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ABSTRACT: Indium tin oxide (ITO) has been extensively used as a transparent conductor. The surface chemistry of ITO is
amenable to reactions similar to those used to modify silica, but a long-standing issue has been understanding the density and
robustness of the ITO surface-modification. We report on the formation of chemically bound Cd**-complexed octadecylphosphonic
acid (ODPA) monolayer formed on a Langmuir trough and deposited using Langmuir—Blodgett (LB) methodology onto an ITO
surface, either in its native form or functionalized with phosphonate (RPO;*"). The organization of the Langmuir monolayer
depends on the pH and presence of Cd*" in the aqueous subphase on which it is formed and on the functionalization of the ITO
surface. We probe the permeability of the resulting LB—support interface electrochemically and the motional freedom characteristic
of chromophores contained within the monolayer using fluorescence recovery after photobleaching (FRAP). Our data demonstrate
that without modification of the ITO surface the monolayer is significantly permeable by the electrophores used (ferrocene and
Ru**), and surface modification to produce covalently bound phosphonate functionality results in a monolayer that is impermeable
to the electrophores. FRAP studies reveal a relatively rigid monolayer aliphatic chain region for deposition on either native or
modified ITO, suggesting direct Cd**—ITO interactions.

B INTRODUCTION known to exhibit a net positive surface charge for pH values
below 6,"® and surface hydroxyl functionality on ITO surfaces

Indium tin oxide (ITO) is a widely used semiconductor 1
is seen only after oxygen plasma treatment.” Despite these clear

because of its combined properties of optical transparency in

the visible region of the spectrum and its relatively high differences, ITO that has not undergone oxygen plasma
conductivity. We have used ITO as a support for interfacial treatment reacts with POCI, in the presence of a Lewis base to
monolayer growth and for control of surface charge in work produce a surface containing phosphonate functionalities.'”*’
with room temperature ionic liquids. In some instances, we Even though the surface reaction chemistry is similar for these
have applied surface modification chemistry to facilitate either two different surfaces, the question remains as to how the
covalent or ionic bonding of molecules to the ITO surface. properties of the resulting interfaces differ. Making a direct

Indeed, there is rich literature on the surface modification of
ITO."™" Empirically, we have found that the chemical
reactions that have been used to modify silica surfaces can
also be used to modify ITO surfaces, but gaining a detailed
understanding of the ITO surface remains to be achieved.
Silica and ITO are distinctly different surfaces, in terms of
chemical functionality. Silica surfaces are known to possess
silanol groups with a density of ca. S gmol/m? and with a pK,
for one subset of those groups of ca. 4.5. At neutral pH, the
silica surface carries a net negative charge. ITO, in contrast, is

electrochemical comparison between ITO and silica is not
possible because ITO is conductive, while silica is a dielectric
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material. Much is known, however, about the silica surface,
including that its morphology is extremely complex and the
distribution of surface silanol groups is not homogeneous.
Rather, the surface silica functionality is seen to exist in
“islands” of ca. 15 nm diameter with narrow regions of lower
silanol density between the islands.”’ Similar morphology has
not been observed, to our knowledge, for ITO. The aim of this
work is to evaluate the properties of surface monolayers
deposited onto ITO, prior to and following its modification
with POCI, in the presence of a Lewis base to produce surface
phosphonate functionality. The amphiphile used to form the
monolayers is octadecyl phosphonic acid (ODPA), performed
on a Langmuir trough and deposited using the Langmuir—
Blodgett (LB) technique.””™>" We construct a series of
monolayer structures deposited onto native and modified
silica and ITO, and in the presence and absence of Cd*" in the
aqueous subphase of the Langmuir trough. The interfaces were
evaluated optically (ITO and silica) and electrochemically
(ITO only). To gauge the permeability of the interfaces, we
used ferrocene and Ru’* to determine the extent to which the
monolayers on ITO were penetrable by the electrophores. Our
findings revealed that when a Cd**-bisphosphonate linkage was
formed to bind the ODPA monolayer to the modified surface,
Faradaic current was not observed for either electrophore.
Further investigation of the extent of organization within the
resulting monolayer interface was performed by incorporating
perylene into the Langmuir monolayer during formation and
evaluating the diffusional properties of the chromophore
within the interface following LB deposition onto the modified
ITO interface. Our data demonstrate that the aliphatic region
of the interface exists as a comparatively viscous fluid, with
chromophore diffusional motion being mediated by the
interchain interactions, organization within the monolayer,
and the mobility of the amphiphile monolayer constituents.

B METHODS

Materials. Octadecyl phosphonic acid (ODPA), CdCl,
RuCl,, ferrocene (Fc), tetrabutylammonium hexafluorophos-
phate (TBAPF,), acetonitrile, 2,4,6-collidine, POCl;, and
perylene were obtained from Sigma-Aldrich in their highest
purity forms and used without further purification. Acetonitrile
was dried over a molecular sieve prior to use. All ODPA
solutions used for monolayer deposition were prepared at a
concentration of 1 mg/mL in tetrahydrofuran (THE). For the
growth of Cd**~ODPA monolayers, CdCl, was dissolved in
Milli-Q_ water at the desired concentration to constitute the
aqueous subphase. Water (18 MQ) from a Milli-Q _filtration
system was used for the subphase in all Langmuir—Blodgett
monolayer growth and deposition cycles. Subphase pH was
controlled with HCI (1 M, CCI, Inc.).

Monolayer Deposition. Films were deposited on glass
microscope cover slides that were coated with indium tin oxide
(ITO) (#1, 22 mm X 22 mm, Alkali Scientific, Inc.). The
resistance of the ITO films is 10 Q/square. All glass substrates
were cleaned by immersion in piranha solution
(1H,0,:3H,S0,; caution: strong oxidizer!) for 10—1S and 1S
min, followed by rinsing with Milli-Q water until the pH of the
rinse was ca. 7. Substrates were stored in Milli-Q water to
minimize adventitious contamination by airborne organic
compounds. For cleaning the ITO-coated supports, a beaker
is filled with Milli Q water and detergent (Fisher Sparklin 1),
and then the support is added and sonicated for 10 min. The
beaker is then rinsed with Milli Q water until the detergent is
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removed, and then filled with only Milli Q water and sonicated
for 10 min. Water is then decanted, and the beaker is filled
with 2-propanol and sonicated for 15 min. The ITO-coated
cover slide is then dried under a flowing stream of N,(g) to
remove 2-propanol. The cleaned cover slide is then submersed
(vertically) into the Langmuir trough.

Phosphonation Reaction. ITO was modified by using a
procedure reported previously.”” The clean surface was
immediately phosphonated by immersion in 100 mM POCI,
and 100 mM 2,4,6-collidine in dry acetonitrile for 1 h, and then
rinsed with anhydrous acetonitrile. Then the modified surface
was stored under Milli-Q water.

Langmuir Film Formation. All Langmuir monolayers
were formed by using a Langmuir trough (KN 2003, KSV
Nima, Biolin Scientific, Gothenburg, Sweden) equipped with a
Brewster angle microscope (BAM) attachment (UltraBAM,
Accurion, Gottingen, Germany) and a platinum Wilhelmy
plate balance for measuring surface pressure. The aqueous
subphase of the trough is temperature controlled, 20.0 + 0.1
°C. The pH of the subphase was measured using a pH meter
with the pH being controlled through the addition of HCI or
NaOH. The ITO/glass substrate is immersed in the trough
prior to application of the monolayer deposition solution.
Approximately 1 h was allotted for subphase equilibration, and
then 70 uL of the ODPA in THF spreading solution were
deposited beneath the subphase surface by using a syringe,
with care taken to ensure the initial surface pressure did not
exceed 0.5 mN/m. Following a 20 min solvent evaporation
period, monolayer compression was initiated at a barrier speed
of 5 mm/min. For monolayer deposition, barrier compression
stopped when the surface pressure reached the desired
pressure of 35 mN/m depending on the experiment. The
barrier position was placed at the desired surface pressure for
ca. 10—15 min to allow for monolayer equilibration. Film
deposition was performed by the vertical removal of the
immersed substrate from the subphase at a rate of 2 mm/min.
Following complete removal from the subphase, the substrate
was maintained above the trough for ca. 30 min to allow any
residual water to evaporate. All experiments were controlled by
using KSV NIMA LB software (version 2.2, Biolin Scientific).
The Brewster angle microscope was controlled with the
UltraBAM 1.1.2 software (Accurion), and the angle of
incidence was set to 53.2° (6 for H,0). Film formation
images were acquired by using Accurion Image 1.1.3 software
(Accurion).

Cyclic Voltammetry Studies. A 25 mL solution of
TBAPF,; (0.1 M) in acetonitrile was prepared, and that
solution was used to prepare a 1 mM solution of ferrocene or 1
mM of Ru’. All of the measurements were done using
TBAPF, as an electrolyte. The working electrode is 1.5 cm
ITO, the reference electrode is Ag/AgCl 1 M from CH
Instruments, and the counter electrode is platinum wire. The
scan rate was 100 mV/s, and the windows varies based on the
solution of studies.

Fluorescence Recovery after Photobleaching (FRAP).
FRAP measurements are made using a Nikon Eclipse Ti-E
inverted microscope equipped with a confocal scanning system
(Nikon Ti-S-CON). A 20X objective lens was used for all
experiments. For perylene, the 405 nm diode laser was used for
excitation (Nikon C2-DU3, 400—700 nm). For all measure-
ments, the initial image intensity was recorded for 1 min and
bleached for 30 s, and the recovery was monitored for a

https://doi.org/10.1021/acs.jpcb.3c02803
J. Phys. Chem. B 2023, 127, 7785-7795


pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c02803?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B pubs.acs.org/JPCB
H;C
© \..PO3H, W PO3H, cd
aoncid H,LO d? s CdH4L+2 ~0
HO™  “PO;H, 4 PO;H,
H;C
’ W PO;H WPO3H
>"\“ T >\ o CdH Lt
1o YPOsH, 3 HO™  “PO;H,
H;C
TN\ POSH WPO;H,
>'\\ } azacid H,L2 >\ (d*Z 0L3C" CdH2L°
HO PO;H 2 PO;H "
H;C R P05
PO B >\\\ o
a}a(: HL—3 [%5) CdHL-
HO "POsH PO;H™”
H;C 5
' P03 . PO cd -2
OO gt L O e @ CdL
HO PO;? PO;
0,7 Cd*~0

Figure 1. Structures of HEDP as a function of protonation (left) and complexation with Cd*" (right).

minimum of 3 min. At least five spots across each plate were
measured in this manner.

B RESULTS AND DISCUSSION

Our long-term interest in complexed monolayer systems lies in
the ability to modify the organization and fluid behavior of the
monolayer reversibly through control over the oxidation state
of the metal ion used in the formation of the monolayer. In the
work reported here, we focus on the formation of metal-
phosphonate and metal-bisphosphonate monolayers with Cd**
as the metal ion. A precursor to being able to control
monolayer morphology reversibly is that the organization,
complexation chemistry, and consequent properties of the
monolayers are well understood. The use of Cd** offers an
opportunity to evaluate the role of ITO surface modification
on the properties of the resulting monolayers. We consider first
the details of monolayer formation on the Langmuir trough as
a function of aqueous subphase pH. We then probe the
permeability of LB monolayers deposited on unreacted ITO
and on phosphonated ITO using two electrochemical probes:
Ru** and ferrocene (Fc). With this information in place, we
then consider the fluid properties of the monolayer on both
native and modified ITO supports.

Before considering the relevant equilibria, it is instructive to
consider the structural framework in which this work exists.
The Talham group has reported previously on ODPA
multilayers where a variety of divalent and trivalent metal
ions have been incorporated.”>">’ They found that the
complexation of the metal ions within the bisphosphonate
multilayers was structurally the same as that for the
corresponding bulk metal bisphosphonate. This structural
information serves as a guide for the structures expected in this
work. Their work also indicated the pH ranges in which the
ODPA-metal ion monolayers were formed. This important
experimental consideration is the result of the competitive
equilibria that operate during the formation of the Langmuir
monolayers and which we consider in detail below.

Relevant Equilibria. The amphiphile used in the
formation of the Langmuir monolayers is octadecylphosphonic
acid, ODPA, and we use Cd** to form complexes with the
monolayer at the interface. Modeling the complexation
requires consideration of the extent to which the phosphonic
acid head groups are dissociated and the extent to which the
Cd** forms complexes with partially and fully dissociated
phosphonic acid headgroups. While there is limited direct
information on the formation constants for this specific system,
there is a model compound that can be used to approximate
the complexation(s) of interest. The model system is
hydroxyethyldiphosphonic acid (HEDP, Figure 1). There
exist data for the complexation of HEDP in its several
deprotonated states. While the structure of HEDP is not the
same as that expected for the complexed monolayer, it does
possess a structure that is closer to that of a plane of
phosphonates than bulk solution phase complexation of Cd**.
With that caveat in mind, we consider the extent of
protonation of HEDP as a function of pH as well as the
extent of complexation of the various forms of HEDP with
Cd*". For the purposes of this discussion, we designate the
various forms of HEDP as H,L°, H;L~, H,L. ™2, HL™>, and L™*
(eq 1),

kqy _ kap _ k, -
HI' S HL + H' S HL? + H S HL® + H'
k,
L+ H (1)
and Cd** can form complexes with each form of HEDP (eq 2).

k k
cd*+r*2 cdr?+ HY @ CdHL + HT

k k
2 CdH,I° + HY 2 CdH, LY @)

Based on these pH-dependent reactions, we can calculate
the a-fractions for each form of HEDP (eqs S1—S7) and for
each Cd—HEDP complex (eqs S8—S14). The a-fraction plots
for the HEDP species and Cd—L complex species are shown in
Figure 2a and 2b, respectively. In these calculations we have
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Figure 2. (a) Acid a-fractions for HEDP as a function of pH and (b) complexation a-fractions for Cd-HEDP complexation as a function of pH.

not included a term for CdH,L** because it is not seen in the
LB and BAM data (vide infra) to contribute and due to the
absence of information available on the formation constant for
this species. The constants k; used in the a-fraction calculations
are given in Table SI. With this information in mind, we
consider the pH dependence of the LB monolayer formation.

Langmuir Monolayer Formation and LB Deposition.
We have formed ODPA Langmuir monolayers and have
examined their organization through their pressure—area (IT—
A) isotherms and Brewster angle microscopy (BAM) images as
a function of aqueous subphase pH and [Cd**]. We present
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these data in Figure 4. The isotherm and microscopy data
provide complementary information about the packing and
morphology of the monolayers. The data reveal a clear pH-
dependent trend, which can be understood in the context of
the a-fraction plots shown in Figure 2 and the corresponding
schematics in Figure 3. These results are consistent with other
reports on ODPA mono- and multilayer formation using
Langmuir films.”>~>’

The isotherm data (Figure 4) show a progression in
functional form that varies in a regular manner with pH. At pH
5.9, the isotherm has liquid-analogous behavior over the entire

https://doi.org/10.1021/acs.jpcb.3c02803
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Figure 3. Schematic of ODPA Langmuir monolayer coordination of Cd** in the vicinity of pH 5.9 (top) and 4.0 (bottom). The schematic is
intended for illustrative purposes only and is not a calculated or measured result.

pressure range, with a decrease in slope at higher pressures. extent of protonation and complexation of the ODPA
The high-pressure region of this isotherm may reflect headgroup can be seen most easily by examination of the a-
compression of individual domains. In the pH range of 4.3 fraction plot (Figure 2), which shows that, at pH S.9, the
to 4.0 there is a progression from predominantly liquid- dominant form of the complex is between two monodeproto-
analogous behavior (pH 4.3) to something closer to liquid- nated ODPA molecules and one Cd*" ion. In the vicinity of pH
condensed (pH 4.2—4.1), to the classic gas-to-liquid-to-solid 4, there are approximately equal amounts of complexation
isotherm with monolayer collapse with decreasing mean between two monodeprotonated ODPA molecules and Cd**,
molecular area (pH 4.0). We attribute this trend to changes and one monodeprotonated ODPA molecule and Cd*". As the

in the extent of complexation between ODPA and Cd*'. The ODPA:Cd** stoichiometry decreases based on headgroup
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Figure 4. Pressure—area (7—A) isotherms of Cd-ODPA Langmuir—

Blodgett monolayers for three pH values of 0.1 mM of CdCl,
subphase. pH Values for each isotherm are as indicated in the legend.

charge, there is more opportunity for amphiphile interactions
in the aliphatic chain region to contribute to the monolayer
structure, and at high pH values, such as 5.9, the cd*
interaction with two phosphonate functionalities dominates
the spacing of the amphiphiles within the monolayer. The
Brewster angle microscopy data (Figure S) are helpful in

Surface pressure (mN/m)

0 35

pH:4.2

pH:4.0

Figure 5. Brewster angle microscopy images of the Cd-ODPA
monolayers corresponding to three different pressures and at three
pH values. The corresponding 7—A isotherms for these images are
shown in Figure 4. BAM data for pH 4.1 and 4.3 are shown in Figure
S1.

understanding nascent organization in these monolayers,
especially at a low pressure. Under gas phase conditions (0
mN/m) there appear to be aggregate structures (dark regions)
that are likely formed based on metal ion coordination. At the
higher surface pressures, the monolayers all appear to be
similar in morphology, and this is not a surprising result,
because any organization in these structures is expected to be
over characteristic length scales below the resolution of the
BAM microscope.

With the Langmuir monolayer formation established, the
next stage in the formation of the interfaces of interest is to
deposit the monolayers onto solid supports by vertical
withdrawal of the support from the Langmuir trough. We
consider the properties of the ODPA monolayers formed
under several different conditions, where the ITO-coated
support either is in its native state or reacted with POCl; and
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H,O to add surface phosphonate functionalities. Comparing
the properties of ODPA monolayers complexed with Cd**
present in the aqueous subphase deposited on native and
phosphonated surfaces will provide insight into the role that
the Cd**-bisphosphonate linkage plays in determining
monolayer properties. We expect that the nature of the
interfacial bond will be substantially different for the two
surface modifications and have interrogated the differences in
these monolayer systems both electrochemically and optically.

Electrochemical Characterization. The issues of extent
of coverage and defect density in monolayers can be examined
electrochemically. We have used two electrochemical probes,
Ru** and ferrocene (Fc), to evaluate their access to the ITO
electrode surface. These two electrochemical probes were
chosen because of their well-known electrochemical properties.
All electrochemical experiments were performed in acetoni-
trile, and 0.1 M TBAPF, was used as the electrolyte. Before
considering the cyclic voltammetry (CV) of Ru** or Fc, we
performed CV measurements on 0.1 M TBAPF; in ACN
(Figure S2). The CVs exhibited Faradaic current only for
solvent reduction for all samples studied. The native ITO
electrodes produced the highest currents, with the Cd**-ODPA
monolayer on native ITO showing an attenuated solvent
reduction wave. The Cd*-ODPA on phosphonated ITO
exhibited a very low non-Faradaic current, consistent with
effective blockage of the electrode surface by the bound
monolayer. No monolayer or electrode constituent produced a
Faradaic response in this potential window. We next
considered the CV data for Ru** and Fc.

The CV data for Ru** are shown in Figure 6 for the same
electrode surfaces used for the TBAPF, data. The CV of
Ru**/3* has been examined extensively and is known to exhibit
a number of redox waves associated with different Ru-oxide
species.”®”” The data shown in Figure 6 are characteristic of
reduction and oxidation processes, and we assign the reduction
feature at +0.40 V to the reduction of Ru®" and the reduction
wave at +0.71 V to the reduction of Ru**. We note that it is
more typical to use Ru complexes with nitrogen heterocycles as
redox probes. Our motivation for the use of Ru** in ACN was
to use a somewhat less bulky electrophore. We have not
characterized the complexation of Ru by ACN, but there is
precedent for coordination of these species.’”” The data show
that the largest currents are seen for the native ITO and
phosphonated ITO electrodes. The Cd**-ODPA monolayer on
native ITO produces somewhat lower current, demonstrating
that presence of the unbound monolayer does not prevent
access of Ru** to the ITO electrode surface. The phosphonated
ITO electrode with a Cd**-ODPA monolayer produces a lower
current, suggesting significant coverage of the ITO surface by
the surface modification. The deposition of a Cd**-ODPA
monolayer on phosphonated ITO reduces the current to the
point where a Ru** reduction wave is barely discernible at a
100 mV/s scan rate, but is seen clearly for a 500 mV/s scan
rate. This result is due to either depletion of Ru®* at the lower
scan rate or disruption of the monolayer organization by the
higher scan rates. The scan rate dependence of these data
(Figure S3) suggest the latter explanation is operative.

The CV data for Fc are shown in Figure 7. Fc is known to be
an ideal reversible redox couple under most conditions, but the
change in oxidation and reduction potentials seen as a function
of ITO surface modification point to either a difference
between the oxidized (charged) form and the reduced
(neutral) form in terms of access to the electrode surface.
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Figure 6. Cyclic voltammogram of the bare ITO (black), phosphonated bare ITO (red), Cd-ODPA monolayer on ITO (blue), Cd-ODPA on
phosphonated ITO (magenta) in 1 mM RuCl; (electrolyte: 0.1 M TBAPF solution). Top: scan rate = 100 mV/s. Bottom: scan rate = 500 mV/s.

Irreversibility has been seen before for Fc, and it has been
understood in terms of the reaction of Fc with CI7,*'™*® and
that is one possible contribution to the observed data. The
presence of Cl™ in our monolayers could be explained by the
way the pH is controlled in the subphase with HCI or the
phosphonation reaction of ITO involves the elimination of CI~
following the initial reaction. For the Cd**-ODPA monolayers,
Cd can associate with CI™ until complexation, leaving displaced
Cl™ present in the monolayer, presumably in the region of the
Cd-bisphosphonate functionality. Despite these possibilities,
we have not observed CI” in the XPS data on any of our
support surfaces (data not shown), and the variation seen in
the data is most likely due to surface modification of the ITO
surface. The Fc CV data indicate that it is capable of
penetrating the monolayer to an extent. For a scan rate of 100
mV/s, Fc Faradaic current is negligible, but it is seen clearly for
a 500 mV/s scan rate. The change in peak separation with scan
rate suggests relatively slow electron transfer at the electrode,
which could be caused either by surface modification or,
possibly, the ITO surface itself. Further investigation will be
required to understand the dominant factor. As for the Ru**
data (Figure 6), these results could be accounted for by either
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Fc depletion at low scan rates or monolayer disruption at
higher scan rates (Figure S4). The data appear to be more
consistent with the latter explanation.

Of particular relevance to this work is the effective blockage
of the ITO electrode for the Cd**-ODPA monolayer deposited
on the phosphonated ITO surface. This finding is consistent
with strong monolayer bonding through the Cd-bisphospho-
nate functionality. The electrochemical data, taken collectively,
point to the deposition of a Cd**-ODPA monolayer on native
ITO not being held in place by any substantial forces, and this
is not surprising. The deposition of the Cd**-ODPA monolayer
on the phosphonated ITO surface results in a relatively
complete and robust coverage of the surface. Divalent metal
ions are thought to form bisphosphonate complexes that are
substantially more labile than those seen for Zr** or Hf****~°
and in most cases M**-bisphosphonates have been seen to be
unstable in aqueous environments.”’ ** Our findings,
especially the effective blocking of access to the ITO electrode
by the Cd**-ODPA monolayer on phosphonated ITO, suggest
that the monolayer is sufficiently fluid to “heal” defects in the
monolayer.

https://doi.org/10.1021/acs.jpcb.3c02803
J. Phys. Chem. B 2023, 127, 7785-7795


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c02803/suppl_file/jp3c02803_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02803?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02803?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02803?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02803?fig=fig6&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c02803?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

800
600
400

[\
S
)

current (UA)
)
S
S o

Fc | 100 mV/s

------- native ITO
-400 —— phosphonated ITO
—— Cd**/ODPA on native ITO
-600 - - - Cd*/ODPA on phosphonated ITO
-800 L M N I S R BT
-02 00 02 04 06 08 1.0 1.2
potential vs. Ag/AgCl (V)
800 | — I I I B L
600 Fc | 500 mV/s
400
f% 200
g 0
g -200
=] native ITO
© -400 —— phosphonated ITO
—— Cd*'/ODPA on native ITO
-600 - - - - Cd**/ODPA on phosphonated ITO
-800 L [P B 1 [

-02 00 02 04 06 08 10 1.2
potential vs. Ag/AgCl (V)
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mV/s.

Chromophore Dynamics within the Monolayers. To
gauge the fluid nature of the Cd**-ODPA monolayer, we have
performed fluorescence recovery after photobleaching (FRAP)
experiments using perylene as a chromophore incorporated
into the monolayer during its formation. FRAP measurements
are used to characterize the diffusion constant of the perylene
chromophore. The interpretation of FRAP data depends on
the nature of the interactions between the chromophore and
its environment, and for the system we consider here, there is
no opportunity for the chromophore to bond to either the
monolayer constituents or the support surface. Using the free-
diffusion model, we fit the FRAP recovery curves (Figures S5—
S7) to established models.*"** The translational diffusion
constant is related to the thermal energy in the system (kT),
the size of the diffusing species (r), and the viscosity of the
monolayer medium (7). We extract Dy from the FRAP data,
and from that information we determine # using eq 3,

kT
= 67Dy 3)

where T = 293 K and the hydrodynamic volume of perylene is
225 A3, yielding a value of r = 3.8 A. We summarize the values
for Dy and 5 in Table 1 as a function of support surface
chemistry and Langmuir through subphase pH (subphase
[Cd*] = 0.1 mM). There are several pieces of useful
information contained in these data. Considering the values
of Dy extracted from the experimental FRAP data, there is a
clear difference in the values for the LB monolayer deposited
on native glass, phosphonated glass, and ITO. We understand
that the interaction of the ODPA monolayer with the glass
support will be weaker than its interactions with either native
or phosphonated ITO, and this difference would lead to a
higher mobility of the amphiphiles and consequently a larger
(and more pH-sensitive) measured diffusion constant. The
reason that we include this information is that, by comparing
FRAP results on glass and phosphonated glass with those on
ITO, we are able to evaluate the contributions of diffusion
from the mobility of the chromophore through the monolayer
and from the mobility of the amphiphiles which comprise the
monolayer. The value of Dy for perylene, which is contained in
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Table 1. Values of Dy and 7 for the LB-Monolayer Derived
from Experimental FRAP Data as a Function of Support
Surface”

Diffusion constant Viscosity
Support Surface Dy (um?/s) 7 (cP)
Native glass pH: 4.1 0.65 + 0.03 870 + 40
Native glass pH: 4.3 0.86 + 0.29 710 £ 240
Native glass pH: S 0.76 + 0.05 750 + 50
Phosphonated glass 0.78 £ 0.25 770 + 260
pH: 4.1
Phosphonated glass 0.28 + 0.09 2120 + 690
pH: 43
Phosphonated glass 0.25 + 0.04 2310 + 390
pH: 5.9
Native ITO pH: 4.2 0.19 = 0.01 3080 + 10
Phosphonated ITO pH: 4.2 0.18 + 0.02 3160 + 260

“For all measurements reported in this Table, [Cd**] = 0.1 mM in the
Langmuir through aqueous subphase.

the aliphatic chain region of the monolayer, is relatively high
and pH-independent for the monolayer deposited on a glass
support. When the LB monolayer is deposited on phospho-
nated glass, Dy for perylene is seen to be the same as that on
glass at pH 4.1, but for monolayers deposited from subphases
with pH 4.3 and 5.9, the measured value of Dy for perylene is
smaller by a factor of ca. 3. We understand these values as
indicating that the measured diffusion of the embedded
perylene chromophore is mediated by both the ability of the
chromophore to move within the nonpolar region of the
monolayer and also the strength of interactions between the
amphiphile monolayer and the support. In other words, it is
the mobility of both the chromophore and amphiphile that
contributes to the observed D for the native glass support and
on the phosphonated support at pH 4.1. For pH values of 4.3
and 5.9, D for perylene becomes smaller because the mobility
of the amphiphiles that comprise the monolayer has been
greatly diminished by the formation of a Cd**-bisphosphonate
linkage. Interestingly, the values for perylene D on native ITO
and phosphonated ITO are the same to within the
experimental uncertainty and are reflective of the amphiphiles
exhibiting very limited mobility. These data imply that the
Cd?" is coordinating strongly to surface functionality on both
the native and modified ITO supports. For the native ITO
support, it is not clear what the nature of the coordination is,
and this question remains to be investigated more thoroughly.

It is instructive to view these results from the perspective of
the extracted viscosity values (Table 1). On native glass at all
pH values examined and in phosphonated glass at pH 4.1, the
apparent viscosity of the LB monolayer is seen to be ca. 750
cP. For the phosphonated glass supports at pH values of 4.3
and $.9, the monolayer viscosity is ca. 2200 cP, and for both
the native and phosphonated ITO surfaces, we recover a
monolayer viscosity of ca. 3100 cP. By way of comparison, the
viscosity of glycerol is ca. 1400 cP at room temperature. The
measured perylene diffusion constants (and thus the calculated
viscosities) depend on the mobility of both the chromophore
and the amphiphiles that form the monolayer.

It is important to compare the results of the electrochemical
characterization to those of the FRAP characterization. The
electrochemical data for both electrophores (Figures 6, 7)
show that the Cd**-ODPA monolayer on native ITO produces
a Faradaic current higher than that for the Cd**-ODPA
monolayer on the phosphonated ITO support. These data
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demonstrate more ready access to the ITO support (electrode)
for the native ITO support, but the FRAP data produce
identical FRAP results with small Dy for perylene in the
amphiphile aliphatic chain region. Taken collectively, these
data suggest a bonding interaction between the native ITO
surface functionalities and Cd** that renders the amphiphile
immobile to an extent similar to that seen for the same
monolayer bonded to the phosphonated ITO support. The
difference between the two monolayers may lie with the
density of the monolayer coverage, although there are many
potential structural issues related to the surface modification of
ITO that complicate efforts to reconcile the CV and FRAP
results. For the native ITO support, there appears to be more
access to the ITO electrode than for the phosphonated ITO
support. Perylene diffusion senses the deposited monolayer
regions but not the extent of monolayer coverage on the
support, while the electrochemical data sense the extent of
monolayer coverage.

B CONCLUSIONS

We have demonstrated control over the pressure—area
isotherms for ODPA Langmuir monolayers through the pH
and [Cd**] of the aqueous subphase, and we understand the
distribution of species contained in the resulting Cd*'-
complexed monolayer through the a-fractions of the multiple
species present in this system. BAM data of these monolayers
support the importance of Cd** complexation on the
formation of the Langmuir monolayer. When these monolayers
are deposited on silica and ITO supports, the extent and nature
of the surface coverage are seen to depend on whether the
monolayers are deposited on native phosphonated supports
and whether Cd** is absent or present in the deposited
monolayer assemblies. Interestingly, comparison of the
electrochemical characterization of the monolayers deposited
on the ITO supports shows that the phosphonated ITO
support produces monolayers that provide very limited access
to the ITO electrode, while deposition of the same monolayer
on the native ITO support leads to greater access to the ITO
electrode. FRAP data for perylene contained in the aliphatic
chain regions of these same monolayers show the aliphatic
chain regions of the monolayers to be essentially identical,
suggesting a strong bonding of the amphiphiles to the ITO
surface through Cd**. The specific functionalities to which the
Cd** binds on the native ITO surface remain to be identified,
but these data demonstrate chemical control over monolayer
properties. It is thus likely that we will be able to establish
electrochemical control over monolayer morphology through
the oxidation state of the metal ion used.
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