quartz and ITO

Quartz and ITO substrates were reacted with adipoyl
chloride (0.3 ml) in dry acetonitrile (10 ml), using 4-
methylmorpholine (0.3 ml) as a Lewis base, under reduced
pressure for 1 h. The reacted substrates were removed from
the reaction vessel, rinsed with dry acetonitrile and ethyl
acetate, dried under a stream of nitrogen and the terminal
acid chloride functionalities were reacted with 1-amino-
pyrene by exposure to a 30-mM solution of the compound
in dry acetonitrile for 1 h. The substrates were then removed
from the reaction vessel, washed with dry acetonitrile and
ethyl acetate, and dried under a stream of nitrogen.

2.7. Preparation of thin films I-hydroxypyrene and 1,6-
pyrenedione on gold

1-Hydroxypyrene and 1,6-pyrenedione thin films on gold
were prepared by immersing the substrates into an
acetonitrile solution of the compound (50 mM), followed
by removal from the solution and drying under ambient
conditions. The modified electrodes were then characterized
electrochemically in aqueous solution.

2.8. Preparation of 1,6-dihydroxypyrene

1,6-Dihydroxypyrene was prepared by reduction of 2 ml
107" M 1,6-pyrenedione in 1-pentanol with 2 ml of
saturated sodium borohydride in 1-pentanol. The yield for
this reaction was quantitative.

2.9. Preparation of N-(1-pyrenyl)-acetamide

I-Aminopyrene (0.5 g) was reacted with excess acetic
anhydride (20 ml) in dry acetonitrile (20 ml) for ca. 20 h,
resulting in the precipitation of N-(1-pyrenyl)-acetamide.
The product was collected in 95% yield by filtration.

3. Results and discussion
The goal of this work is to characterize surface-bound

pyrene chromophores. 1-Aminopyrene was attached cova-
lently to silica and indium-doped tin oxide (ITO) surfaces
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by an established immobilization procedure using adipoyl
chloride as a molecular tether [9]. Pyrene is a well-known
fluorescent probe that has been used widely to study local
polarity in the solution phase. The spectral response of
surface-bound pyrene is also useful for characterizing
mono- and multilayer structures [12,13].

We show in Fig. la the excitation and emission spectra
of amidopyrene bound covalently to an ITO-coated
substrate. The excitation spectrum reveals an intense band
at ca. 350 nm and a weak band at 285 nm. Comparison of
this spectrum to the solution phase excitation spectrum of
N-(1-pyrenyl)-acetamide (Fig. lc) shows that the intensity
ratio of the bands at 350 and 285 nm is different for the two
systems. The weakness of the 285 nm band in Fig. 1a may
be due to optical absorption by ITO in the UV, although the
exact mechanism of attenuation of this band remains to be
understood fully. The intensity ratio of pyrene immobilized
on quartz (Fig. 1b) is close to that of solution phase N-(1-
pyrenyl)-acetamide. This observation underscores the fact
that the intensity of the excitation bands for immobilized
species depends on the optical characteristics of the
substrate.

The emission spectra of surface-bound and solution
phase pyrene reveal some interesting differences (Fig. la
and b). For both solution and surface-bound chromophores,
there is an intense emission response with vibronic features
at 385 and 405 nm, the broad band at 475 nm seen for
solution phase N-(1-pyrenyl)-acetamide in hexane is absent
for the surface-bound species. We assign the 475-nm band
to excimers. The lack of excimer formation for the surface-
bound pyrene can be explained in a number of ways. The
most obvious explanation is that the chromophore surface
loading density is too low for excimer formation to proceed.
It is also possible, but less likely, that the surface attachment
places steric limits on the alignment of the chromophores
which would serve to preclude the formation of excimers.
We can use electrochemistry to help resolve which of these
possibilities is more likely (vide infra).

Further differences in the behavior of the immobilized
and solution phase chromophores are elucidated by time-
resolved emission spectroscopy. We show in Fig. 2 the
emission transients for N-(1-pyrenyl)-acetamide in hexane
and the same chromophore bound to silica, with the silica
substrate immersed in hexane. For the solution phase
chromophore, the emission signal decays very slowly, over
multiple nanoseconds, while the surface-bound pyrene
decays much more rapidly, with lifetime(s) under 1 ns.
The molecular structure of the two chromophores is
essentially identical and the remarkable difference in life-
times must be the direct result of their local environments.
Substrate-induced quenching cannot account for these data
because the substrate is a dielectric material. One possible
explanation for these findings is that there is an anomalous
concentration effect for O, and/or H,O at the silica substrate
relative to that found in liquid phase hexane. Alternatively,
we can suggest that oxygen quenching of the pyrene singlet
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Fig. 1. (a) Excitation and emission spectra of aminopyrene attached to an
adipoyl chloride adlayer on ITO and (b) quartz. (c) Solution phase spectra
of N-(1-pyrenyl)-acetamide in hexane.

excited state on a solid surface is more effective than in the
bulk solution. We also note that the surface-bound
chromophore exhibits a non-exponential decay, character-
istic of either multiple emitting species, efficient collisional
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Fig. 2. (a) Fluorescence intensity decay at 405 nm for N-(1-pyrenyl)-
acetamide in hexane (280-nm excitation), (b) the same data for amino-
pyrene bound covalently to ITO, with the sample immersed in hexane.

quenching or Forster excitation transport [13]. It is clear that
further experimentation will be required to distinguish
between these several possibilities.

The steady-state and time-resolved experiments show
that the surface-bound pyrene is amenable to optical
detection, indicating their utility as probes of structure and
dynamics in thin films systems. These spectroscopic
measurements do not, however, address quantitatively the
areal concentration of these chromophores on the surface.
Electrochemical methods are much better suited to a
quantitative examination of surface loading density. We
attached pyrene to the surface of ITO and examined its
voltammetric behavior (Fig. 3). The cyclic voltammetry data
for the pyrene-coated ITO electrode in sulfuric acid solution
shows that, in the first scan, there is an irreversible oxidation
peak with maximum at ca. 1.05 V (labeled as I). We assign
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Fig. 3. Cyclic voltammograms of 1-amidopyrene adipate bound to ITO in
aqueous 0.5 M H,SO,. Sweep rate 0.1 V/s.

this signal to the oxidation of pyrene to form a radical
cation. In the subsequent scans, this signal rapidly
decreases, suggesting the oxidized pyrene reacts to form
another species. During the first scan, after reversing the
electrode polarization, we observe a new redox signal; three
pairs of peaks at 0.6 V (II), 0.35 V (IIT) and 0.2 V (IV). The
peaks labeled II gradually decrease in subsequent scans,
suggesting they are intermediate species. At the same time,
peak(s) IIT increase during scanning and peak IV remains
constant. Peaks IIl and IV are associated with the final
products of pyrene oxidation.

We have used emission spectroscopy to identify these
products. Fig. 4a shows the emission spectrum of a
chromophore adlayer on ITO following electrochemical
oxidation in sulfuric acid solution. While the broad
emission band centered around 400 nm is present, similar
to that seen for bound pyrene, the vibronic structure in this
spectral region has changed. New bands appear at 372, 382,
393 and 404 nm. Based on literature data on the oxidative
degradation of pyrene, dihydroxy and dione derivatives are
the most likely final products [14-17]. We show in Fig. 4b
and c the solution phase spectra of 1,6-dihydroxypyrene
and 1,6-pyrenedione, respectively. 1,6-Dihydroxypyrene
exhibits vibronic bands at 372, 385 and 392 nm, in
agreement with the spectrum seen for our electrochemical
oxidation products of surface-bound pyrene. The differ-
ences in the band intensities may result from the details of
the chromophore surface bonding, in analogy to the spectral
differences seen for solution phase and surface-bound
pyrene (Fig. la and b). The spectrum of 1,6-pyrenedione
reveals a strong band at 404 nm, matching a spectral feature
of the pyrene oxidation product. The electrochemical
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Fig. 4. (a) Emission spectra of electrochemical oxidation products of
amidopyrenehexanoate bound to ITO; (b) 1,6-pyrenedione in 1-pentanol;
(c) 1,6-dihydroxypyrene in 1-pentanol.
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oxidation of pyrene results in its transformation to the
dihydroxypyrene/pyrenedione redox couple. We show in
Fig. 5a the cyclic voltammogram of 1,6-pyrenedione
physisorbed on a gold electrode. The reduction peak for
dihydroxypyrene is seen at 0.27 V, and the corresponding
oxidation peak at 0.33 V. This voltammetric behavior is
very similar to the redox peaks III seen for the oxidation of
surface-bound pyrene (Fig. 4). A slight shift in the formal
potential may be associated with the amide substitution of
the pyrene ring system. Our findings indicate that the
electrochemical signals III are associated with the 1,6-
dihydroxy/1,6-pyrenedione redox couple on the ITO sur-
face. Moriconi et al. [18] have reported the formal potential
of 1,8-dihydroxypyrene/1,8-pyrenedione to be shifted 100
mV cathodically with respect to that of the corresponding
1,6 isomers. The signals labeled as IV in Fig. 3 are most
likely associated with 1,8-dihydroxypyrene/1,8-pyrenedione
redox couple. The origin of the redox pair II remains
unassigned. We show in Fig. 5b the cyclic voltammogram
of 1-hydroxypyrene, characterized by an irreversible oxi-
dation peak at ca. 0.7 V which decreases in sequential scans
in correspondence with the appearance of a new redox pair
at ca. 0.3 V. The similarity of the redox pair at 0.3 V to 1,6-
dihydroxypyrene/1,6-pyrenedione couple is evident (Fig.
5a). Because the formal potential of the species II is
relatively close to the potential associated with the
oxidation of 1-hydroxypyrene, it is most probable that the
peak II in Fig. 3 is associated with the monohydroxy
derivative(s) of surface-bound pyrene.

From these data, the surface oxidation chemistry of
surface-bound pyrene emerges. The electrochemical oxida-
tion of pyrene results in the formation of radical cations
which react with water to form a monohydroxy derivative.
This monohydroxy derivative can undergo further oxidation
to yield a mixture of isomeric forms of the 1,6- and 1,8-
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Fig. 5. Cyclic voltammograms of thin layers of (a) 1,6-pyrenedione and (b)
1-hydroxypyrene physisorbed on gold, taken in aqueous 0.5 M H,SOj,.

dihydroxypyrene/pyrenedione redox couples (the 1,6- and
1,8-notation used here does not follow IUPAC nomencla-
ture, and is employed to make the comparison between the
non-substituted and substituted compounds more clear; in
fact the position 1 in the pyrene molecule is already
occupied by the amido group used for linking so the
systematic names of the compounds are different).

Based on the information we have gained, we can
estimate the surface chromophore concentration based on
the amount of charge consumed by pyrene oxidation (peak
I) or the charge exchanged during the dihydroxy/dione
reaction (peaks III and IV). Owing to the stability of the
dihydroxy/dione redox couple, it is simpler and more
accurate to use this system for quantitation. We integrate
the charge under the voltammetric peaks for a steady-state
curve (after all hydroxypyrene has been oxidized to
dihydroxypyrene(s)), and assuming two-electron reaction,
we calculate the surface concentration I' from Eq. (1)

I'=Qu/(2F) = 5.3 x 107" mol/cm’ (1)

where Qp v corresponds the integrated charge under
voltammetric peaks labeled III and IV, F—Faraday
constant.

The calculated surface concentration yields an area of
312 A? per molecule. This value suggests that the molecules
are not tightly packed on the surface and explains why we
do not observe excimer emission from the surface-bound
chromophores (Fig. 1b). This relatively low surface cover-
age operates to our advantage here. The surface-bound
chromophores do not change the properties of the substrate
surface significantly but their presence is detectable by
emission spectroscopy. The high detectability of the surface-
bound chromophores allows their ready use as a probe of
the formation process of complex thin film structures
without causing undue perturbation.

4. Conclusions

We have shown that pyrene can be covalently bound to
ITO and quartz surfaces. The pyrene chromophore is useful
for probing local environments within molecular films. The
reactivity of pyrene under oxidative conditions indicates
that, while this chromophore is of great utility in probing
molecular-scale phenomena, it should be used in environ-
ments that are free of oxidizing species. With this caveat in
mind, it will be possible to use such tethered chromophores
for signal transduction in a variety of chemical and biological
sensors, and we are active in investigating this issue.
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