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Under the support of USDOE Grant DEFG0299ER15001 (9/1/99 – 8/31/07), the Blan-

chard group has worked on interfacial mono- and multilayer chemistry and has made significant 
progress in several areas.1-9  These are (1) the controlled growth of Au nanoparticles (AuNPs) 
using amines as reducing and capping agents, (2) characterization of the viscoelastic properties 
of monolayer films, and (3) the demonstration of sensitive detection of organophosphates/ phos-
phonates using AuNPs combined with surface modification chemistry developed in our labs. 

Controlled growth of AuNPs.  We have evaluated amines as reducing agents in the for-
mation of gold nanoparticles.6  We are interested in using AuNPs in chemical sensing devices 
and as a probe of local environment.  The motivation for using amines as the reducing agents in 
nanoparticle synthesis stems from their wide availability and the consequent ability to form con-
trolled-size nanoparticles in situ in a variety of environments, including biological systems.  The 
reaction scheme we utilize is: 

HAuCl4 + 3 NR3 → Au0 + 3 NR3
+• + H+ + 4Cl- 

We can predict whether or not amines will function as reducing agents in this reaction based on 
their redox properties.  The kinetics of AuNP formation can be understood in terms of Marcus 
electron transfer theory,10-13 where the slower reactions proceed in the inverted region owing to 
the difference between the Au reduction potential and the amine oxidation potential.  For certain 
of the amine reducing agents, after reduction of HAuCl4 a subsequent reaction of the amine radi-
cal cation with other reducing agent molecules in solution forms poly(amine)s.  These findings 
point collectively to the utility of amines as reducing agents in AuNP formation and provide in-
formation on the conditions under which these reactions will proceed. 

We have also used poly(allylamine) (PAH) as a reducing agent for the controlled forma-
tion of AuNPs.7  The 
formation of AuNPs us-
ing this water-soluble 
polymer matrix allows 
for the AuNPs to become 
imbedded in the polymer 
matrix.  The kinetics of 
AuNP formation are 
pseudo first-order in 
[HAuCl4] at room tem-
perature and are con-
trolled by the ratio of 
reducing agent to 
HAuCl4.  Additionally, at low PAH:HAuCl4 mole ratios, the plasmon resonance wavelength can 
be controlled through the ratio of the reactants (Fig. 1).  Our TEM data7 demonstrate the relative-
ly narrow size distribution of the AuNPs formed, and indicate that we have identified a thin film 
polymer matrix that will be useful for selective chemical sensing, with the selectivity being de-
termined by the surface chemistry we apply to the AuNPs, once they are imbedded in the poly-
mer matrix. 

Characterizing the viscoelastic properties of polymer films.  We have designed and con-
structed an instrument to measure the viscoelastic properties of monomeric and polymeric mono-
layers.  We use an impedance analyzer to measure the frequency-dependent complex impedance 

Figure 1.  Polymer-AuNP composites with polymer to Au mass ratio increasing from left 
to right. a. 50:1;  b. 175:1; c. 350:1; d. 500:1;  e. 775:1  
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of a quartz crystal microbalance (QCM).  
The QCM frequency-dependent impedance 
depends not only on the mass loading of the 
device (resonance frequency), but also on 
the viscoelastic properties of the adlayer 
(resonance lineshape) (Fig. 2).  We have 
acquired the QCM data and use an equiva-
lent circuit model (Fig. 2 inset) to extract 
viscosity, density and shear stiffness infor-
mation on monolayer structures.14-16  We 
have found that our technique is extremely 
sensitive to the morphology of the adlayer 
bound to the QCM.  Immersion of mono-
layer-coated QCMs in selected solvents 
modifies the viscoelastic properties of the 
adlayer substantially.17 

Sensitive detection of organophosphates/phosphonates using surface-modified AuNPs.  
We have created a high surface area, chemically selective material for the adsorption of organo-
phosphates and organophosphonates (OPPs).  Using silica microparticles as a substrate to bind 
surface-modified gold nanoparticles, we have created a material with a binding constant for the 
organophosphate diethylchlorophosphate (DECP) of K ~ 2x106 M-1.18  The binding of OPPs to 
the modified gold nanoparticles appears as a spectral shift in the gold nanoparticle plasmon re-
sonance.  The sensitivity of this technique is limited by scattering losses in suspensions of the 
particles, but a significant portion of this sensitivity can be recovered through the use of solvents 
with a refractive index close to that of the silica particles. 

The Zr-bisphosphonate (ZP) chemistry used to achieve selective adsorption of the OPPs 
is well understood in both the solid state19-21 and for binding at surfaces.22-28  It is often difficult 
to quantitate the strength of the ZP bond because the equilibrium for bond formation lies far to 
the right, but indirect estimates indicate that it is ca. 60 kcal/mol or more under favorable condi-
tions.29  For this reaction, it is important to consider what other compounds can complex with 
Zr4+ and whether or not Zr4+, once complexed to a surface-bound phosphate, can be displaced by 
other metal ions.  We have found that Zr(RPO3)2+ can form complexes with RSO3

- and RCO2
-, 

but these complexes are weaker than Zr(RPO3)2.30  While there may be slight differences in bind-
ing efficiency for the different OPPs, binding to Zr4+ is sufficiently strong in all cases that we do 
not observe preferential binding phenomena.  Our AuNP-coated silica particles are class-
selective rather than compound-specific. 

The sensitivity of our coated silica particles to OPPs was evaluated using DECP at con-
centrations ranging from 5x10-9 M to 5x10-3 M (Fig. 3).  The plasmon resonance band maximum 
of the analyte-exposed silica gel was compared to that of non-exposed silica gel to determine 
presence and magnitude of the plasmon resonance band shift.  At DECP concentrations lower 
than 5x10-7 M, the plasmon resonance band does not shift outside the spectral resolution of the 
measurement.  For DECP concentrations higher than 5x10-7 M (86.3µg/L) the modified AuNP 
plasmon resonance exhibits a blue shift, and we model this behavior using a complexation mod-
el.18 

The signal-to-noise ratio (S/N) of the plasmon resonance spectra for silica gel-AuNP sus-
pensions in ethanol is 5.8, with a background of ca. 2.5 absorbance units.  This large background 

 
Figure 2.  Comparison of experiment and theory for vis-
coelastic data on a hexanethiol monolayer.  Inset:  equiva-
lent circuit used to calculate the theoretical signal. 



is due to scattering losses from the silica particles.  We 
have used a solvent system that is better matched to 
the refractive index of the silica particles to reduce the 
scattering background.  The refractive index of silica 
gel is approximately 1.46,31  and with DMSO as the 
solvent, (n = 1.48), we obtain a seven-fold decrease in 
background signal compared to ethanol (n = 1.36). 

 
The overall goal of this project is to gain selec-

tive control over analyte adsorption and desorption at 
gas-solid and liquid-solid interfaces.  We use interfac-
es constructed with individual molecular layers of ma-
leimide-vinyl ether alternating copolymers, where we 
control the identity of the polymer side group and the 
adlayer free volume.29,32-38  Understanding the struc-
ture and morphology of the polymer adlayers is central 
to the success of this work.  We have created structural 
gradients normal to the substrate plane, where each 
layer in a polymer multilayer stack contains different 
polymer side groups, have achieved control over po-
lymer layer density; and are in the process of develop-
ing reversible optical control over polymer layer po-
rosity using photoisomerizable crosslinks between po-
lymer layers.  For 2003-4, we had focused on characterization of polymer morphology in solu-
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Figure 3.  Dependence of AuNP sur-
face plasmon resonance on organo-
phosphate DEPC for AuNPs surface 
modified with ZP chemistry. 
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Figure 4.  combined SPR and QCM instrument for ad-
sorption measurements at the liquid-solid interface. 



tion and when adsorbed to interfaces, and report below on progress in each of the three areas 
listed above. 

Surface plasmon resonance – quartz crystal microbalance instrument.  We have con-
structed and characterized an instrument designed to simultaneously measure thickness changes 
and mass uptake for our ultrathin polymer-adlayer coated substrates exposed to liquid phase ad-
sorbates (Fig. 4).  The QCM measurements are performed using commercial microbalances and 
the SPR substrates are coated in-house.  The method of metal coating has been explored.  Sputter 
coating was attempted first as the method of Au deposition.  This method appeared to result in 
visually uniform Au coverage but no success was achieved in observing the expected SPR re-
sponse.  It was determined that an adhesion layer of chromium was needed in order to efficiently 
couple the electric field in the glass to the metal.  Because of the desire to coat the Au as near in 
time to the Cr deposition as possible to avoid surface contamination, chemical vapor deposition 
(CVD) was chosen as the method of metal deposition because both metals could be deposited in 
the same apparatus.  Using approximately 15Å Cr and 475 Å Au, the expected SPR response has 
been observed and current studies are being conducted to determine the exact thickness of Cr and 
Au needed to produce reproducible SPR responses.  Fresnel calculations are in agreement with 
the experimental data that indicate a 475 Å optimum gold thickness.  The light source is a stan-
dard linearly polarized He-Ne laser (632.8 nm).  The polarization is alternated between trans-
verse magnetic (TM) and transverse electric (TE) modes during each experiment using a moto-
rized polarization flipper. 
 A significant experimental issue has been the achievement of signal stability with the 
SPR detection system.  Unanticipated issues such as determining the optimum linear response 
regions for both the PMT detector and the lock-in amplifier electronics required significant expe-

rimentation.  At the present time, we 
have achieved the requisite long-term 
stability (Fig. 5) and the next issue is 
to increase the signal-to-noise ratio for 
these data. 
 
Polymer morphology.  To gain control 
over adsorption behavior for polymer 
thin films,34 it is critical to understand 
the relationship between solution 
phase polymer morphology and the 
morphology of the same polymer de-
posited and bound covalently to an in-
terface.  To examine polymer mor-
phology we have synthesized MVE 
polymers decorated with a controllable 
density of pyrene side groups.  The 
extent of pyrene excimer formation 
will be determined by three factors:  
The density of pyrene side groups on a 
given polymer chain, the morphology 

of the chain and the extent of interchain polymer interactions.  We have synthesized short oligo-
mers (typically 10-mers) where the incorporation of N-pyrenylmaleimide monomer into the po-
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Figure 5.  SPR data for TE and TM polarizations for a 475 Å 
thick gold sample, acquired as a function of time over a 24 hour 
period to establish long-term stability. 



lymer backbone proceeds in propor-
tion to the composition of the po-
lymerization solution.  The fraction 
of pyrene side groups on the poly-
mer determines the probability of 
excimer formation for an extended 
polymer chain (Fig. 6), and the 
presence of excimer in excess of 
that predicted by the model indi-
cates contributions from both 
intramolecular interactions along 
the polymer chain and intermolecu-
lar interactions between polymer 
chains.  Evidence for the latter phe-
nomenon is found for the low con-
centration polymer chains, where 
there are statistically less than one 
pyrene side group per 10-mer chain.  
The amount of excimer formed is 
solvent-dependent and two key issues are comparison of the fraction of excimer formed in solu-
tion to that found in the corresponding polymer adlayer(s), and the dependence of the fractional 
excimer concentration on polymer solution phase concentration.  The data we have collected to 
date at low pyrene loading density (Fig. 6) demonstrate that interchain interactions play a signifi-
cant role at the ~10-4 M polymer concentration level in all solvents.  Clearly, solution phase po-
lymer-polymer entanglement issues will play a significant role in determining the polymer ad-
layer morphology. 

Characterization of the local environments formed by ultrathin polymer adlayers.  While 
it is essential to understand mesoscopic morphology issues in ultrathin polymer adlayers, it is the 
molecular scale interactions between adsorbates and polymer layers that plays a significant role 
in the observed layer-induced selectivity we have reported on previously.  To probe these short 
range interactions, we have synthesized a family of maleimide-vinyl ether alternating copoly-
mers that have been decorated with dansyl side groups.  The dansyl chromophore is known to 
exhibit an emission spectrum that depends sensitively on local polarity, and by incorporating it 
into the polymer adlayers, we have a local probe of polymer environment.  The synthetic route is 
shown in Fig. 7.  We have constructed monolayers of this polymer on silica substrates, and have 
studied the emission response of these polymer monolayers when they are immersed in selected 
solvents (Fig. 8).  The results of this experiment demonstrate the sensitivity of the dansyl chro-
mophore to the polymer local environment.  With this initial experiment in hand, we are poised 
to perform a series of time-resolved fluorescence measurements to understand the structural and 
dielectric properties of the environment(s) formed by the monolayer.  Once these initial experi-
ments are complete, we will move to bilayer systems that have been shown to exhibit selective 
adsorption, and use the dansyl probe to study the local environments characteristic of these bi-
layer structures. 

Figure 6.  Comparison of theoretical prediction of pyrene side 
group excimer formation in solution (open circles) to experimen-
tal data (filled circles).
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Progress in each of the areas indicated above (SPR/QCM measurements, polymer morphology 
characterization using pyrene polymer side groups and examination of polymer mono- and multi-
layer local environments using dansylated MVE polymers), will allow for a detailed examination 
of the molecular processes associated with chemically selective analyte-polymer interactions.  
We anticipate that this work will provide the insight needed into these systems so that they may 
be structurally tailored for specific chemical separations or sensing applications.  Work during 
the next twelve months will focus on achieving this molecular understanding. 

Interface layer growth and control.  This portion of the 
project has focused on the design of interfaces of molecular 
thickness where the chemical identity of each layer can be 
used to control the adsorption properties of the interface as a 
whole.  We have developed a suite of chemical tools that 
allow the construction of the layered molecular structures 
that comprise the interfaces.  We have focused largely on 
the use of polymeric materials for the growth of layered in-
terfaces for two reasons.  Polymeric materials provide struc-
tural integrity in the plane of the substrate, a condition that 
is not achievable with monomeric structures.  Structural in-
tegrity in the plane of the substrate is important for the 
growth of uniform layers on substrates that are intrinsically 
heterogeneous, such as silica. 12,13  Polymers also afford 
substantial structural regularity.  While the formation of a 
polymeric interface can introduce mesoscopic disorder, the 
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molecular scale regularity of alternating copolymers (AB)n allows substantial control over the 
density of specific functionalities in the polymer side groups.  We use maleimide-vinyl ether al-
ternating copolymers because we have an extensive knowledge base on these robust and versatile 
materials. 39  We have devised several new synthetic and interface growth strategies that allow us 
to deposit polymers onto interfaces covalently, one layer at a time29,33 and, more recently, we 
have devised a means to control polymer adlayer density during the course of the deposition 
reaction. 29  We describe our progress briefly. 

The growth of layered assemblies using ionic interlayer linking chemistry is well established. 
15-34  While broadly useful, there are some instances where this chemistry is not ideal.  To over-
come this limitation, we have demonstrated covalent linking chemistry that achieves controlled 
layer growth using an efficient polymerization reaction (Fig. 9). 33  The biggest challenges in ap-
plying polymer chemistry to the controlled growth of interfacial multilayers are to attach an ini-
tial monomer to the substrate and then to devise synthetic routes where the polymerization che-
mistry terminates after the addition of a single monomer unit.  We use isocyanate-amine chemi-
stry, which can be controlled to produce either layer-by-layer or spontaneous multilayer growth.  
Comparing the interfacial structures formed from the two synthetic routes demonstrates the im-
portance of using step-by-step alternating copolymerization chemistry in controlling the growth 
of multilayers. 33  We have grown up to 18 polyurea layers, one layer at a time, from both dielec-
tric and metallic substrates. 33  The alternating copolymerization of 4,4’-methylenedianiline 
(MDA) and 4,4’-methylenediphenylisocyanate (MPI) to form urea linkages between layers af-
fords direct control over layer thickness (Fig. 9).  We have taken this chemistry one step further, 
demonstrating hybrid multilayer systems, with the interlayer linking chemistry being convertible 
between ionic and covalent layer growth by choice of the side groups on the polymer(s) used. 33  
This chemistry will find increasing use in the growth of gradient multilayers for reasons of polar-
ity and permeability control. 

We have also applied covalent interlayer linking chemistry to the growth of polymer multi-
layers.  Our ability to link polymer layers covalently rests on the use of simple, highly favorable 

reactions that form robust interlayer 
linkages.  It was clear that, because 
isocyanate-amine chemistry is suc-
cessful, there should be other routes 
to controlled multilayer growth.  We 
undertook the synthesis of a family 
of maleimide-vinyl ether alternating 
copolymers where the side groups 
of the polymers could be used in 
any of several interlayer linking 
reactions.  We have reported on the 
polymer synthesis and controlled, 
layered interface growth, 29 and 
summarize our results in Fig. 10.   

The ability crosslink polymer 
layers covalently provides the op-
portunity to use phosphonate and 
other ionic polymer side groups for 
other purposes.  In contrast to con-
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ventional ionic zirconium bisphosphonate (ZP) interlayer linking chemistry, 15-34 where the 
phosphonates are sequestered by metal ion complex formation, we use the side groups of these 
polymer multilayers in their deprotected form35,36 as active sites for metal ion uptake (Figure 3). 

29  Covalent interlayer attachment is accomplished using adipoyl chloride.  To circumvent the 
formation of phosphoesters during layer growth, the phosphonate groups of the copolymer are 
protected by isopropyl functionalities.  After the desired number of layer deposition cycles, the 
phosphonate groups are deprotected using bromotrimethylsilane (BTMS). 35,36  Deprotection and 
hydrolysis renders a multilayer film capable of efficient metal ion uptake.  Exposure of the de-
protected multilayer to ZrOCl2 solution results in rapid metal ion uptake, with ellipsometry, 
FTIR and X-ray photoelectron spectroscopy (XPS) data, each revealing significant changes in 
the multilayer structure after sorption of Zr4+. 29  The experimental data point to essentially irre-
versible uptake of the metal ion, as expected.  Solution phase quartz crystal microbalance (QCM) 
measurements demonstrate the uptake of the Zr4+ is fast, with a steady state loading density be-
ing achieved within seconds of exposure to metal ions in solution. 

Interface Characterization.  In parallel with the development of novel interfacial chemistry, 
we have been active in the characterization of the interfaces we have made.  The focus of the 
characterization is on the mass transport properties and selectivity of these materials, and our 
work to date has been on both spectroscopic characterization and direct measurement of adsorp-
tion isotherms at the gas-solid interface. 
Spectroscopic characterization.  In an effort to understand the structural constraints imposed on 
an interfacial polymer layer by the growth process, we have studied the steady state optical prop-
erties of a MVE copolymer synthesized with alternating azobenzene and phosphonic acid side 
groups. 29  The azobenzene side groups are capable of photoisomerization and the spectral prop-

O

N OO

N

O

O O

H2N

O NH

P1

R

O

Cl
R' NH2+

O

NR
R'

H

R

O

Cl
R' OH+

O

OR
R'

O
R R' OH+

H+
R

OH

O R'

R' NH2+R N C O R
N

O

N
R'

H H

R' OH+R N C O R
N

O

O
R'

H

Crosslinking agent or 
polymer side group

Interlayer 
linkage

(P1 + X1)
(P2 + X5)

(P3 + X3)

(P1 + X2)

(P3 + X2)

(P3 + X1)
(P2 + X5)

X1

X2

X3

Cl
Cl

O

O

N
N

CO
C O

O O

HO
OH

H2N
NH2

X4

X5

Crosslinking agents

P2

O

N OO

N

O

O O

HN O

Cl O

P3

O

N OO

N

O

O O

HO

O O

MVE alternating copolymers (surface bound)

O

N OO

N

O

O O

H2N

O NH

P1

O

N OO

N

O

O O

H2N

O NH

O

N OO

N

O

O O

H2N

O NH

P1

R

O

Cl
R' NH2+

O

NR
R'

H

R

O

Cl
R' OH+

O

OR
R'

O
R R' OH+

H+
R

OH

O R'

R' NH2+R N C O R
N

O

N
R'

H H

R' OH+R N C O R
N

O

O
R'

H

Crosslinking agent or 
polymer side group

Interlayer 
linkage

(P1 + X1)
(P2 + X5)

(P3 + X3)

(P1 + X2)

(P3 + X2)

(P3 + X1)
(P2 + X5)

R

O

Cl
R' NH2+

O

NR
R'

H

R

O

Cl
R' OH+

O

OR
R'

O
R R' OH+

H+
R

OH

O R'

R' NH2+R N C O R
N

O

N
R'

H H

R' OH+R N C O R
N

O

O
R'

H

R

O

Cl
R' NH2+

O

NR
R'

H

R

O

Cl
R' OH+

O

OR
R'

O
R R' OH+

H+
R

OH

O R'

R' NH2+R N C O R
N

O

N
R'

H H

R' OH+R N C O R
N

O

O
R'

H

Crosslinking agent or 
polymer side group

Interlayer 
linkage

(P1 + X1)
(P2 + X5)

(P3 + X3)

(P1 + X2)

(P3 + X2)

(P3 + X1)
(P2 + X5)

X1

X2

X3

Cl
Cl

O

O

N
N

CO
C O

O O

HO
OH

H2N
NH2

X4

X5

Crosslinking agents

X1

X2

X3

Cl
Cl

O

O

N
N

CO
C O

O O

HO
OH

H2N
NH2

X4

X5

Crosslinking agents

P2

O

N OO

N

O

O O

HN O

Cl O

P2

O

N OO

N

O

O O

HN O

Cl O

O

N OO

N

O

O O

HN O

Cl O

P3

O

N OO

N

O

O O

HO

O O

P3

O

N OO

N

O

O O

HO

O O

O

N OO

N

O

O O

HO

O O

MVE alternating copolymers (surface bound)

Figure 10.  Suite of interlayer covalent linking 
schemes using maleimide-vinyl ether alternat-
ing copolymers (P1 – P3) and cross-linking 
agents (X1 – X5).  Several combinations of the 
polymers and crosslinkers lead to stable, con-
trolled multilayer structures, as indicated. 



erties of this chromophore are understood (the cis conformer absorbs at ~240 nm and the trans 
conformer absorbs at ~ 330 nm).  The ability to form multilayers with this MVE polymer rests 
on the energetic balance between the driving force for (ionic) ZP interlayer linkage formation 
and the energy required to isomerize the side groups in their ground state.  Absorption spectros-
copic data on the azobenzene side group show that the density of each layer is the same but the 
ratio of trans-to-cis conformers decreases with the addition of polymer layers (Fig. 11).  These 
spectra show that the layer loading density increases regularly (Fig. 11 inset), despite the change 
in side group conformation.  The driving force for zirconium-bisphosphonate ionic complex 
formation to produce interlayer linkages exceeds the ground state (S0) isomerization barrier of 
azobenzene.  We use this finding to place a lower bound on the strength of the ZP complex.  The 
S0 barrier for the isomerization of azobenzene is ~210 kJ/mol.  We can only estimate the strength 
of RPO3-Zr-O3PR group formation because the literature on the solubility of zirconium phos-
phates and phosphonates is so sparse.  We are aware of a reported value of Ksp = 10-132 for 
Zr3(PO4)4, 37 

4+ 3-
3 4 4 4Zr (PO )     3Zr +  4PO  

but are skeptical of this value because of the difficulties associated with determining such a small 
quantity.  If we assume this value is correct and apply it to the formation of RPO3-Zr-O3PR, with 
a different metal-to-ligand stoichiometry, we can estimate the equilibrium constant for RPO3-Zr-
O3PR formation based on the concentration of free Zr4+.  We infer that Keq = 1044 for the reaction 

4+ 2-
3 3 2Zr   +  2RPO     Zr(O PR)  

and, based on this estimate, ΔG ~ 250 kJ/mol for the formation of the ZP interlayer linkage.  
While there is considerable uncertainty in this estimate, we see experimentally that the formation 
energy of the ZP interlayer linkage exceeds the isomerization barrier for S0 azobenzene. 

Adsorption isotherm measure-
ments.  We have constructed an in-
strument to measure adsorption iso-
therms of vapor phase molecules at 
mono- and multilayer interfaces. 38  
The instrument is comprised of a 
quartz crystal microbalance (QCM) 
mounted in a chamber where the tem-
perature and partial pressure of volatile 
organic compounds can be controlled 
by means of a gas blending system.  
While the mass uptake of the polymer 
layer on the QCM is monitored as a 
function of organic compound vapor 
pressure, the thickness of the polymer 
layer is monitored in situ and in real 
time using an optical null ellipsometer.  
We obtain the mass increase of the in-
terface as a function of partial pressure 
of the (organic) adsorbate and, assum-
ing the density of the adsorbate to be 
that of its bulk phase, we recover ad-
sorption isotherm data of the form 
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Figure 11.  Absorbance of poly(MAB-VEP) as a function of 
number of layers.  The change in 330 nm to 240 nm band 
ratio as a function of number of layers results from confor-
mational changes in the polymer side groups.  Inset:  Inte-
grated concentration from absorbance data (both bands) as 
a function of layers, demonstrating constant layer density. 



shown in Figure 5.  We interpret these data using the BET adsorption isotherm.  The BET equa-
tion relates the adsorbate volume to its partial pressure39 according to: 

(1 ){1 (1 ) }
ml

ads
V czV

z c z
=

− − −
 (1) 

Vads is the volume of the adsorbate, Vml is the monolayer volume, c is a term related to the ener-
getics of adsorption40 and z = p/p* is the normalized vapor phase concentration of the adsorbate. 

( )( )exp des vapc H H RT≅ Δ − Δ  (2) 

The quantity ΔHdes is the enthalpy of desorption of the adsorbate molecule from the surface, 
ΔHvap is the enthalpy of vaporization at the temperature of the experiment, p is the vapor pressure 
of the adsorbate and p* is its saturation vapor pressure.  The term c represents the balance be-
tween the enthalpies of desorption and vaporization, and is thus related directly to the energy of 
interaction.   

Of the polymer interfaces we have characterized, two systems are particularly interesting. 29  
The first is a monolayer of poly(MPA-VEP), (Fig. 12 left), which was designed to have a rela-
tively open structure and to favor interactions with nonpolar adsorbates.  For this system, we find 
that adsorption of hexane vapor yields a much larger monolayer volume (~4700 pL) than metha-
nol (~740 pL), but with weaker interactions for hexane (ΔHads=29.1 kJ/mol) than for methanol 
(ΔHads=35.6 kJ/mol).  These data suggest methanol interacting in a selective manner with the ZP 
functionalities and hexane prefers to interact with the azobenzene side groups.  For both adsor-
bates, there is a clear saturation at high partial pressures, indicating capillary condensation. 40  
The data for poly(3CPM-AVPE) (Fig. 12 right) reveal a constant and relatively small monolayer 
volume for methanol (210 pL) with a higher apparent interaction energy for the bilayer 
(ΔHads=38.5 kJ/mol) than for the monolayer (ΔHads=35.9 kJ/mol).  For this system, the dominant 
adsorbate interaction is with the metallic substrate and the polymer adlayers serve to mediate the 
desorption kinetics of the methanol.  These data provide the first real indication that we can se-
lectively mediate the adsorption and desorption rates from an interface based on its structure 
and thickness. 
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Figure 12.  Adsorption isotherm data for polymer adlayers.  Left:  Adsorption of hexane and methanol into a 
poly(MPA-VEP) monolayer.  Vml for hexane is 6.4 times that for methanol.  Right:  Adsorption of methanol into 
one and two layers of poly(3CPM-APVE).  Vml is the same for both layers, but interaction energy is 7% higher for 
the polymer bilayer. 



 
Literature Cited 

 
1.  Blanchard, G. J.; Krysinski, P. Bioelectrochemistry 2005, 66, 9-21. 
2.  Dominska, M.; Jackowska, K.; Krysinski, P.; Blanchard, G. J. Journal of Physical Chemistry 
B 2005, 109, 15812-15821. 
3.  Dominska, M.; Krysinski, P.; Blanchard, G. J. Journal of Physical Chemistry B 2005, 109, 
15822-15827. 
4.  Krysinski, P.; Blanchard, G. J. Bioelectrochemistry 2005, 66, 71-77. 
5.  Mazur, M.; Krysinski, P.; Blanchard, G. J. Langmuir 2005, 21, 8802-8808. 
6.  Newman, J. D. S.; Blanchard, G. J. Langmuir 2006, 22, 5882-5887. 
7.  Newman, J. D. S.; Blanchard, G. J. J. Nanoparticle Res. 2007, 9, 861-868. 
8.  Mazur, M.; Michota-Kaminska, A.; Bukowska, J.; Rogalski, J.; Blanchard, G. J. Bioelectro-
chemistry 2007, 70, 15-22. 
9.  Dominska, M.; Mazur, M.; Greenough, K. P.; Koan, M. M.; Krysinski, P.; Blanchard, G. J. 
Bioelectrochemistry 2007, 70, 421-434. 
10.  Marcus, R. A. Journal of Chemical Physics 1956, 24, 966-978. 
11.  Marcus, R. A. Journal of Chemical Physics 1956, 24, 979-989. 
12.  Marcus, R. A. Journal of Chemical Physics 1957, 26, 867-871. 
13.  Marcus, R. A. Journal of Chemical Physics 1957, 26, 872-877. 
14.  Martin, S. J.; Granstaff, V. E.; Frye, G. C. Analytical Chemistry 1991, 63, 2272-2281. 
15.  Noel, M. A. M.; Topart, P. A. Analytical Chemistry 1994, 66, 484-491. 
16.  Martin, S. J.; Bandey, H. L.; Cernosek, R. W.; Hillman, A. R.; Brown, M. J. Analytical 
Chemistry 2000, 72, 141-149. 
17.  Newman, J. D. S.; Roberts, J. M.; Blanchard, G. J. Journal of Physical Chemistry B 2007, in 
preparation 
18.  Newman, J. D. S.; Roberts, J. M.; Blanchard, G. J. Analytical Chemistry 2007, in review 
19.  Ruvarac, A.; Milonjic, S.; Clearfield, A.; Garces, J. M. Journal of Inorganic and Nuclear 
Chemistry 1978, 40, 79-85. 
20.  Wang, Z.; Heising, J. M.; Clearfield, A. Journal of the American Chemical Society 2003, 
125, 10375-10383. 
21.  Yang, H. C.; Aoki, K.; Hong, H. G.; Sackett, D. D.; Arendt, M. F.; Yau, S.; Bell, C. M.; 
Mallouk, T. E. Journal of the American Chemical Society 1993, 115, 11855-11862. 
22.  Akhter, S.; Lee, H.; Hong, H. G.; Mallouk, T. E.; White, J. M. J. Vac. Sci. Technol. A-Vac. 
Surf. Films 1989, 7, 1608-1613. 
23.  Guang, C.; Hong, H. G.; Mallouk, T. E. Accounts Chem. Res. 1992, 25, 420-427. 
24.  Kallury, K. M. R.; Macdonald, P. M.; Thompson, M. Langmuir 1994, 10, 492-499. 
25.  Lee, H.; Kepley, L. J.; Hong, H. G.; Akhter, S.; Mallouk, T. E. J. Phys. Chem. 1988, 92, 
2597-2601. 
26.  Lee, H.; Kepley, L. J.; Hong, H. G.; Mallouk, T. E. Journal of the American Chemical So-
ciety 1988, 110, 618-620. 
27.  Putvinski, T. M.; Schilling, M. L.; Katz, H. E.; Chidsey, C. E. D.; Mujsce, A. M.; Emerson, 
A. B. Langmuir 1990, 6, 1567-1571. 
28.  Schilling, M. L.; Katz, H. E.; Stein, S. M.; Shane, S. F.; Wilson, W. L.; Buratto, S.; Un-
gashe, S. B.; Taylor, G. N.; Putvinski, T. M.; Chidsey, C. E. D. Langmuir 1993, 9, 2156-2160. 



29.  Kohli, P.; Rini, M. C.; Major, J. S.; Blanchard, G. J. Journal of Materials Chemistry 2001, 
11, 2996-3001. 
30.  Bakiamoh, S. B.; Blanchard, G. J. Langmuir 1999, 15, 6379-6385. 
31.  Cao, G.; Garcia, M. E.; Alcala, M.; Burgess, L. F.; Mallouk, T. E. Journal of the American 
Chemical Society 1992, 114, 7574-7575. 
32.  Kohli, P.; Blanchard, G. J. Langmuir 1999, 15, 1418-1422. 
33.  Kohli, P.; Blanchard, G. J. Langmuir 2000, 16, 8518-8524. 
34.  Kohli, P.; Blanchard, G. J. Langmuir 2000, 16, 4655-4661. 
35.  Major, J. S.; Blanchard, G. J. Langmuir 2001, 17, 1163-1168. 
36.  Major, J. S.; Blanchard, G. J. Chemistry of Materials 2002, 14, 4320-4327. 
37.  Major, J. S.; Blanchard, G. J. Chemistry of Materials 2002, 14, 2574-2581. 
38.  Major, J. S.; Blanchard, G. J. Chemistry of Materials 2002, 14, 2567-2573. 
39.  Kohli, P.; Taylor, K. K.; Harris, J. J.; Blanchard, G. J. Journal of the American Chemical 
Society 1998, 120, 11962-11968. 
 
 


