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Abstract

We have designed a series of monomolecular films comprised of four basic structural motifs. We have used these films for a variety of
purposes, ranging from support structures for chromophore arrays to the creation of selective and biomimetic interfaces. We will discuss the
several different types of interfacial binding chemistry that are used in the construction of these interfacial films, for both monomeric and
polymeric layer structures. Following a discussion of the construction of the adlayers, we describe several uses of these assemblies, in areas
ranging from adsorption to optical signal processing, and the formation of biomimetic interfacial structures.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Surfaces and interfaces are central to processes ranging
from cell function to chemical catalysis and sensing. For
this reason, there has been a great deal of research effort
dedicated to the control and modification of surfaces for
predetermined purposes. The surfaces we are interested in
are those capable of being used under ambient, atmos-
pheric conditions or in the liquid phase, and significant
challenges exist in the design, synthesis and character-
ization of these systems. We have used a variety of
chemical approaches for modification of metallic, semi-
conductor and insulator interfaces [1-20]. The chemical
details of the surface modification depend on the intended
application and, for this reason, we have used both ionic
and covalent interlayer linking chemistry to construct
relatively well-organized interfaces. In this article, we will
discuss the chemical means by which individual molecular
layers are deposited and bound to one another. Following
this discussion, we will outline the use of selected
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polymers in the formation of multilayer assemblies.
Polymers provide lateral interfacial integrity that is not
available with a,w-bifunctional layers. With the design and
synthesis of layered interfacial assemblies in hand, we
consider several recent uses of these films, including their
use in hybrid bilayer systems. We hope that the presenta-
tion of these interfacial structural motifs will spark new
interest in the design of interfaces for controlling specific
properties, such as permeability, and the development of
chemically selective and biomimetic interfaces.

One of the key issues in the construction of layered
interfaces is the ability to form discrete layers under well-
controlled conditions. Among the first examples of
multilayer growth was the elegant work of Sagiv showing
the formation of layered assemblies using SiO, chemistry
[21-27]. This methodology tends to terminate after
several layers of growth due to the use of bifunctional
silanes as well as the speed of siloxy bond formation. In
parallel with the growth of siloxane multilayers, the
alkanethiol/gold monolayer system was discovered and
explored [28-37]. Alkanethiol monolayers on gold have
proven to be a remarkably versatile system, and multi-
layer structures have been formed using w-functionalized
alkanethiols in concert with a variety of interlayer
bonding schemes. Alkanethiol monolayers serve as a
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useful interfacial structure when bound to ordered metallic
and semiconductor surfaces such as Au, Ag, Cu, Pt and
GaAs [38-41], but the attachment of thiols to oxide
surfaces such as silica, indium-doped tin oxide (ITO) and
alumina or boron-doped diamond (BDD) has not been
successful. In order to attach adlayers to this latter family
of less well-organized surfaces, different and more robust
chemical approaches are required. We will consider here
recent progress in the formation of multilayer structures
on oxide and other surfaces using ionic and covalent
interlayer linking chemistry. We have used these struc-
tures to form multilayers using o,w-bifunctional layer
constituents as well as using polymers as layer constit-
uents. We consider several examples that will demonstrate
the breadth of interface modification chemistry that is
available today. Following an initial discussion of the
chemistry used in layer formation, we highlight recent
applications of these layered structures.

2. Structural motifs for layered interfaces

There are essentially four structural configurations that
can be used in the construction of layered interfaces (Fig. 1).
These are the use of either a,w-bifunctional layer constit-
uents to form layers characterized by structural integrity
normal to the interface plane, or the use of polymers with
reactive side groups to form layered sheets with structural
integrity both parallel and normal to the substrate plane.
Both of these structural motifs can be constructed using
either ionic or covalent interlayer linking chemistry. We
consider each of these systems in terms of the chemical
reactions used to generate the layered structures. For the first
two structural motifs discussed, where «,m-bifunctional
adlayer constituents are used, covalent and ionic interlayer
linking chemistry may appear to be substantially different,
but the same basic principle applies to layer growth in both
cases. Each of these growth mechanisms is, at heart, an
alternating copolymerization, where for the covalent case
the reaction between comonomers involves the formation of
a covalent bond, and for ionic layer growth, the como-
nomers form an ionic complex to create the interlayer
attachment.

Ionic bonding of «,w-bifunctional species is well
established in the literature [3,4,42-48]. While there
have been a wvariety of metal ions and anionic
functionalities used in the construction of ionically linked
multilayers, the system used most widely is zirconium
bisphosphonate (ZP) [42-50]. The reason for the
dominance of Zr*" or Hf'" lies in the insolubility of
these metal phosphonate salts and their fast formation
kinetics. The initial step in the preparation of the
interface is its modification to contain anionic function-
alities capable of binding metal ions. The surfaces most
amenable to ionic layer growth are characterized by
terminal hydroxyl functionalities (e.g. an ®-hydroxythiol
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Fig. 1. Schematic depiction of layered growth chemistry, with either
monomeric (left) or polymeric (right) layer constituents and ionic (top) or
covalent (bottom) interlayer linking chemistry.

adlayer on Au, SiO,, ITO), because of the ability of
these moieties to interact with POCl; to form phosphate
functionalities. Subsequent growth of layered assemblies
requires alternate exposure of the interface to o,m-
bisphosphonates and to metal ions. We note that it is
possible to “cap” a surface using this synthetic strategy
when both phosphonate functionalities on the o,®-
bisphosphonate react with metal ions in the same layer.
This situation can be avoided by using sufficiently high
concentrations of the bisphosphonate or by using a rigid
bisphosphonate. Because the reaction is so fast for the
formation of ZP interlayer linkages, a kinetic product
invariably results, as is seen in the IR spectra of layered
alkanebisphosphonates, which indicate a liquid-like con-
formational distribution for the CH, groups. Our
experimental data suggest that the bond strength for
the ZP linkage is in excess of 250 kJ/mol [11], making
ZP-bonded multilayers robust materials.

Despite their energetic favorability, the formation of ionic
interlayer complexes is not always the ideal means for layer
growth. One example is the construction of interfaces where
interlayer excitation transport can be controlled. The ZP
interlayer “sheets” formed by ionic layer growth are
sufficiently polarizable that they serve as a dielectric screen
to inhibit interlayer transport [4]. To overcome this
limitation, we have developed alternative adlayer growth
strategies that involve the formation of less polarizable,
covalent interlayer linkages.

There are a variety of synthetic routes available for the
formation of covalent interlayer linkages (Fig. 2) and all of
them are simple displacement reactions [5,7-9,12,14,15,17—
19]. To form covalent adlayers, we can use the same
substrates that are used for ionic adlayer growth. We react
the surface -OH or -NH, functionality with the appropriate
a,m-bifunctional molecule, such as a diacid chloride or a
diisocyanate, to form a reactive interface. The new reactive
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Fig. 2. Top: schematic of covalent multilayer growth using a diacid chloride (adipoyl chloride) and a diol (hexanediol). Bottom: other chemical reactions we

have used for the formation of covalently bound multilayer assemblies.

interface is exposed to a complementary o,w-bifunctional
compound such as a diol or diamine, to form the subsequent
layer, and the sequence of exposing the resulting interface to
its reactive complement can be continued. The initial
demonstration of this type of covalent adlayer growth was
made using diamines and diisocyanates to form urea
interlayer linkages, with both of the comonomers being
sufficiently rigid that self-termination did not play a
significant role in limiting interface reactivity [7]. We have
subsequently demonstrated the formation of multilayers
using diols or diamines with diacid chlorides to form ester
or amide linkages, respectively, as well as several other
reactions [15].

These reactions and methodology for adlayer growth can
be applied to the formation of polymeric multilayers, where
the overall interfacial assembly is best described as a layer-
by-layer cross-linked polymer network [7,8,14,15]. Our
approach to the formation of polymer multilayers is to
synthesize the polymers with side groups that are appro-
priate for either the ionic or covalent interlayer linking
chemistry discussed above. The polymer we use for this
work is a maleimide-vinyl ether (MVE) alternating copoly-
mer (Fig. 3) [51]. We have chosen this family of polymers
for several reasons: (1) MVE polymers are structurally
regular, allowing for the incorporation of known amounts
and types of side groups at well-defined intervals along the
polymer backbone; (2) MVE polymers are synthesized
readily and there is substantial freedom in the choice of side
groups of the maleimide and vinyl ether monomers; and (3)

these materials are structurally robust; once the polymer
adlayers are formed, they are not susceptible to chemical or
thermal degradation under ambient conditions.

Using MVE polymers, we have demonstrated regular
multilayer growth using both ionic and covalent interlayer
linking strategies (Fig. 3) [5,7-9,14,15]. For ionic interlayer
bonding, we must use bromotrimethylsilane partial depro-
tection chemistry of protected phosphonate side groups to
allow for multilayer growth [52]. Once the polymer is bound
to the surface, the remaining isopropylphosphonate groups
are deprotected and subsequently zirconated so that they can
be used to bond to a subsequent adlayer [5]. For a given
polymer adlayer within the assembled interface, there is no
guarantee that 50% of the polymer phosphonate side groups
bind to their underlayer and 50% are used to bind to an
overlayer, and this is an issue that will depend on the details
of the selective deprotection chemistry. The fact that there
are available deprotected phosphonates available for each
interlayer binding step ensures the facile formation of the
layered assembly.

For covalent polymer layer bonding, there is not the
corresponding need for selective deprotection because of the
nature of the chemistry used. We have demonstrated facile
multilayer growth using MVE polymers with covalent
interlayer linking chemistry and without the need to resort
to selective protection/deprotection schemes [15]. The
resulting multilayers show regular growth, both in terms
of layer thickness and absorbance, and we have seen no loss
of reactivity with the addition of layers.
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3. Utility of adlayer structures

Using the several layered interface growth strategies
outlined above, we now consider selected applications and
the characterization of a representative sampling of these
systems. Our interest in layered interfaces ranges from
optical information storage to chemical separations and the
development of biosensors, and we will consider each of
these areas separately.

3.1. Excitation transport to characterize interface
morphology

We have used ZP-linked multilayers comprised of a,w-
bifunctional species to understand the surface morphology
of silica [3]. Silica is a widely used interface for chemical
separations and the density of surface silanol groups can
be controlled to a limited extent. On the molecular scale,
however, it is not clear how the surface silanol groups are
distributed. To evaluate interface morphology, we have
performed excitation transport experiments on ZP mono-
layers bound directly to silanol groups. The monolayers
we use for this work were made with varying concen-
trations of bisphosphonated oligothiophene chromophores,
where bithiophene (BDP) functions as an optical donor
and quaterthiophene (QDP) acts as an optical acceptor.
These layers exhibit chromophore population decay
dynamics that can be understood in the context of an
excitation hopping model [53], but are inconsistent with
the standard presentation of the Forster model [54]. From
the excitation hopping model, we can extract the size of
the islands sensed spectroscopically and compare this
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information to the physical dimensions we recover from
AFM measurements [3]. The correspondence between the
two measures of island size reflects the relationship
between spectroscopic and physical domains, and for
these interfaces, the two domain sizes are in remarkably
good agreement.

We construct three-component monolayers using BDP,
QDP and an optically inert bisphosphonate. The fractional
amount of each species present in the adlayer can be
controlled through the solution phase concentration ratios
of the bisphosphonates in the deposition solution [3]. The
time-domain spectroscopic characterization of these mono-
layer assemblies shows that the optical donor population
decays approximately as a two-component exponential,
and neither the time constants nor the prefactors of the
exponential components depend on BDP concentration.
This apparently anomalous behavior is a consequence of
the morphology of the adlayer. For a spatially heteroge-
neous system, we consider the chromophores (donor or
acceptor) to be present in the form of aggregated islands,
with a minor fraction of the chromophore present in non-
aggregated regions (Fig. 4). For such a system, the
aggregates will absorb most of the light based simply on
the preponderance of absorbing species being present in
that form [53]. The chromophores contained in the
aggregates are assumed in this model not to emit light
efficiently; the chromophores that dominate the radiative
response are not coupled to the aggregates, and their
proximity to the aggregates is related to their lifetime. This
latter assumption is made based on the putative dielectric
gradient in which these (radiative) chromophores reside. In
principle, we should detect a continuous distribution of
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Fig. 3. Top: schematic of synthesis of maleimide-vinyl ether alternating copolymer. Bottom: schematic indicating different methodologies for deposition of
polymer adlayers. Polymers can be bonded to substrates or other polymer layers through their vinyl ether side groups using ZP chemistry (left), and either
through the maleimide (center) or the vinyl ether (right) side groups using covalent linking chemistry.
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Fig. 4. Top: cartoon and excitation relaxation pathways of aggregated
surface, with radiative monomers (red and orange) in different spatial
proximities to aggregated (blue) species. Bottom: the series of coupled
differential equations that describe the relaxation process.

lifetimes based on the proximity of the radiative chromo-
phore(s) to nearby aggregates, but the signal-to-noise ratio
of our experimental data limits our ability to discern more
than two decay components. The functionality and con-
centration-independence of the donor emission response
are indicative of a spatially heterogeneous adlayer struc-
ture. The most instructive feature of the radiative response
of the adlayer donors is the build-up in emission response
subsequent to excitation (Fig. 5). These data show that
there is a measurable increase in signal intensity following
the peak of the instrument response function, correspond-
ing to random-walk excitation transport on the aggregate
prior to its migration to a radiative chromophore [53].
Because the time resolution of our time correlated single
photon counting system is ~35 ps, and we are limited in
our ability to deconvolute the response from the data for S/
N reasons, we can only determine that the time constant of
the build-up is 10 ps or less. This upper limit on the build-
up time corresponds to an aggregate island size of 50-100
A in diameter, depending on the excitation hopping rate
and the shape of the island. AFM data on these same
interfaces [3] reveal a physical topology in excellent
agreement with our spectroscopic findings, suggesting that
the characteristic spectroscopic domain size we sense is
limited by the physical dimension of the island structure
on these surfaces.

It is important to consider the origin of the spatial
heterogeneity we find in SiO,-bound adlayers. There are
several ways to attach ZP monolayers to silica surfaces.
Substrate priming with aminopropyltriethoxysilane

(APTES) vyields ~30 A surface coverage, indicating
substantial primer polymerization. This polymerization
can be eliminated by either of two methods; reaction of
the SiO, surface with aminopropyldimethylmethoxysilane
(APDMES) or by direct reaction of surface silanol groups
with POCl;. Both of these priming methods produce
monolayer coverage of the silica surface without
unwanted polymerization. We obtain the same spectro-
scopic results for the formation of optical donor/acceptor
monolayers using any of these initial surface reactions,
indicating that the spatial heterogeneity we detect is
intrinsic to the silica substrate and is not a consequence
of our reaction chemistry. This finding has significant
implications for chromatographic separations and opens
the door to the use of polymeric adlayers to alter the
density and distribution of chemically reactive functional
groups present at the substrate surface.

3.2. Biomimetic interfaces bound to electrode surfaces

We have used covalent interfacial bonding chemistry as a
facile means of constructing a hybrid bilayer assembly [55].
We are interested in creating interfaces that are characterized
by the presence of both hydrophilic regions and hydro-
phobic regions that liec in spatially well-defined layers
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Fig. 5. Time-correlated single photon counting data showing the instrument
response function and the relaxation dynamics of surface bound BDP. The
build-up time following the maximum of the instrument response function
results from excitation migration on the aggregate islands. Deconvolution
shows the build-up time to be <10 ps.
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parallel to the substrate surface. This structural motif is
useful for biomimetic sensors, where the hybrid bilayer
assembly can function as a lipid-like medium to support
transmembrane proteins in their active conformation in a
location amenable to electrochemical signal transduction.
An interfacial structure characterized by a hydrophilic
region adjacent to the substrate is, in general, not readily
accessible with alkanethiol or alkylsilane layer growth
chemistry. The chemistry we utilize relies on the reaction
of a substrate interfacial oxide with an acid chloride such as
adipoyl chloride or tetradecanoyl chloride to form an ester-
like bond. For an ITO-coated substrate, the interfacial oxide
is a native indium doped tin oxide deposited on quartz and
for the gold substrate the interfacial oxide layer is generated
electrochemically. For both ITO and Au substrates, after the
initial deposition of adipoyl chloride, the resulting terminal
acid chloride functionality is reacted with n-dodecylamine
to produce an interfacial monolayer of n-dodecyladipamide
(designated Cs—A—C;,, Fig. 6). We compare the behavior of
the Cc—A—C;, interface to that of a monolayer formed from
tetradecanoyl chloride (designated C,4, Fig. 6). Our primary
interest at this point lies in characterizing the structure and
properties of the Cc—A—C;, and C;4 interfaces, and how
these systems respond to the physisorption of a lipid adlayer
(Fig. 6).

The C4—A—C,, and C,4 interfacial structures are charac-
terized by a hydrophilic region in close proximity to the
electrode surface, with hydrophobic structure beyond the

hydrophilic region [56]. For C4¢—A—Ci,, there is a second
hydrophilic region comprised of amide bonds, spaced apart
from the first hydrophilic region. Both the oxide substrates
and the adlayers lie within our structural control syntheti-
cally, and the thickness and spacing of hydrophilic and
hydrophobic regions can be adjusted to create interfaces that
can serve as substrates or initial layers in hybrid bilayer
membranes (HBMs) [57,58]. The incorporation of hydro-
philic and hydrophobic regions in an adlayer at well-defined
distances from the substrate can be superior to other
methods for supporting biomolecules at interfaces. Amide-
and ester-containing adlayer structures can form hydrogen
bonded networks parallel to the substrate plane that can
interact strongly with adsorbed species and can support an
ionic reservoir between the hydrophobic portion of the
adlayer and the substrate surface.

Our goal in designing amphiphilic interfaces is
ultimately to incorporate selected proteins into the
interfacial adlayer while retaining their biofunction. For
this purpose, we have constructed biomimetic hybrid
bilayers where the substrate-bound side of the adlayer
will be fluid-like. Clearly, such a system will be less fluid
than a true lipid bilayer structure and, for these systems,
the manifestation of fluid-like behavior will depend on the
manner in which the system is examined. IR data indicate
a fluid-like environment based on band position and
linewidth of the CH stretching resonances, and time-
domain fluorescence data of chromophores imbedded in
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Fig. 6. Schematic depiction of hybrid bilayer assemblies. These cartoons are not intended to imply specific registration of the physisorbed layer with the
covalently bound layer. Top: a C4—A—C;, layer covalently bound to a substrate, capped with a physisorbed layer of DOPC. Bottom: a Cy4 layer covalently

bound to a substrate, capped with a physisorbed layer of DOPC.
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the interface reveal an environment that is substantially
rigid on a ~20-ns timescale. Only when these interfaces
are examined from a variety of standpoints, both
spectroscopic and electrochemical, does a true picture of
their properties emerge.

Infrared reflectance—absorbance spectra can provide
steady state orientational and conformational information
on the hydrocarbon chains in the C¢—A-C;, (25 A
ellipsometric thickness) and C;4; (18 A ellipsometric
thickness) SAMs, when they are grown on reflective
substrates. Well-ordered, densely packed alkyl chains in #-
alkanethiol SAMs on gold have CHjug and CHygym)
bands at 2918 and 2850 cm ', respectively, being shifted
by 59 ecm ! to the red relative to the spectral features
seen for disordered monolayers [33,59]. The relative
intensities of the methylene stretches have been used to
obtain quantitative information about alkyl chain orienta-
tion for n-alkanethiols on several coinage metals [33,59—
62]. While our systems are not the same as alkanethiols on
gold, the principles of the measurement and qualitative
interpretation of the data remain largely the same. Typical
IR reflection—absorption spectra have features between
2700 and 3100 cm™' for the Cg4 adlayer, the C,, adlayer
and the C¢—A—C,, layer on oxidized gold substrates (Fig.
7). The CH stretching vibrations of the C¢ and Cs—A—C,
adlayers are most similar to those of liquid-like films. The
relative intensities of asymmetric —CH,— and —CHj;
stretches suggest some ordering in the C;4 and Cs—A—
C,, adlayers, consistent with earlier work on DPPE-
mercaptopropionamide monolayers on gold [63].

We can gain additional insight into the nature of the
adlayer bonding to the surface by taking advantage of the
fact that ITO is a semiconductor. We apply a Mott-Schottky
analysis to our data to detect changes in the flatband
potential, Upg, of the ITO semiconductor electrode. This
effect has been reported for ITO and silanized ITO surfaces
[64-66]. We measured the dependence of the space charge
capacitance, Cy, on the applied potential for bare ITO
electrodes and ITO with C;4 and C¢—A-C,, adlayers bound
covalently. We acquire C,. directly from complex AC
voltammetry data. The analysis of impedance data in terms
of appropriate equivalent circuits leads to capacitance and
resistance values of the circuit elements used, allowing the
separation of space charge and monolayer capacitances. In
the low frequency regime, the change in the overall
impedance of the ITO/monolayer interface is not correlated
with the adlayer impedance, but is attributed to the decrease
of the space charge capacitance, C,. [64—66]. We observe a
capacitance drop from 41 pF/cm? for the bare ITO surface
to 10 pF/cm® for adlayer-coated ITO. By comparison, a
well-ordered alkanethiol monolayer yields a value for Cg. of
1.14 uF/cm? [67]. We assume the monolayer capacitance is
constant over the potential range we access, so the depend-
ence of the interfacial capacitance on applied potential is
dominated by Cg.. We extract a flatband potential value of
Up=—0.58 V for bare ITO, in agreement with other reports

absorbance
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1 n 1 n 1 n 1 n 1

2800 2850 2900 2950 3000 3050
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Fig. 7. FTIR spectra taken with 4 cm™' resolution of the CH stretching

region of (a) an adipoyl chloride adlayer, (b) a C;4 adlayer and (c) a C4—A—
C,, adlayer. The spectra have been offset for clarity.

[65]. The addition of either C14 (Up=—0.51 V) or Cc—A—
Ciy (Up=—0.50 V) adlayers shifts Uy, positive by 70-80
mV, indicating the surface state distribution has been
modified by the covalent attachment of the adlayers to the
surface hydroxyl groups. A positive shift of similar
magnitude has been seen for alkylsiloxane monolayers
bound to ITO [65].

The capacitance of the interface between a metallic
(Au) electrode and the solution is a characteristic of the
adlayer density and organization. We cannot use capaci-
tance to characterize the adlayer bound to the ITO
electrode because of contributions from space charge
capacitance, Cs. For the Au electrode, a well-organized
adlayer should be substantially impermeable to electrolyte,
resulting in a small monomolecular adlayer capacitance,
Cn, that is related to the adlayer thickness, d, by the
parallel plate capacitance equation,

eegA
— 2
! @)

A is the electrode area, &, is the dielectric constant of the
vacuum and ¢ is the apparent dielectric constant of the
adlayer. If the adlayer contains defects, such as disordered
chains or pinholes, electrolyte will penetrate the film,
yielding a capacitance value larger than predicted by the
model [61,68-70]. The capacitance characteristics of Cg—
A—C, and C;4 adlayers on gold are derived from complex
AC voltammetric measurements (Fig. 8). We have also
physisorbed a DOPC overlayer onto the C¢—A—C;, and
Cy4 adlayer structures. Because of the apparent parabolic
dependence of the capacitance as a function of potential
for both Cs—A—-C;, and C;4 adlayers, we believe there to
be potential-dependent changes in aliphatic chain organ-
ization and/or electrostriction within these structures [70—
75]. For the C4—A-C,, adlayer, C,=1.22 pF/cm? corre-
sponds closely to the value expected for a defect-free
monolayer of densely packed alkanethiols of comparable

Con =
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Fig. 8. Capacitance as a function of potential for HBM adlayer structures,
indicated next to each curve.

length [67]. The C,4 adlayer exhibits C,,=2.66 pF/em?,
implying higher permeability than for the C4—A-C,
adlayer. We attribute this difference to the presence of a
hydrogen-bonded network within the adlayer which serves
to isolate the surface from the bulk.

The quality of the adlayer bound directly to the
substrate is also reflected in the behavior of HBMs formed
on their surfaces. We obtain Cypp=0.65 uF/cm2 from the
capacitance/voltage curve of the C4—A—C;,/DOPC HBM, a
value fully consistent with the 0.5—-1 uF/cm? range that has
been seen for bilayers tethered to gold using hydrophilic
spacers [76-78]. By comparison, the capacitance of a
solvent-free lipid bilayer membrane is Cpgyp=0.8 puF/cm?
[79]. We can model the hybrid bilayer structure in the
context of a pair of capacitors in series. We recover
Cpopc=1.6 pF/cm?, in agreement with the value of a
DOPC monolayer densely packed on mercury, and with
other HBMs [63,80,81].

The presence or absence of defects and pinholes in our
HBM and adlayer structures can be examined using cyclic
voltammetry and ac voltammetry. Systematic analysis of
cyclic voltammograms (CV) often allows for the differ-
entiation among possible mechanisms of electron transfer
at monolayer-modified electrodes [61,68,82]. For well-
ordered, defect-free films, CV exhibits a nearly exponen-
tial current—potential dependence, indicating through-chain
electron transfer. Spherical diffusion-limited electron trans-
fer, characteristic of pinholes, produces a sigmoidal CV
curve. The CVs of CgA-C;»/DOPC and C;4/DOPC
hybrid bilayers on gold and ITO show that, even though
the Faradaic current is almost two orders of magnitude
smaller than that for bare electrodes, there is a significant
contribution from radial-diffusion limited electron transfer
of the K4 [Fe(CN)g] redox probe. This same behavior is
more pronounced for the C¢—A-C;, and C;4 adlayers
alone, suggesting the presence of widely spaced pinhole
defects (>5 A radius) to allow direct electron transfer
between the redox probe and the electrode surface

[61,68,83]. Such defects are most likely a consequence
of the relatively short adlayer constituents we use.
Discontinuities in the surface gold oxide layer [84] can
produce point defects and grain boundaries that would be
unaffected by the covalent adlayer bonding chemistry we
use. Regardless of the exact origin of the defects, the
addition of a DOPC overlayer seals them significantly,
creating a relatively well-ordered hybrid bilayer mem-
brane where the underlayer is bound covalently to the
substrate.

Polymeric adlayers have proven to be of great use in
probing and controlling selected interfacial properties. We
have examined both ionically and covalently bound
polymeric multilayer structures and from these studies we
have gained insight into the strength of interlayer linking
chemistry that holds these structures together, as well as
understanding the potential for this family of materials to
function as chemically selective structures. We consider
these areas separately.

3.3. Polymer side group isomerization as a means of
gauging interlayer bonding strength

In an effort to understand the structural freedom of
polymeric multilayers and at the same time to evaluate the
relative strength of the chemical and physical forces
responsible for the formation of polymeric ZP multilayers,
we have undertaken a study using maleimide-vinyl ether
alternating copolymers with isomerizable side groups. We
have grown layered assemblies of poly(4-N-maleimidoazo-
benzene-c-(2-vinyloxy)-ethylphosphonate) (poly(MAB-
VEP)), where interlayer connections are made using
zirconium-bisphosphonate (ZP) ionic complexation chem-
istry [11]. The absorption spectroscopy of the azobenzene
side groups shows constant layer density but a layer-
dependent ratio of trans-to-cis isomers. Ellipsometric thick-
ness data show a constant average layer thickness despite
the change in cis-to-trans side group conformer ratio. The
layer-dependent conformational changes result from the
steric constraints imposed on the polymer side groups by the
formation of the ZP interlayer linkage(s). Once the layers
are formed, the side-groups do not have sufficient structural
freedom to back-convert to the trans conformer, even when
exposed to UV for a prolonged period.

We have grown up to seven layers of poly(MAB-VEP).
Poly(MAB-VEP) exhibits a constant average layer thick-
ness of 21.7 A/layer. Absorption spectroscopic data reveal
the steric restrictions placed on the azobenzene side groups
by the formation of the interlayer ZP linkages. We show in
Fig. 9 the absorbance spectra of the poly(MAB-VEP)-
modified interface as a function of number of layers added.
These spectra are dominated by the absorbance of the
azobenzene side groups in the 230-400 nm region. We
determine the density of chromophores from the absorb-
ance data using the trans (£313=25,000 M~ ' em™") and cis
(6250=13,000 M~ em™ ') conformer extinction coefficients
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Fig. 9. Absorbance of poly(MAB-VEP) layers as a function of layer
deposition, shown offset for clarity. The band positions for the first layer
(bottom) are shifted from those for layers 2—7 and the band intensity ratios
vary with number of adlayers.

[85-87]. The absorbance data indicate a constant amount
of polymer is being deposited for each layer. The bands for
the first layer appear to be shifted relative to those for
subsequent layers, as a result of the gradient in the
dielectric response of the system over the length scale of
the chromophore [88-92] for the first polymer adlayer.
Perhaps, most significant is the observation that the ratio
of the azobenzene side group trans (313 nm) and cis (250
nm) bands depends sensitively on the number of polymer
layers. The fact that the conformer ratio changes with the
number of polymer layers means that the azobenzene side
groups are confined significantly by their local environ-
ment and the driving force for the formation of the
multilayer assembly must exceed the energetic cost
associated with isomerization of the ground state chromo-
phore. This situation is true even for the first layer, where
[trans]/[cis]=0.59.

In contrast to our polymer layer data, solution phase
azobenzene exhibits essentially no cis conformer. Our
finding that only 60% of the side groups are frans in the
first polymer layer underscores the steric limitations
imposed on the polymer side group by the ZP layer
linking chemistry. For the spin-cast film, we recover a
predominantly frans conformation since there is no
opportunity for sterically restrictive bond formation to
occur within the spin-cast matrix. The ground state barrier
for the isomerization of azobenzene is thought to be on the
order of 105 kJ/mol [93]. We estimate the strength of
RPO;-Zr—O;PR group formation based on the limited
information available in the literature on the solubility of
zirconium phosphates. We take with some trepidation the
value of K,=10""** for Zry(PO,), [94],

Zr3(PO4)4 Koo 37444 PO,

If we assume this value is correct and apply it to the
formation of RPO;—Zr—O3;PR, where the metal to ligand

ratio is different, we can estimate the equilibrium constant
for RPO;—Zr—0O;PR formation based on the concentration of
free Zr*". We infer K .,=10** for the reaction

Zr* +2RPO; *=Zr(RPO;),

and from this estimate, we calculate AG=—250 kJ/mol. In
principle, the ZP complexation process could be mediated
by the photoinduced isomerization behavior of the side
groups. It is possible that ZP complex formation proceeds
only when ambient light “toggles” a side group to the cis
conformation and the complex cannot form if the side
group remains trans. To evaluate this possibility, we
deposited poly(MAB-VEP) multilayers in the dark, pre-
cluding photoisomerization of the azobenzene side groups.
Ellipsometric data (632.8 nm) show no light-dependence
on the formation and thickness of adlayers, suggesting
room light is not a mediator in the adlayer deposition
process.

It is useful to consider the values of the [trans]/[cis]
ratio and how they correspond to fractional concentrations
of each isomer. For the first layer, where [trans]/
[cis]=0.59, the surface is comprised of 63% cis isomers
and 37% trans isomers. Even for the first layer, there is
considerable steric restriction placed on the azobenzene
side group and this finding suggests a significant role of
surface topology in determining first layer morphology.
For the second layer, [trans])/[cis]=0.43, or 70% cis and
30% trans overall. Since the loading density is constant for
each layer, it is tempting to speculate that the second layer
is 77% cis and 23% trans. This ratio holds relatively
constant for subsequent layers. Because of the nature of
the measurement, we cannot extract the layer-by-layer
fractional concentrations of cis and frans isomers. The fact
that the frans absorbance decreases with the addition of a
second layer demonstrates that we cannot treat these
interfaces as isolated layers.

Once the polymer adlayers are formed, interconversion
between side group isomers is not facile. The driving force
for interlayer bonding prevents back-isomerization. We
have irradiated a four-layer poly(MAB-VEP) assembly
with a Hg lamp (254 nm) for several hours. We irradiated
the S,<—S, transition for the cis side group conformer at
254 nm to convert the existing cis conformers in the
polymer assembly into the more stable trans conformer.
We observed no change in the spectral profile of the four-
layer assembly, nor any change in the ellipsometric
thickness as a result of UV irradiation. Once the adlayers
are bound to the interface, the azobenzene conformers are
effectively locked and the steric restriction imposed by the
layered polymer matrix is sufficient to prevent isomer-
ization of the polymer side groups. It is likely that greater
structural freedom can be designed into the polymer
adlayer structures, leading to more facile side group
isomerization, but we have not investigated this issue in
detail to date.
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3.4. Using polymer multilayers to impart chemical selectiv-
ity to interfaces

We have also used polymeric multilayer assemblies to
mediate the adsorption and desorption kinetics of
interfaces, with an eye toward controlling chemical
selectivity at these interfaces. We deposit maleimide-
vinyl ether alternating copolymer layers, where each
polymer layer contains different pendant side group
functionalities, and the order of layer deposition is
controlled. The adsorption isotherm behavior of these
interfacial structures, when exposed to methanol and
hexane vapor, shows that the identity of the adsorbates
and the order of polymer adlayer deposition both
influence the interfacial adsorption characteristics. The
absence of hysteresis in the isotherm data show our
measurements to be made under equilibrium conditions,
implying chemical and structural control over the
thermodynamics of adsorption.

We measure the gas—solid adsorption isotherms for these
bilayer structures using quartz crystal microbalance (QCM)
gravimetry. For a QCM, there is a linear relationship
between mass uptake and frequency shift, as described by
the Sauerbrey equation [95],

- 2Am(fy)’n
a Alup)'? v

In Eq. (3), Af is the change in frequency of the QCM
associated with a mass increase, Am is the mass change, f,
is the QCM oscillation frequency (~6 MHz), n is the
harmonic of the fundamental frequency (n=1 in these
measurements), 4 is the exposed area of the QCM, and u
and p are the shear modulus (2.947x10" g em™' s7') and
density of quartz (2.648 g cm™>), respectively.

The form of the adsorption isotherms we measure for
these polymer adlayer stacks is related to the energetics of
adsorption and the interface morphology. We use the BET
model [96] to treat our data because of its versatility and
demonstrated applicability to interfacial adsorption phe-
nomena [97]. We recognize that the BET model will not
fit all of our data over the entire adsorbate partial pressure
range, but for limited adsorbate concentration ranges, this
model can be used to extract useful information. The
BET isotherm relates the volume of adsorbate (assuming
bulk density) to its partial pressure in the vapor phase
(971,

Vm1 cz

Vaas = (1—2{1—(1—0c)z}

4)

Vags 18 the volume of the adsorbate, V,,, is the volume of
the monolayer and z is the fractional vapor pressure,
normalized to the saturation vapor pressure, z=p/p*. The
term ¢ is related to the relevant energies of interaction
(AH gs=enthalpy of desorption of the adsorbate from the

surface, AH,,,=enthalpy of vaporization of the bulk
adsorbate).

< g (21~ 370)) 5

We use AH terms on the assumption that AS . =AS,,p.
Depending on the adsorbate and polymer adlayer used,
we have found that the dominant interaction between the
adsorbate and the interface occurring at the metallic or
modified dielectric surface, beneath the polymer adlayer
[16]. The functional form of the adsorption isotherm
depends on the polymer and adsorbate identities and order
of polymer adlayer deposition. For low adsorbate partial
pressures, z, the data can be modeled using the BET
adsorption isotherm and for higher z, the BET model
tends to overestimate adsorption. We limit the fitting of
our data to the adsorbate partial pressure range 0<z<0.4
to remain in a region where the application of the BET
isotherm is clearly appropriate. We use methanol and 7-
hexane as adsorbates, and our data demonstrate substan-
tial solvent and adlayer-order dependencies in the
isotherms (Fig. 10). From the AHg4 values extracted
from fits of the data to the BET isotherm, we find K=k,/
kq for each system (Table 1),

In (k—) S (6)
kq

RT R

The values of K and the functionality of the adsorption
isotherm varies substantially between different adlayer/
adsorbate combinations, and this finding shows clearly that
we have established control over chemical selectivity using
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Fig. 10. Adsorption isotherm data for interaction of vapor phase methanol
with two substrate-bound polymer bilayers: (O) S—C—B=substrate—poly(3-
chlorophynylmaleimide-aminopropylvinyl ether)—poly(4-bromophenylma-
leimide-aminopropylvinyl ether), data taken from low z to high z. (>) S—
B—C=substrate—poly(4-bromophenylmaleimide-aminopropylvinyl ether)—
poly(3-chlorophynylmaleimide-aminopropylvinyl ether), data taken from
low z to high z. (<) S—B—C=substrate—poly(4-bromophenylmaleimide-
aminopropylvinyl ether)-poly(3-chlorophynylmaleimide-aminopropylvinyl
ether), data taken from high z to low z, indicating the absence of hysteresis.



Table 1

Values of K=k,/kq, calculated using Eq. (6)

Interface K=(k,/kq) (methanol) K=(k,/kq) (hexane)

S-BPM-NPM 31.25 (+8.75, —5.61) 47.6 (+14.9, —9.1)

S-NPM-BPM 2.42 (+0.34, —0.27) 3.70 (+0.61, —0.39)
S-BPM-CPM 0.53 (+0.13, —0.09) 5.38 (+1.16, —0.81)
S-CPM-BPM 5.56 (+2.77, —1.39) 0.40 (+0.05, —0.05)
S-BPM-HPM 3.45 (+0.72, —0.51) -

S-HPM-BPM 385 (+70, —52) -

S-HPM? 2.94 (+0.29, —0.24) -

S-BPM* 4.55 (+2.59, —1.22) -

S-CPM? 2.86 (+0.17, —0.16) -

For these calculations, AH,,,=37.43 kJ/mol and AS,,,=111 J/mol K for
methanol, AH,,,=31.56 kJ/mol and AS,,,=92 J/mol K for hexane.
Abbreviations for the interfaces are as follows: S=substrate, BPM=
poly(4-bromophenylmaleimide-aminopropylvinyl ether), CPM=poly(3-
chlorophynylmaleimide-aminopropylvinyl ether), NPM=poly(N-phenylma-
leimide-4-hydroxybutylvinyl ether) and HPM=poly(4-hydroxyphenylma-
leimide-vinyl ether ethylphosphonate). In all cases, adipoyl chloride is used
as the interlayer linking moiety.
* Values extracted from data in Ref. [16].

polymer adlayers that are tens of A thick. One may infer
from our findings that the control we exert is thermody-
namic control, but this issue remains to be established. The
achievement of thermodynamic control could be demon-
strated only if the data acquired at each point along the
adsorption isotherms are at thermodynamic equilibrium. We
test for this condition by acquiring experimental data for
both increasing and decreasing z. If the data acquired under
both conditions are the same to within the experimental
uncertainty (Fig. 10), we are either operating at thermody-
namic equilibrium or we have achieved a different steady
state condition for each value of z. We assert that the latter
situation is not physically reasonable.

4. Conclusions

We have discussed several structural motifs for layered
interfacial assemblies that have been demonstrated and used
for selected applications in our laboratories. We can bind
either monomolecular species or polymers to interfaces one
layer at a time using either ionic or covalent interlayer
linking chemistry. Using these several structures, we have
described their use in areas ranging from characterizing the
distribution of chemically reactive sites on a surface to the
formation of hybrid bilayer membrane structures, a substrate
that will likely be of use in the development of biomimetic
sensors. For polymeric interfaces, we have examined free
volume and steric limitations imposed on the layered
polymer matrix by virtue of the interlayer bonding
chemistry used in their construction, and have utilized
covalently bound polymer multilayers to demonstrate
thermodynamic control over adsorbate-surface interactions.
We anticipate that this latter area will prove to be of use in
designing surfaces with predetermined selectivity for
analytes of interest. The structural tools we have demon-

G.J. Blanchard, P. Krysinski / Bioelectrochemistry 66 (2005) 9-21 19

strated allow great latitude in the design of interfacial
structures.
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