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ABSTRACT

MODIFICATION OF METAL PHOSPHONATE MONOLAYERS AND THE EFFECT ON
INTERFACIAL ORGANIZATION AND TRANSLATIONAL DYNAMICS

By
Corbin Livingston

Self-assembled monolayers (SAMs) are used widely for surface modification due to the
range of chemical structures available and the comparative ease of synthesis. In particular, metal-
phosphonate and metal bisphosphonate (MP) films have received attention for several decades.
MP films were first described using zirconium but have since been expanded to include other
metals including many group II metals, first and second row transition metals, and many
lanthanides, with a variety of oxidation states represented. While the structural properties of MP
films have been characterized thoroughly and reported, the dynamics within MP film have not
received much attention. The focus of this dissertation is on determining the surface organization
and translational dynamics of MP monolayers.

Due to the large variability in MP films, modifications of traditional ZP monolayers and
the effects of constituent dynamics are reported here. The effect of metal ion charge and identity
on the metal ion complexation equilibria and exchange kinetics, and surface organization were
investigated. Many reported MP monolayers are formed using an o,m-alkanebisphosphonate,
however this constituent can be easily substituted or modified for a variety of applications.
Reported here is the effect of constituent modification on the constituent exchange dynamics and

consequent translational mobility within MP monolayers.
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Chapter One: Introduction



Self-assembled monolayers are a surface modification that is attractive for many
applications due to the ease of synthesis and versatility of constituents. Langmuir-Blodgett (LB)
films were developed prior to the development of SAMs. While LB films are still used today
and have many benefits, LB films require the use of advanced instrumentation and there are
solvent and solubility limitations. SAMs offer an analogous surface modification, but without the
use of advanced instrumentation, and fewer solubility constraints. In addition, SAMs can be
bound to the support surface by any of several chemical means, all of which are characterized by
a greater binding energy than is achievable with LB films. SAMs are made by the sequential
addition of monolayer constituents, allowing versatility. Self-assembled monolayers were largely
developed in the 1980s and 1990s, with many groups modifying the synthesis and structure to fit
their needs. This made for a robust body work featuring many SAMs that are fully characterized
and easily synthesized.

The work that follows is focused on self-assembled metal-phosphonate and metal-
bisphosphonate monolayers. Initially, MP monolayers were made with Zr(IV). These Zr-
bisphosphonate (ZP) layers are initiated from a phosphate- or phosphonate-terminated surface,
that a metal is then complexed to, followed by exposure to a phosphonate. The use of a,w-
bisphosphonates as layer constituents allows for the formation of multilayer structures in a
stepwise process. Multilayers into the hundreds have been reported, where the metal and then
bisphosphonate steps are repeated until the desired length is reached. Though multilayers are
stable and robust, the focus of this work is on monolayers. The Mallouk and Thompson groups
pioneered much of the early ZP work. ZP layers have been optimized for use broadly as surface
modification agents for specific applications, including small molecule sensing, molecular

recognition applications, polymer coatings, and oligonucleotide microarrays.'> Thorough



structural characterization of ZP films has been reported. Ellipsometric measurements were
consistent with the growth of macroscopically uniform layers where the alkyl chains of the
bisphosphonates are all-trans. Variable take-off angle XPS* has shown that the films exist as
compact layers. X-ray powder diffraction shows a “well-ordered” film with few defects.’ AFM
shows the deposition of a uniform film with roughness of the bisphosphonate monolayer
commensurate with that of the zirconated surface.® Previous members of the Blanchard group
explored the motional dynamics of ZP thiophene oligomer monolayers using time-resolved
spectroscopy. It was found that the bisphosphonate exhibits a ~35° tilt angle and rotational
motion is apparent in ZP monolayers.” The Blanchard group has also further examined the
excitation transfer dynamics within those ZP films and found that the ZP complex acted as an

effective dielectric barrier to inter-layer excitation transport.®°

While the initial focus of metal-bisphosphonate films was Zr(IV), many other MP films
have since been described. Other tetravalent, trivalent, and divalent metal bisphosphonate layers
have been reported in the literature. The ratio of metal: bisphosphonate is 2:1 regardless of the
formal charge on the metal ion.!% ' When the charge on the metal is less than four, the charge is
balanced by protonation of the phosphonate moieties or the addition of counterions.!! It has been
shown that the coordination geometries of monolayers mimic those of the analogous bulk metal
bisphosphonate compound.'? While the structure of MP films incorporating various metals has
been thoroughly investigated, there is little in the literature that addresses the translational
diffusion dynamics that are characteristic of MP films and, specifically, how these dynamics
depend on the metal ion used in monolayer formation.

SAMs are typically compared to Langmuir-Blodgett (LB) films. LB monolayers are

formed on a liquid subphase and subsequently deposited onto a solid support where



physisorption is the extent of monolayer-surface interaction.!* This means monolayer formation
requires the use of a LB trough to form the monolayer and then deposit it onto a surface. SAMs
do not require the use of such dedicated instrumentation for assembly. While LB films rely on
relatively weak interactions between the surface and monolayer, SAMs are chemically bonded to
the surface, either through covalent bonding or metal ion complexation. This structural
distinction influences the properties of each type of film. Here, the focus will be on the fluid
properties of thin films, which will be described using the translational dynamics of the
monolayer constituents.

The diffusion of monolayer constituents within LB films has been previously described
by the Blanchard group.'#!® In that work, phospholipid monolayers were created using the LB
technique and were supported on a phosphorylated glass surface. The translational diffusion
dynamics of LB film constituents was probed using fluorescence recovery after photobleaching
(FRAP) measurements.'* While LB monolayers are physisorbed to the surface, allowing
translational diffusion and covalently bound surface modifications do not allow translational
movement, the metal complexation in MP films offers an alternative to LB films as a medium
exhibiting some translational freedom because the metal ion complexation is an equilibrium
process, where both association and dissociation operate.

Controlling the fluid properties of the MP interface would afford a synthetically simple
surface modification with broad applications from in tribology to chemical sensing. One notable
example is within tribology which is the modification of frictional properties. One common
method for reducing the friction between two solid surfaces is to insert a liquid at the interface.

This is the basic principle for lubrication. However, this is not a suitable solution for many



systems that are friction limited. Employing a surface modification that would act as a liquid at
the interface could be used more broadly and particularly within high precision applications.

MP monolayers offer as surface modification that is easily formed on the benchtop,
highly tunable, and requires limited instrumentation. The overall goal is to determine if MP films
exhibit surface fluidity and if modifications to the monolayers result in increased fluidity. The
research questions for this project are three-fold.

1. Do ZP films exhibit surface fluidity?
How does metal ion charge and identity effect the surface fluidity of MP films?

2. How does end group identity effect the surface fluidity of MP films?

In Chapter 2, the molecular dynamics and organization of traditional ZP films is reported.
An analogous In(IIT)-bisphosphonate monolayers was assembled, characterized, and analyzed in
order to determine how changing the metal ion charge from 4" to 3" affects the translational
diffusion of the monolayer. Chapter 3 focuses on reducing the metal ion charge in MP films to
2*, and also on metal ion identity and how these changes affect the molecular dynamics of the
films. In Chapter 4, modifications of the end group constituent are explored and the effect on

monolayer diffusion.
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Chapter Two: Metal Ion Dependent Interfacial Organization and Dynamics of Metal-
Phosphonate Monolayers



2.1 Abstract

Self-assembled monolayers have been studied extensively due to their relative ease of
synthesis and the broad range of applications for this class of materials. Monolayer-support
interactions can range in strength from physisorption through covalent bond formation, with
consequent variability in the robustness and fluidity of the monolayer. Monolayer-support
bonding by metal ion complexation is especially attractive because of the ability to adjust the
strength of interaction through metal ion identity. For such systems, both the exchange kinetics
and thermodynamics of metal ion-complex formation contribute to the observed properties of the
monolayer. We have synthesized metal phosphate/phosphonate monolayers using Zr*" and In®*
and have evaluated the metal ion dependence of monolayer dynamics for free and bound
chromophores. Our findings reveal significant metal ion-dependent variations in monolayer

dynamics and organization.

2.2 Introduction

Self-assembled monolayers (SAMs) have attracted wide attention because of their ability
to modify the properties of interfaces.!’?° SAMs are characteristically formed using amphiphilic
molecular species and the means of growth and bonding to the surface of the support play
deterministic roles in the properties of the resulting monolayer.!”-1%-21-22 We are interested in the
permeability and fluidity of monolayers because of their importance in chemical sensing and
separations applications, and for their potential utility in modifying the frictional properties of
interfaces. For our intended purposes, the monolayer structures of interest must be relatively
robust. While the formation and deposition of monolayers using Langmuir-Blodgett technology

is well developed and is known to produce highly ordered monolayers, the chemical interactions
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between the support surface and the amphiphile monolayer are not sufficiently robust for many
applications.!> Conversely, covalent bonding of monolayers onto support surfaces renders the
monolayer constituents immobile and therefore of limited utility for our intended purposes. The
formation of monolayers using metal ion complexation to bind the monolayer to the support
surface is somewhat more complex structurally than either physisorbed or covalent monolayers.”
11, 23-28 However, this structural motif has the advantage of being an equilibrium (i.e. dynamic)
system with respect to interactions between the monolayer and the support. In addition, thru
sufficiently high thermodynamic driving force, these SAMs can also be robust. Another useful
property of monolayers formed by complexation is that the monolayer itself is fluid, rather than
solid, resulting in structures that may be characterized by low defect densities.'®

As noted above, the properties of primary interest for our intended applications are the
fluidity and permeability of the monolayer. Monolayers formed using metal ion complexation
chemistry exhibit structures and strength of bonding that depend on the metal ion and
complexing agent(s) used. In this work, we use phosphate-terminated support surfaces and
monolayer constituents containing terminal phosphonate functionalities. The complex of interest
is the phosphate-metal-phosphonate moiety. The equilibrium constants for these complexes are,
in general, not known but are expected to correlate with those of the corresponding metal
bisphosphate structures. What is not generally known for these systems is how the metal ion
coordination with surface phosphate functionalities is affected by the enforced geometric
constraints of the nominally planar support, and association and dissociation kinetics for the
complex.

Metal bisphosphonate SAMs, particularly those using Zr*" and Hf*", are well known and

23-26, 29-31

have been characterized extensively. The synthesis of these monolayers is

11



straightforward and they form relatively stable interfacial assemblies.?®> Despite the extensive
literature on the characterization of the structural properties of these films, including FTIR, XPS,
NMR, AFM, ellipsometry, and crystallographic data on analogous systems and analogous solid
state bulk materials,?* 2% 31-33 there is limited information available on the dynamic properties of
these materials. We have investigated molecular mobility within the aliphatic chain region of
these monolayer structures as a function of the identity of the metal ion used in their formation.
We probe the disorder intrinsic to these monolayer structures resulting from the enforced spacing
between the monolayer constituents. This enforced spacing influences the ability of these
monolayers to function in applications ranging from chemical sensing and separations to surface
lubrication. We use fluorescent probe molecules to investigate the nature of the organic gallery
region of the monolayers and the mobility of the monolayer constituents. The issues of free
constituent mobility and equilibrium association and dissociation dynamics of the monolayer
constituents both play a role in determining monolayer properties. Our data demonstrate that the
monolayer film organization and monolayer constituent dynamics both depend on metal ion
identity. We use fluorescence recovery after photobleaching (FRAP) measurements to quantitate
chromophore diffusional behavior. These data have important implications on the utility of these

materials for chemical sensing and tribological applications.

23 Experimental

Chemicals used:  All water was purified using a Milli-Q purification system.
Concentrated sulfuric acid, 2,4,6-collidine, In(NOs)3-xH>0O, and 1,8-octanediphosphonic acid
were obtained from  Sigma-Aldrich and used without further purification.

Aminiobutylphosphonic acid was obtained from ChemScene and used without further

12



purification. 3,4,9,10-Perylenetetracarboxylic dianhydride was obtained from TCI and used
without further purification.

Metal bisphosphonate monolayer synthesis. Glass or oxidized silicon plates (lcm x
Icm), used as monolayer supports, were cleaned by immersion in piranha solution (Caution!

Strong oxidizer!) for 15 minutes.” The plates were then rinsed with 18 MQ water and immersed

in a 2M HCI solution. The plates were rinsed with 18 MQ water and then with anhydrous
acetonitrile. The surface was phosphorylated by immersion in 100 mM POCI; (Caution! Evolves
HCI when exposed to air, use in a fume hood) and 100 mM 2,4,6-collidine, a Lewis base, in dry
acetonitrile for one hour, then rinsed with anhydrous acetonitrile. The plates were then treated
overnight with 5 mM metal ion solution, ZrOCl> or In(NO3); x H20 in 60% EtOH/ 40% H>O.
The pH was maintained between 2 and 4 using dilute HCI to minimize the formation of metal
hydroxides. After washing with Milli-Q water, the plates were treated with 1.25 mM 1,8-
octanediphosphonic acid in 95% EtOH for one hour. For substrates used to perform FRAP
measurements, the phosphonate solution contained 1 mol% of the chromophore and was added
dropwise to the glass slide until it was covered and allowed to sit open to air for 15-20 minutes

(vide infra, Figure 2-1).

HO\ Yo Ho- p %o Ho- p "o Ho- p >o~,; o 'OA,; o 'oﬂ; o 'o_,; o
O O O O

100mMPOC\
ani hydo s MeCN, 1h '60% H,0: 40% EtOH HO 40% EtOH
oooooo
silica plates

HO_ 0
“oH

Ty

o={ o 0=f o ok o oo 1.25mM
& & & & 95% EtOH, 1h
o o/ o o -

Onp-O Omp-O OmpzO Omp-O
o o o o

Figure 2-1. Schematic of metal-phosphonate monolayer synthesis.
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Tethered chromophore synthesis. N,N’-bis(4-phosphonobutyl)-3,4,9,10-perylenediimide
(BPDI) was synthesized according to the following procedure. 3,4,9,10-Perylenetetracarboxylic
dianhydride (0.157 g, 0.4 mmol) was mixed with 2 equivalents of 4-aminobutylphosphonic acid
(0.1225g, 0.8 mmol), and excess (0.5 g, 7.3 mmol) imidazole was added to a scintillation vial.
The solution was heated to 130°C for 30 minutes, then cooled to room temperature and 10 mL of
equal parts EtOH and 2M HCI was added while stirring. Two equivalents of NaOH solution were
added and allowed to stir overnight. Excess imidazole was extracted with dichloromethane and
water was removed under vacuum prior to lyophilization with toluene.?* A schematic of the
reaction is shown in Figure 2-2. Isolated yield: 34%

"H NMR (500 MHz, D,0): & 7.86 (m, 4H), 7.11 (m, 4H), 3.98 (t, 4H), 2.02-1.28 (m, 12H) 3'P
NMR (202 MHz D»0): § 25.37

Absorption Amax:484nm Emission Amax: 668nm

H
O b ° e
oo L o IO
g . o NN N 2MHCI 2 eq. NaOH RO . N— B
Q O 2 130°C, 15min  EtOH, 1t H,O,rt, 18h OH Q O Ho ©
0 ) o 0

Figure 2-2. Synthesis of N,N -bis(4-phosphonobutyl)-3.4,9,10-perylenediimide (BPDI).

The reaction was performed in imidazole, with no solvent added.

Optical ellipsometry. A spectroscopic ellipsometer (Gaertner) equipped with a 75 W
xenon lamp source and an M-44 detector with an EC110 multiwavelength control module was
used to determine film thickness. All thickness measurements were performed on silicon plates
cleaned with piranha solution (1H>02:3HNO3). This preparation method produces ca. 15 A
oxide film which can be phosphorylated and reacted to produce a monolayer as described above.
A minimum of ten spots across each substrate were measured, the reported values are the

averages of these measurements.
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Fluorescence Recovery After Photobleaching (FRAP). A Nikon C2+ confocal laser
scanning microscopy system with a Nikon Eclipse Ti-E inverted microscope with a confocal
scanning system (Nikon Ti-S-CON) was utilized for acquiring FRAP data. A 20x objective lens
was used for all experiments. The chromophores were excited at 405 nm or 488 nm with a diode
laser (Nikon Lu-N4) and detected using a PMT detector system (Nikon C2-DU3, 400nm-700nm)
(Figure 2-3). For perylene the 405 nm diode laser was used for excitation and for BPDI, the 488
nm diode laser was used. For both the tethered and untethered systems, initial intensity was
measured for 30 sec, bleached for 5 sec, and recovery was monitored for a minimum of 12

minutes. A minimum of ten spots across each plate were measured in this manner.

: Broadband
Diode Laser lluminator
405 nm, 488'Am, 561 nm, 640 nm
Sample
| Pinhole |
P Galvo-
~ scanner

Bandpass
Filters

1

| Confocal Pinhole |

¥

3 PMT
Detector

Read-out

Figure 2-3. Diagram for Fluorescence Recovery After Photobleaching (FRAP) instrument.

2.4 Results and Discussion

One goal of this work is to determine how the use of two different metal ions (Zr*" and

In*") affects the organization and translational dynamics of metal phosphate/phosphonate
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monolayers. We evaluate changes in monolayer packing and organization through optical
ellipsometry and translational diffusion measurements of a free chromophore, perylene, within
the monolayer. To evaluate the dynamics of the monolayer constituents, we measure the
translational diffusion behavior of a tethered chromophore, BPDI. We evaluate the information
content of these measurements prior to considering how that information collectively informs our
understanding of these monolayers. We selected the two metal ions Zr** and In** because of the
requisite differences in their bonding to the phosphate or phosphonate functionalities both on the
support and from the monolayer constituents. Zirconium-bisphosphonate (ZP) monolayers have
been studied extensively but a clear understanding of the dynamics that characterize these films
remains to be established. Indium bisphosphonate monolayers, in contrast, have received
comparatively little attention but provide a comparison to the ZP monolayers using a trivalent
metal ion.

Optical Ellipsometry. For any MP film, monolayer coverage, uniformity, and order can
be challenging to evaluate, especially for monolayers grown on insulating supports such as silica.
Ellipsometric measurement of film thickness can at least provide some of the information. For
structures that terminate growth at one monolayer, such as those reported in this work,
comparison of the measured film thickness to monolayer constituent dimensions can provide an
estimate of monolayer coverage (Figure 2-4a). For a Cg bisphosphonate monolayer bound to the
phosphate-modified support through Zr*" coordination, we estimate the layer thickness to be ca.
23 A based on molecular mechanics calculations. Experimentally, the ZP monolayer is found to
be 20 = 1 A and for the InP monolayer 19 + 1 A. Due to the similar ionic radii of Zr*" and In*",
0.72 A and 0.80 A respectively, the assumption can be made that the films should have the same

thickness.® The thicknesses obtained experimentally for both films are consistent with
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monolayer coverage. Samples of the films were left in water for four days in order to determine
the long-term stability. Ellipsometric measurements were taken after the films were left in water

for four days with the ZP monolayer being 20 + 1 A and the InP monolayer 20 + 1 A thick.

d
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Figure 2-4. (a) Metal-bisphosphonate monolayers on silicon used to determine film
thickness. (b) Idealized representation of Zr-bisphosphonate sheets with estimated layer

length.?

Metal-phosphonate 2-D adlayers have been found to exhibit coordination geometries that
correspond to analogous 3-D bulk inorganic species.”> This has been shown to be true with

various metal ions across different charge states, including di, tri, and tetravalent metal-
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phosphonates. Previous crystallographic studies have shown that divalent, trivalent, and
tetravalent metal phosphonates exhibit similar solid-state geometries and are composed of a 1:2

metal to phosphonate ratio,!!- 3

where either the details of the coordination or the presence of
counterions will vary with metal ion oxidation state. Zirconium phosphates/phosphonates are
characterized by Zr atoms in a plane with phosphate/phosphonate functionalities above and
below the metal ion plane, and the phosphate/phosphonate R group nominally perpendicular to
the metal ion plane. In multilayer structures, the distance between the Zr sheets is determined by
the length of the R group (Figure 2-4b).3’

While zirconium phosphates/phosphonates have been studied extensively,>’° indium
phosphonates have received less attention. Group 13 phosphate/phosphonate chemistry often
focuses on Al and those utilizing In are focused on developing cage-like structures.*4? We use
long aliphatic chains and synthesize the In-phosphonate complexes on a planar support, both of
which prevent the formation of cage-like structures. One lamellar In(IIT) phosphonate found in
the literature is In(O3PCeHs)-(O2P(OH)CeHs)-H,0.# The structure was determined by XRD,
TGA, and FTIR. It was determined that the compound exists in sheets similar to other metal
phosphonates, and the mix of monoprotonated and deprotonated phosphonate oxygens is
consistent with that seen for other trivalent metal phosphonates, including Y3*% 4 These
similarities to other M(III)-phosphonates lead to the conclusion that InP monolayers will have
similar coordination geometries to those in the bulk inorganic species. Another molecular
indium phosphonate has been isolated which features an octahedral In center, two waters at the
equatorial positions with the phosphate coordinating in the axial positions, and one equivalent of
ClOy4 in the unit cell.** Zr phosphonates do not incorporate an anion and the addition of one

equivalent of NO3™ in our In(III) phosphonate may play a role in the increased thickness of the
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InP adlayer we report here. Y** has been reported as used to form metal-bisphosphonate
multilayers with Zr*" and Hf*". In this study the multilayer was stable despite the use of a
trivalent metal, showing that trivalent metals form layers analogous to tetravalent metals.*

Chromophore diffusion in the monolayer. Organization within the monolayer is not
reflected clearly in the vibrational spectra of the aliphatic chain region. This is because the
interchain spacing is determined by the separation between phosphate functionalities on the
support surface and does not rely as significantly on interchain interactions as is the case for
alkanethiol/Au and other highly organized monolayers.***° An alternative means to evaluate the
monolayer properties is to characterize the diffusional behavior of a nonpolar chromophore
within the monolayer aliphatic chain region. Rapid diffusion implies significant freedom as a
consequence of relatively poor organization of the constituents within the monolayer. Slow
diffusion implies restricted motion due to confinement, or at least the absence of void or fluid
regions within the monolayer. The quantity of interest is Dr, the translational diffusion constant,
which can be related to the effective viscosity, 1, of the medium.

Chromophore translational diffusion is measured using fluorescence recovery after
photobleaching (FRAP). FRAP is a well-established technique and there are a number of models
available for interpretation of the results. For diffusion in two-dimensional systems, there are
three limits in which FRAP data are considered. These are (1) for a chromophore confined
within the layer but not chemically bound to layer constituents, (2) for a chromophore bound to
the adlayer in some manner where exchange between the bound and unbound state is fast relative
to diffusional motion, and (3) for a chromophore bound to the adlayer where the nature of the

bonding is either covalent or exhibits exchange kinetics that are slow on the time-scale of
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diffusion within the layer. The first order of business is to determine the limiting cases that are
appropriate for the experiments we report here.

Free chromophore diffusion. For perylene diffusing in a metal phosphonate adlayer
(Figure 2-5), there is no bond between the chromophore and the adlayer, so limit (1), or free
diffusion applies. We have also synthesized a perylene derivative, BPDI (vide infra), that can
participate in metal phosphate/phosphonate bonding and the central question is whether the
time-scale for site-exchange for the “tethered” chromophore is short or long relative to the time-
scale characteristic of diffusion of a free species in the adlayer. If the chromophore exchange

rate is slow relative to free chromophore diffusion, then the recovered diffusion constant is
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Figure 2-5. Model of a metal-bisphosphonate monolayer with perylene on a glass

substrate.
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Figure 2-6. Plot of time (s) vs. relative intensity. These data were obtained from a single
FRAP experiment with perylene. Recovery curves do not show 100% recovery due to the
photodegradation of the chromophore overtime. Grey squares represent residuals for each

recovery curve.
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In order to extract diffusion constant information from our data (Figure 2-6), we apply a
double normalization, to account for the photobleaching that is used to characterize the
diffusional behavior of the chromophore, and also to account for the slower, overall

photobleaching process associated with fluorescence imaging.

Upap @) L, () Tpon,

min
(Ipre FRAP Ipre ref) Ibleach

Lo (1) (1

For each FRAP measurement, two regions are selected, one for the FRAP measurement, and one
as a reference region where photobleaching is not performed. The signal components shown in
Eq. 1 are as follows. I.o-m(?) is the normalized fluorescence recovery after photobleaching signal,
Irrap(t) and L.4(t) are the time-dependent fluorescence intensities acquired for the photobleached
and reference regions, Ipeqch™” is the lowest signal intensity in the FRAP measurement, Ipjeqch™"
= Irrar(0)-1/(0), and the intensities lyre-rrap and Ilyr.rer are the fluorescence intensities in the
selected regions prior to the photobleaching event.

Raw FRAP data were normalized using Eq. 1. The translational diffusion constant (Dr) was
found by fitting the normalized FRAP data to Eq. 2a,’° where Iy and I; are modified Bessel
functions of the first kind (Eq. 2b). The resulting fit yields the time constant tp, which is related

to Dr according to Eq. 3, where o is the radius of the photobleached spot.'¢

f@) exp 2 ,/t 1,2/t I 2./t (2a)
1 (" j *
I,(x) = —f e*c0s0 cosafdh — Sm(mf g Xcosht—at q¢ (2b)
2
D, — 3)
D
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The resulting fits of the normalized experimental data yield values of Dt shown in Table 1. The
results show that Dr in the Zr-bisphosphonate film is a factor of two slower than it is in the In-
bisphosphonate film, and, from these data we can estimate the effective viscosity of the films

using the Stokes-FEinstein equation,

4

Where kgT is the thermal energy (7' = 293 K), r is the radius of the diffusing molecule and 1 is

the viscosity of the medium. The hydrodynamic volume of perylene is 225 A3, yielding a value

of r=3.8 A. As a comparison, the viscosity of glycerol is ca. 1410 cP at room temperature.®'

Table 2-1. Translational diffusion constants (DT) for metal-bisphosphonate monolayers

with an untethered chromophore (perylene). Viscosity values are determined using Eq. 4.

Surface Dr (um?/s) n (cP)

Zirconium-bisphosphate 0.31+0.10 1810 + 584

Indium-bisphosphate 0.63+£0.17 895 + 242

These diffusion constant data for the free probe demonstrate that the monolayers both
behave effectively as viscous liquids, and there are two potential contributions to this behavior.
The first is the intermolecular interactions within the monolayer that serve to impede the
diffusional motion of perylene, and the second is the extent to which the association/dissociation
equilibrium of the metal bisphosphonate linkage mediates mobility in the monolayer films.
These two contributions can be separated to some extent through the use of a tethered

chromophore.
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Tethered chromophore diffusion. To evaluate the contribution of interface association
and dissociation dynamics to the properties of the interfaces, we have used a chromophore that is
capable of participating in the same equilibrium as the monolayer constituents (Figure 2-2). The
tethered chromophore BPDI contains terminal phosphonate functionalities and is similar in
length to 1,8-octanedisphosphonic acid, the bisphosphonate used in the metal-bisphosphonate
monolayers.>* The modified perylene chromophore also has a sufficiently high fluorescence
quantum yield to be useful for FRAP measurements. We schematize in Figure 2-7 the
monolayer structures containing the BPDI chromophore for both ZP and InP linking chemistry.
The FRAP data for these monolayers are shown in Figure 2-8, and it is clear that the functional
form of the recoveries shown for BPDI is very different than that seen for perylene in the
analogous monolayers. This is not a surprising result, and the data for the two chromophores

must be treated in the context of related but different models.

o P o OH
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o o o A o o o 3
ZI’4+ ZI’4+ Zr4+ |n3+ |n3+ |n3+
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Figure 2-7. Model of metal-bisphosphonate with BPDI on a glass substrate.
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The treatment of FRAP data for BPDI requires consideration of the relative rates of
interfacial association and dissociation and translational diffusion. If the association and
dissociation kinetics are fast relative to the time-scale of molecular motion, then the observed
translational diffusion will resemble that seen for the free chromophore. If the association and
dissociation kinetics are very slow relative to translational motion, then the FRAP response is
observed to be independent of FRAP spot size. Neither of these limiting cases obtain
experimentally. The FRAP decay data shown in Figure 2-8 are consistent with contributions
from the signal from both translational diffusion and association and dissociation from the

interface. Under these conditions, the FRAP decays are modeled using the full reaction-

diffusion model (Eq. 4).3?

1 1 P;q k:n Beq
f@ L — 1 2K, (g ), (g ) 1
p P p ky, P ky
. 1/2
k
t p off
k:}’l kU}’l m

Where p is the Laplace variable that inverts to yield time, L' indicates the inverse Laplace
transform of the function contained in brackets, ® is the radius of the bleached spot, [m]
represents the concentration of available metal ion bonding sites, and the terms K; and I; are
modified Bessel functions. The terms Fe, (equilibrium free concentration) and B, (equilibrium

bound concentration) are related to k", and ke by

Eq B eq 1
F k()ﬁ‘ ’ B k:n (5)
! kon kqﬁ' ! k(m kqﬁ’

Fitting the data in Figure 2-8 to Eq. 4 yield values for k,," and ko shown in Table 2.
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Table 2-2. Translational diffusion constants (Dt) for metal-bisphosphonate monolayers

with a tethered chromophore, BPDI.

Surface Dr pum?/s Kon" Kofr
Zirconium-bisphosphate 0.49 £0.22 (1.3£0.4)x 10 (8.6£2.7)x 10*
Indium-bisphosphate 0.52+0.11 (6.8+1.4) x 107 (2.8£1.9)x 10*

The values of Dt for BPDI in the ZP and In-P films are the same to within the
experimental uncertainty, but the values of kon™ and kofr are different. This finding is important
because it speaks to the similar structural properties of the two films as determined by the
overlap in Dt values, but differences in kon* and kofr represent a difference in the exchange
dynamics. This is not necessarily surprising because in both cases the film density is mediated
by the density of phosphate functionality on the support.

It is also important to compare values of Dt from the free chromophore to those for the
bound chromophore. The values are slower by a factor of ~ 2 for the ZP system to ~3 for the In-
P system. These differences reflect not only the relative importance of equilibrium binding and
translational diffusion in determining the properties of these films, but also, they suggest that the
surface binding dynamics of the organophosphonates are similar for In and Zr.

2.5  Conclusions

While there is significant difference between the ZP and InP monolayers with an
untethered chromophore, this difference is not seen for diffusion of a tethered chromophore in
the same films. Perhaps of equal significance is the finding that Dr is of the same magnitude for

both free and tethered chromophores. It is possible that in addition to metal phosphonate
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binding, the polar upper terminus of the BPDI interacts with the phosphonate functionalities at
the top of the monolayer. Such interactions would not be experienced by perylene and may
account in part for the similarity of the BPDI Dr values in the two systems. The main
differences between these two surfaces are the charge on the metal ion and, possibly, the packing
density. In*" has a lower charge and what appears to be a higher packing density, although the
details of the packing density may be influenced by the details of the metal ion coordination to
the phosphate/phosphonate functionalities. In both cases the films are seen to behave as viscous
fluids, as sensed by film constituents. These findings provide useful insight into the potential

utility of metal-phosphonate monolayers and similar films.
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Figure A2-1. Structure of tethered chromophore BDPI.
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Chapter Three: Translational Diffusion Dynamics in Divalent Metal Phosphonate
Monolayers
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3.1 Abstract

Self-assembled monolayers are attractive for surface modification due to their ease of
synthesis and the range of chemical functionality that can be applied. Metal-phosphonate
monolayer properties can be controlled through the metal ions that can used in their formation.
The organization and fluid properties of these monolayers can be understood in the context of
their thermodynamic properties and the association and dissociation kinetics that proceed at the
metal-phosphonate complex. In this work four different M(II)-phosphonate monolayers were
synthesized, and the diffusional behavior of free and tethered chromophores was evaluated using
fluorescence recovery after photobleaching (FRAP) measurements.
3.2  Introduction

Mono- and multilayer molecular films have been studied extensively because of their
potential utility in a range of applications and because they are a useful structural motif for the
study of fundamental processes in a quasi two-dimensional format. Using such structures, it is
possible to modify interfacial properties, such as polarity or chemical reactivity, significantly.
Applications such as lubrication (tribology) and chemical sensing have been the beneficiaries of
fundamental developments in interfacial mono- and multilayer systems.!'® 20- 21. 3. 34 Interfacial
monolayers can be classified based on the nature of their interaction(s) with the support on which
they are deposited. Langmuir-Blodgett monolayers are typically physisorbed to the support and
alkanethiol-coinage metal interfaces are chemically bonded, with the strength of the bond being
somewhat less than a typical covalent bond. Modification of surfaces using siloxane bonding
produces fully covalently bonded structures,'> >>-¢0 and metal-bisphosphonate interfaces rely on
metal ion complexation chemistry to form. This latter group of materials has proven to be of

particular interest because of their relative ease of formation and the ability to control the
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monolayer-support interactions through the identity of the metal ion used. Zr(IV) and Hf(IV)
bisphosphonate films have been studied extensively because of the thermodynamics of the

6, 23, 24, 61-68

resulting metal bisphosphonate complex. Free energies of formation for these

tetravalent metal complexes are in excess of -60 kcal/mol.®® Divalent metal ions have also been
studied, including Co(II), Ca(Il), Mg(II), Ni(II), Zn(II), and Mn(II).?* 2’ Not surprisingly, the
resulting metal bisphosphonate films are bound less strongly than those formed using tetravalent
metal ions, resulting in useful physical properties for certain applications.

We are interested in controlling the fluid properties of interfacial mono- and multilayer
structures. As noted above, the two limits of monolayer fluidity are well established; Langmuir
Blodgett monolayers are physisorbed and consequently the monolayer constituents are expected
to exhibit translational mobility. In contrast, covalently bound adlayers do not exhibit
translational freedom. Using metal ion complexation is attractive as a means of monolayer
bonding because it is an equilibrium process and, in addition to dissociation and diffusion, there
is the opportunity to control the free energy of bonding and potentially the translational freedom
of monolayer constituents. The examination of constituent freedom in monolayers is best
accomplished through the direct measurement of translational diffusion of monolayer
constituents and moieties incorporated into but not bonded to the monolayer.'¢

Here the translational dynamics of MP monolayers featuring a 2* metal ion are reported.
Co(Il), Ca(II), Mg(II), and Ni(II) were used. These four MP monolayers have been previously
described and feature a mix of group II and transition metals. Using more than one divalent
metal allows for the determination of the effect of metal identity on the surface fluidity as well as
decreasing the charge. The translational dynamics will be compared to ZP and indium

bisphosphonate (InP) monolayers there were previously described to determine the effect of
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metal ion charge on these systems. Changing the metal can result in a number of different
surface changes including a change in the metal ion complexation dynamics between he metal
and the phosphonate groups, but also a change in packing density and film organization, all of
which could impact the translational dynamics of the monolayer constituents.

Fluorescence recovery after photobleaching (FRAP) is the technique tbat was used to
measure translational diffusion in the systems we consider here. Metal ion-dependent variation
in the diffusional behavior of monolayers provides insight into the kinetics of metal
bisphosphonate dissociation and the diffusion of chromophores not tethered to the monolayer
provides insight into organization within the monolayer. Both are described here with four
different MP monolayers formed using divalent metal ions.

3.3  Experimental

Chemicals used: Concentrated sulfuric acid, 2,4,6-collidine, CaCl;, CoCly 6H,0,
NiCl,-6H>0, octanoyl chloride, POCls, perylene, and 1,8-octanebisphosphonic acid were
obtained from Sigma-Aldrich in their highest purity forms and used without further purification.
MgCl>-6H>0 (99%) was obtained from CCI Chemical and used without further purification. All
water was purified using a Milli-Q purification system. N,N’-bis(4-phosphonobutyl)-3,4,9,10-
perylenediimide (BPDI) was synthesized as previously described.”®

Metal bisphosphonate monolayer synthesis. Piranha solution (Caution! Strong oxidizer!)
was used to clean glass or oxidized silicon plates (Icm x lcm) that were used as monolayer
supports. Plates were immersed in piranha solution for 15 minutes. The plates were then rinsed
with 18 MQ water and immersed in a 2M HCI solution for 5 minutes. The plates were rinsed

with 18 MQ water and then with anhydrous acetonitrile. The surface was immediately

phosphorylated by immersion in 100 mM POCI3; and 100 mM 2.4,6-collidine in dry acetonitrile
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for one hour, then rinsed with anhydrous acetonitrile. The plates were then treated overnight
with 5 mM metal ion solution, CaCl,, CoCl>-6H>0, NiCl-6H,O, MgCl>-6H,0, ZrOCl,, or
In(NO3); x H20.” 3 For reasons of solubility, 100% ethanol was used as the solvent for all
solutions using M?* salts and a 60% EtOH/ 40% H>O solvent mixture was used for Zr(IV) and
In(IlN).2”  After washing with Milli-Q water, the plates were treated with 1.25 mM 1,8-
octanebisphosphonic acid in ethanol for one hour. The pH of all metal ion-containing and
phosphonate-containing solutions was maintained between 2 and 4 using dilute HCI to minimize
the formation of metal hydroxides. For substrates used to perform FRAP measurements, the

phosphonate solution contained 1 mol% of the chromophore (vide infra, Figure 3-1).
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anhydrous MeCN, 1h EtOH
overnight
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Figure 3-1. Schematic of MP monolayer synthesis.
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Covalent phosphonate monolayer synthesis. As a control, a monolayer was formed by
covalent bonding rather than metal ion complexation. This monolayer was prepared as described
above to functionalize the support surface with phosphates. The resulting surface was then

treated with 1.25 mM octanoyl chloride in pyridine overnight to produce the monolayer shown in

AR
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Figure 3-2. Schematic of phosphonate monolayer synthesis.

Optical ellipsometry. A spectroscopic ellipsometer (Gaertner) equipped with a 75 W
xenon lamp source and an M-44 detector with an EC110 multiwavelength control module was
used to determine film thickness. All thickness measurements were performed on silicon
supports cleaned with piranha solution (1H202:3HNO3). This preparation method produces a ca.
15 A oxide film which can be phosphorylated and reacted to produce the monolayers described
above. A minimum of ten spots across each substrate were measured and the reported values are
the averages (and standard deviations) of these measurements.

Fluorescence Recovery After Photobleaching (FRAP). A Nikon C2+ confocal laser

scanning microscopy system with a Nikon Eclipse Ti-E inverted microscope with a confocal
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scanning system (Nikon Ti-S-CON) was utilized for acquiring FRAP data. A 20x objective lens
was used for all experiments. The chromophores were excited at 488 nm with a diode laser
(Nikon Lu-N4) and detected using a PMT detector system (Nikon C2-DU3, 400nm-700nm). For
perylene the 405 nm diode laser was used for excitation and for BPDI, the 488 nm diode laser
was used. For both the tethered (BPDI) and untethered (perylene) systems, initial intensity was
measured for 30 sec, bleached for 5 sec, and recovery was monitored for a minimum of 3
minutes for the untethered systems a minimum of 12 minutes for systems with a tethered
chromophore. A minimum of ten spots across each monolayer were measured in this manner.
3.4  Results and Discussion

In this work we focus on the use of divalent metal ions rather than tri- and quadrivalent
metal ions. Our interest in the use of divalent metal ions stems from the comparatively weak
bisphosphonate complexes formed. The equilibrium constant for these complexes is the ratio of
the association rate constant and the dissociation rate constant. Depending on which of these rate
constants is the dominant cause of change in the equilibrium constant, we may observe either a
significant change or not in the diffusional behavior of the tethered chromophore BPDI.
Similarly, we anticipate that the organization and intermolecular interactions of the monolayer
constituents will determine the diffusional behavior of the free chromophore perylene. Taken
collectively, these data will provide insight into the structural and compositional factors that
influence monolayer properties to the greatest extent and will guide subsequent developments for
specific applications.

The diffusional dynamics of In(Ill)-bisphosphonate and Zr(IV)-bisphosphonate
monolayers have been reported previously.!! In that work, we found that the dynamics of

tethered chromophores are similar for the two metal-bisphosphonate monolayers, suggesting that
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the metal-phosphonate dissociation constant is mediating diffusional motion. ~While the
diffusion constant for the tethered chromophore was similar, the diffusion constant for the free
probe differed significantly for monolayers formed with the two metal ions. We have chosen to
use divalent metals to determine whether metal-phosphonate dissociation is likewise limiting for
these monolayers. We have selected Mg(Il), Ca(Il), Co(Il), and Ni(II) for this work. Metal-
phosphonate monolayers have been reported before previously for each of these metal ions, and
the use of group II metals and transition metals allows for a broad comparison to be made.
Optical ellipsometry is a useful method to determine the thickness of the MP monolayers
and, simultaneously to verify that they have been formed on the support surface. For all of the
monolayers examined here we expect a thickness of ca. 20 A based on molecular mechanics
calculations of the species used in monolayer formation (23 A) and a non-zero tilt angle with
respect to the support surface normal. The ionic radii of Mg, Ca, Co, and Ni are sufficiently
close to one another that ellipsometric thicknesses are not expected to depend on the identity of
the metal ion used.’® The experimental results are shown in Table 3-4-1. We note that the
observation of a thickness consistent with a single monolayer is not proof of uniform monolayer
coverage but does rule out the presence of extensive multilayer formation or substantially sub-
monolayer coverage. To evaluate the long-term stability of the formed monolayers,
ellipsometric measurements were taken after samples of each of the films was immersed in DI
water for ca. 96h. In all cases there was no change in the ellipsometric thickness exceeding the

experimental uncertainty (Table 3-1).
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Table 3-1. Thickness measurements from ellipsometric measurements.

Surface thickness Ionic radius of M(II) thickness after 96h in
(A) (A) H20 (A)

Ni(II)- OsP-CgH16-POsH 19+1 0.55 201

Mg(II)- O3P-CsHi6-POsH 20+ 1 0.57 20+ 1

Co(II)- O3P-CsH16-POsH 20+ 1 0.78 20+ 1

Ca(II)- OsP-CsH16-POsH 20+ 1 1.00 201

While the focus of this study is on metal-phosphonate monolayers, analogous metal-
phosphonate inorganic compounds have been studied and the coordination geometries of the
bulk species have been shown to correspond to that seen in MP monolayers.” The literature
shows that MP films exhibit at 1:2 metal-to-phosphonate ratio,'® ! regardless of the formal
charge on the metal ion (I, IIl, or IV). Incorporation of counterions and protonation of the
phosphate or phosphonate group(s) is required for macroscopic charge neutrality.!!

Chromophore diffusion in M(Il)-bisphosphonate monolayers. To evaluate the extent of
organization within the MP monolayer, we measure the translational diffusion of a chromophore
within the aliphatic region of the M(I[)P films. The translational diffusion constant, Dr, is
measured for chromophores in the M(I[)P films using FRAP, and Dr is related to the effective
viscosity of the monolayer through the Stokes-Einstein relation. A comparatively large value of
Dr implies a low viscosity, which corresponds to a low degree of intermolecular order or
organization within the monolayer. Conversely, small Dt values imply a relatively high
viscosity within the monolayer, a condition associated with strong intermolecular constituent

interactions and potential order within the monolayer.
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FRAP is a widely used technique to characterize diffusion in thin films and other
comparatively confined quasi-2D systems, such as plasma membranes.”! Because of the range
of systems that have been studied by FRAP, there are a number of different models extant for the
extraction of information from the data. In this work we utilize the well-established Soumpasis
model® in two limits for the characterization of free and tethered chromophores in the
monolayers we consider. For free chromophore diffusion, the diffusing species is not chemically
bonded to the monolayer but is confined within the nonpolar aliphatic region of the monolayer.
For tethered diffusion the chromophore is functionalized such that becomes a structural
component of the monolayer, bound by the same metal ion complexation that is responsible for

the formation of the monolayer.'®>" We consider these two systems separately.

'O\FI;.:O 'O\}';’,O -o\F',:O 'O~|'l>$o

Figure 3-3. Perylene incorporated in a MP monolayer. The protonation of the oxygens
involved in metal binding depends on charge balance and for the sake of clarity are shown
unprotonated here.

Free chromophore diffusion. For these experiments we use the chromophore perylene
(Figure 3-3). The choice of perylene is driven by the fact that it is insoluble in water but
incorporates readily into the nonpolar aliphatic chain region of the monolayers we consider here.

Perylene is not chemically bonded to any constituent within the monolayer and can diffuse freely
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within the aliphatic chain region. FRAP data exhibit rapid photobleaching of selected regions
when exposed to intense radiation, and comparatively slow photobleaching of the chromophore
under conditions of low intensity irradiation used for purposes of observation. Because both
phenomena contribute to the overall FRAP signal, the raw time-dependent intensity data are

normalized according to Eq. 1. Data treated in this manner are shown in Figure 3-4.

Ly @) L, (@) Ly,
oty e L O L n
Ipre FRAP Ipre ref Ibleach

The FRAP measurement consists of selecting two regions of the same size, one of which
is photobleached and the other which serves as a reference region. The quantities in Eq. 1 are
defined as follows. I.m(?) is the normalized fluorescence recovery after photobleaching signal,
Irrap(t) and L.q(?) are the time-dependent fluorescence intensities acquired for the photobleached
and reference regions, respectively, Ipeacr™” is the lowest signal intensity in the FRAP
measurement, Ipeach™ = Irrapr(0)-Le(0), and the intensities Iyerrap and ILyerer are the
fluorescence intensities in the selected regions prior to the photobleaching event. The functional
form of the normalized recovery signal is given by Eq. 2 and is determined by the intermolecular

interactions that mediate chromophore diffusion within the monolayer.
I, () exp 2./t 1,2/t I 2]/t (2)

The quantity of interest is the translational diffusion constant (Dr), which is extracted
from the data by fitting the experimental Lo-m(?) data to Eq. 2.5° In Eq. 2, the terms [ and I; are
modified Bessel functions of the first kind and the term tp is related to Dr and the radius of the

photobleached region (Eq. 3),'¢
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Figure 3-4. Plot of time (s) vs. relative intensity. These data were obtained from a single
FRAP experiment with perylene in an MP monolayer. Grey squares represent residuals for

each recovery curve.
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The resulting fits of the normalized experimental data to Eq. 2 yield the Dt values shown
in Table 3-2. Dr in the M(II)-bisphosphonate films are seen to depend on the identity of the
metal ion, with the Co-bisphosphonate monolayer exhibiting significantly lower diffusion than
the Ni-bisphosphonate and Mg-bisphosphonate monolayers. With the exception of the Co-
bisphosphonate, the values of Dr in the M(II)-bisphosphonate films are a factor of two larger
than those measured for In(Ill)-bisphosphonate films and a factor of 4 larger than is seen in
Zr(IV)-bisphosphonate films.>!

As discussed above, Dt is the fundamental physical quantity of interest, and it is
instructive to relate Dt to the fluid properties of the monolayer. A useful gauge of fluid behavior
is the viscosity of the medium, m, which is related to the translational diffusion constant and the
size of the diffusing entity through the Stokes-Einstein equation (Eq. 4)

k,T
6 D,r

(4)

In Eq. 4 kgT is the thermal energy (7 = 293 K), and r is the radius of the diffusing
molecule. The hydrodynamic volume of perylene is 225 A3, yielding a value of » = 3.8 A. The
effective viscosities of the monolayers studied here are given in Table 3-2. For purposes of

comparison, the viscosity of glycerol is ca. 1410 cP at room temperature.>!
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Table 3-2. Average Dr values and calculated viscosities for MP monolayers with an

untethered chromophore.

Surface Dr (um?/s) n (cP)
Ni(IT)- OsP-CsHi6-POsH 3.33+0.97 170 £ 50
Mg(IT)- OsP-CsH16-POsH | 2.85=0.78 198 = 54
Ca(ll)- OsP-CsH16-POsH | 2.00  0.45 282+ 63
Co(Il)- OsP-CsH1s-POH | 1.30 +0.56 434 + 187
In(II)- OsP-CsH1s-POH | 0.63+0.17 895 + 242
Zr(IV)- O3P-CgH16-POsH 0.31+0.10 1810 + 584
Surface Dr (um?/s) n (cP)
HOsP-O-CO»-C7His 0.18+0.02 3140 + 349

The derived viscosities (Table 3-2) underscore that the monolayers behave as viscous
liquids. This behavior can be ascribed to two different properties within the adlayer. The first is
the intermolecular forces among the monolayer constituents, especially those in the aliphatic
chain region, and the second is the extent of equilibrium exchange of monolayer constituents that
is mediated by dissociation and association of the metal-phosphonate complex at the support
surface. While the characterization of a free chromophore is sensitive to both of these
molecular-scale interactions within the monolayer, it is possible to study complementary systems
to resolve the relative importance of each contribution.

One limiting case is to eliminate the mobility of the monolayer constituents by bonding

them covalently to the support surface (Figure 3-2). Ellipsometric data confirms the presence of
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the monolayer (d = 17 + 1 A). FRAP measurements of perylene confined within the monolayer
yielded Dr = 0.18 + 0.02 um?/s, a value that is significantly lower than that seen for the MP
monolayers. This finding suggests the importance of equilibrium exchange of monolayer
constituents in determining the fluid properties of these monolayers.

Tethered chromophore diffusion. A perylene derivative capable of incorporation as a
monolayer constituent, N,N’-bis(4-phosphonobutyl)-3,4,9,10-perylenediimide (BPDI) has been
described previously and contains a terminal phosphonate functionality to allow participation in
the formation of the bisphosphonate monolayer.”> BPDI is a tethered chromophore, allowing
evaluation of the exchange dynamics at the metal-phosphonate interface. The central question in
the interpretation of FRAP data is whether the time-scale of equilibrium exchange of BPDI is
short or long relative to the time-scale that is characteristic of the diffusion of a free species in
the monolayer (Figure 3-5). If the chromophore exchange rate is slow relative to free
chromophore diffusion, then the recovered value of Dr will be independent of the bleached spot
size.! 3 FRAP data for each of the M(II)-bisphosphonate monolayers containing BPDI is
shown in Figure 3-6. The recovery dynamics differ significantly from those of the untethered
chromophore (Figure 3-4). Due to the functional form of the FRAP data, a model must be used

that can account for a tethered chromophore, where diffusion and exchange both contribute.
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Figure 3-5. BDPI incorporated in a MP monolayer. The protonation of the oxygens
involved in metal binding depends on charge balance and for the sake of clarity are shown

unprotonated here.

The dynamics sensed with tethered chromophores are determined largely by the
exchange equilibrium of the metal-phosphonate moiety. The relative rates of interfacial
association and dissociation need to be considered in the extraction of Dt from the FRAP data.
If the association and dissociation kinetics are fast relative to the time-scale of chromophore
translational motion, the observed translational diffusion will resemble that seen for the free
chromophore.'® 3% We do not observe that similarity in our data. We model these data in the
limit of association and dissociation kinetics being slow relative to translational motion. This

matter can be evaluated by performing FRAP measurements for a range of photobleached spot
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radii (o). If the FRAP data are independent of spot size, association and dissociation kinetics are
demonstrated to be slow, and we observe this limit experimentally (Table 3-3). The FRAP decay
data shown in Figure 3-6 are consistent with contributions to the signal from both translational
diffusion and association and dissociation from the interface.

Table 3-3. Dt values for M(II)P monolayers with a tethered chromophore at varying bleach

radii (@) showing no dependence.

Surface (Dr) s (D) p?/s
o =10p o=15u
Mg(ID)- 020010 | 026=0.13

0O3PCgH1sPOsH

Co(I)- OsPCsH1POsH | 0.32+0.26 | 0.57+0.19

Ni(I)- O:PCsH1PO:H | 0.34+027 | 0.63 +0.47

Ca(Il)- OsPCsH16POsH | 0.49 +0.40 0.57+0.39
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The FRAP decays must thus be modeled using the full reaction-diffusion model (Eq. 5).7

1 F
Inorm (t) L —
p p
g L
DT p koff
k:n kOI’l [m]

Where p is the Laplace variable that inverts to yield time, L' indicates the inverse Laplace
transform of the function contained in brackets, ® is the radius of the bleached spot, and the
terms K and I; are modified Bessel functions. The terms Fe, (equilibrium free concentration)

and Be, (equilibrium bound concentration) are related to k, and ko by fitting the data in Figure
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6 to Eq. 5 yield values for ko, and ko shown in Table 3-4.
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Table 3-4. Dt and kon* and Kofr values for MP monolayers with a tethered chromophore.

Surface Diffusion Kon' Kofr Keq'
constant
(D1) pum?/s
Mg(11)- OsP-CsH16-POsH 0.20+£0.10 | (4.1£4.2) x 104 | (8.3+£3.7) x 10 0.49 +£0.51
Co(II)- OsP-CsH16-POsH 0.32+£0.26 | (1.4£0.9)x 10 | (8.6£7.7)x 10* 0.16 £0.10
Ni(IT)- OsP-CsHi6-POsH 0.34+£0.27 | (2.4£1.6) x 104 | (7.4£3.8) x 10* 0.34+£0.22
Ca(IT)- O3P-CgH16-PO3H 0.49+£0.40 [ (4.9£3.3)x 10 | (8.9+6.8) x 10* 0.55+0.37
In(III)- O3P-CsHi6-POsH 0.52+£0.11 | (6.8£1.4)x 107 | (2.8£1.9)x 10* 0.24 +£0.05
Zr(IV)- O3P-CgH16-POsH 0.49+£0.22 [ (1.3£0.4) x 10+ | (8.6£2.7) x 10* 0.15+0.05
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The values of Dr, kon® and kot for BPDI in the M(II)-bisphosphonate monolayers are
shown in Table 3-4 and are independent of divalent metal ion identity to within the experimental
uncertainty, save for Ni(Il). The implication of these findings is the that the exchange dynamics
of the metal-phosphonate interface are similar for all M(II)-bisphosphonate monolayers reported
here. The Dt values for the tethered chromophore system can also be compared to those
reported for the untethered chromophore (Table 3-2). The Dr values for the tethered
chromophore system with the M(II)P films are 4 to 10 times smaller than those for the free
chromophore. The difference between free and tethered chromophore Dr is less substantial for
In(III)-bisphosphonate and Z(IV)-bisphosphonate films, indicating that the equilibrium dynamics
for these monolayers plays a more important role for determining the properties of these
monolayers.

It is interesting to determine the effective Keq for these systems from the quantities ko, ™
and k,y (Table 3-4). We find that these K¢q values are the same to within the experimental
uncertainty for the divalent metal ions an, with a slight metal ion-dependence. These data are
interesting, but it is important to keep in mind that differences between metal ions will be
masked by the contribution of diffusional processes.

3.5 Conclusion

Our studies of chromophore diffusion in M(II)-bisphosphonate monolayers demonstrate
that the metal ion does indeed play a role in the organization and, more importantly, the
dynamics of this family of monolayers. Monolayers formed using divalent metals exhibit more
facile chromophore translational diffusion than is seen for a free chromophore in In(IIl)-
bisphosphonate and Zr(IV)-bisphosphonate monolayers. Differences in packing density and film

organization account for the difference seen in the translational dynamics of these MP
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monolayers. For studies using a tethered chromophore, the results are consistent with the
equilibrium dynamics of the monolayer playing an important, metal ion dependent role in their
fluid properties. The M(II)-bisphosphonate monolayers exhibited similar properties, which were
different from those seen for In(IIT) and Zr(IV). All of the MP films we have considered
function as viscous liquids, which may have implications for future applications of these

systems.
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Chapter Four: Effect of Monolayer Constituent Structural Modification on the Constituent
Diffusional Properties of Metal Phosphonate Monolayers
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4.1 Abstract

Self-assembled monolayers (SAMs) are a surface modification of broad interest and
application due to their ease of synthesis and structural variability. In particular, metal-
bisphosphonate films are easy to modify for specific applications and can be synthesized in
aqueous media at room temperature. The w-terminal group identity of the metal-phosphonate

monolayer was varied to determine its effect on monolayer dynamics.

4.2 Introduction

The importance of self-assembled monolayers (SAMs) and the use of metal-phosphonate
(MP) films in surface modification have been well established previously in this dissertation.
Metal-phosphonate films that have been described here have featured a phosphate terminated
surface, that is then bound to a metal, followed by a Cs a,w-alkanebisphosphonate (Figure 4-1).
While this is one of the most common structural motifs for MP films, the terminal group has
often been modified and the effect of such modification on monolayer constituent dynamics

remains to be determined.
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Figure. 4-1. Schematic of metal-phosphonate monolayer. The protonation of the oxygens
involved in metal binding depends on charge balance and for the sake of clarity are shown

unprotonated here.

Many different bisphosphonates have been used in MP films. An increase from an 8-
carbon aliphatic chain to a 12-carbon aliphatic chain has been reported previously.® Many
bisphosphonates that incorporate aromatic chromophores have been used for their optical
properties.”> 3+ 61. 63 Bisphosphonates that mimic biological compounds for use in protein and
DNA binding have been synthesized for use in MP films.> 2 While the structural integrity of
these MP films has been investigated extensively, the translational diffusion properties of the
monolayer constituents in these films has received substantially less attention. It is this property,

however, that is relevant to the function of these monolayers as bound fluid films.
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The Blanchard group has reported previously on the rotational dynamics of monolayer
constituents in zirconium-bisphosphonate (ZP) monolayers.”> # Oligothiophene chromophores of
varying lengths, corresponding to the length of the analogous bisphosphonate, were used (Figure

4-2). Limited rotation within the monolayers for both films was observed.”?
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Figure 4-2. Scheme of ZP films with oligothiophene chromophores

The emphasis of the work in this dissertation thus far has been on the effect of metal ion
charge and identity on translational diffusion and layer organization. In addition to the metal-
phosphonate interactions, the structure and terminal group identity of the monolayer constituents
can play a role in the observed dynamics and we provide data on the influence(s) of capping the
monolayer with a metal ion, changing the length of the monolayer aliphatic chain, and removing

the -terminal phosphonate functionality.
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4.3 Experimental

Chemicals used: Concentrated sulfuric acid, 2,4,6-collidine, In(NOs3)3-xH>0, octanoyl
chloride, POCI;, perylene, octylphosphonic acid, 1,8-octanebisphosphonic acid, and 1,12-
dodecanebisphosphonic acid were obtained from Sigma-Aldrich in their highest purity forms and
used without further purification. Dodecylphosphonic acid was obtained from Alfa Aesar (95%)
and used without further purification. MgCl,-6H>0 (99%) was obtained from CCI Chemical and
used without further purification. All water was purified using a Milli-Q purification system.

Metal bisphosphonate monolayer synthesis. Piranha solution (Caution! Strong oxidizer!)
was used to clean glass or oxidized silicon plates (Icm x lcm) that were used as monolayer
supports. Plates were immersed in piranha solution for 15 minutes. The plates were then rinsed
with 18 MQ water and immersed in a 2M HCI solution for 5 minutes. The plates were rinsed
with 18 MQ water and then with anhydrous acetonitrile. The surface was immediately
phosphorylated by immersion in 100 mM POCI3 and 100 mM 2,4,6-collidine in dry acetonitrile
for one hour, then rinsed with anhydrous acetonitrile. The plates were then treated overnight
with 5 mM metal ion solution, MgCl,-6H>0O, ZrOCl,, or In(NOs)3 x H>0.”>7 For reasons of
solubility, 100% ethanol was used as the solvent for solutions containing MgCl>:6H>O and a
60% EtOH/ 40% H,0 solvent mixture was used for Zr(IV) and In(IIl).?’” After washing with
Milli-Q water, the plates were treated with 1.25 mM octylphosphonic acid or 1,8-
octanebisphosphonic acid in ethanol for one hour. 1,12-dodecanbisphosphonic acid was also
used, but due to solubility reasons, has to be in water, therefore these films were only made with
Zr*" and In*". The pH of all metal ion-containing and phosphonate-containing solutions was

maintained between 2 and 4 using dilute HCI to minimize the formation of metal hydroxides.
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For substrates used to perform FRAP measurements, the phosphonate solution contained 1 mol%
of perylene.

Fluorescence Recovery After Photobleaching (FRAP). A Nikon C2+ confocal laser
scanning microscopy system with a Nikon Eclipse Ti-E inverted microscope with a confocal
scanning system (Nikon Ti-S-CON) was utilized for acquiring FRAP data. A 20x objective lens
was used for all experiments. The chromophore (perylene) was excited at 405 nm with a diode
laser (Nikon Lu-N4) and detected using a PMT detector system (Nikon C2-DU3, 400nm-
700nm). The initial intensity was measured for 30 sec, bleached for 5 sec, and recovery was
monitored for a minimum of 3 minutes. A minimum of ten spots across each monolayer were
measured.

4.4 Results and Discussion

Figure 4-3. BDPI incorporated in a MP monolayer. The protonation of the oxygens
involved in metal binding depends on charge balance and for the sake of clarity are shown

unprotonated here.
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With the role of the metal-bisphosphonate equilibrium dynamics evaluated and reported
in previous chapters. Briefly, the metal-phosphonate interactions were investigated by FRAP
using a tethered chromophore (Figure 4-3). It has been shown that the metal-phosphonate
association and dissociation kinetics are not dependent on metal ion charge or identity (Table 4-
1).  Metal ion charge did affect the organization and translational mobility of chromophores
embedded in but not tethered to the monolayer, as seen through FRAP studies using perylene
(Figure 4-4), where the fluidity of the film increases as charge decreases (Table 4-2).

Table 4-1. Dt values for MP monolayers with a tethered chromophore.

Surface Diffusion
constant (Dr)
um?/s
Mg(II)- O3P-CsHi6-POsH 0.20+0.10

Co(II)- O3P-CsH16-POsH 0.32+0.26

Ni(Il)- O:P-CsH6-PO;H | 034+027

Ca(II)- OsP-CsH16-POsH 0.49+0.40

In(IH)- 03P-CsH16-POsH 0.52+0.11

Zr(IV)- O3P-CgH16-PO3H 0.49+0.22
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Table 4-2. Average Dr values and calculated viscosities for MP monolayers with an

untethered chromophore.

Surface Dr (um?/s) n (cP)
Mg(I)- OsP-CsH16-POsH | 3.33+0.97 | 170+ 50
Co(II)- OsP-CsHi16-POsH | 2.85+£0.78 198 + 54
Ni(ID)- OsP-CsHis-POH | 2.00£045 | 282+ 63
Ca(Il)- OsP-CsH1o-POsH | 1.30+0.56 | 434+ 187
In(IT)- O3P-CsHi-POsH | 0.63+0.17 | 895+ 242
Zr(IV)- OsP-CsH,7 031+0.10 | 1810+ 584
O PO—Fé)' O\‘PQF(I) o\\PpT) O*\P?'-(l)'
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Figure 4-4. Perylene incorporated in a MP monolayer. . The protonation of the oxygens

involved in metal binding depends on charge balance and for the sake of clarity are shown

unprotonated here.

We are interested in understanding the role that the aliphatic chain region of the

monolayers plays in mediating translational diffusion. Zr(IV), In(Ill), and Mg(Il) were used in
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forming the metal bisphosphonate linkage in these studies. These metal ions were chosen
because they allow a comparison of metal ion charge, which is expected to play a role in the MP
gallery organization. Many of the MP films that have been reported are formed using a,o-

bisphosphonates because of the ability of these monolayer constituents to form multilayer

structures.b 10- 11,23, 24,27, 63, 69, 7479 T evaluate the role of aliphatic region constituent structure,
three different structural configurations were evaluated using monolayers formed with o,-
bisphosphonates. These are (1) with the w-terminal phosphonate layer capped with the same
metal ion used for complexation of the a-phosphonate to the support, (2) the same monolayer
with no metal ion capping (i.e. ®-terminal phosphonate) and (3) the comparison of ®-terminal

phosphonate monolayers with Cg and Ci» aliphatic chains. (Figure 4-5)
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Figure 4-5. Tail-end modification of MP monolayers including extending the aliphatic

chain length, metal capping, and removing the terminal phosphonate.
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Free chromophore diffusion. The focus of these studies is on the aliphatic chain region,
so we have used perylene as a free chromophore in the diffusion measurements used to
characterize these monolayers. Perylene is not chemically bound to the monolayer which allows
for free diffusion. When the chromophore is exposed to intense radiation during FRAP
experiments, rapid photobleaching of the area of focus occurs, while slow photobleaching of the
entire sample by the low intensity radiation is observable. Both of these phenomena are
responsible for the overall FRAP signal, therefore the raw time-dependent intensity is
normalized according to Eq. 1. The actual FRAP measurement consist of two selected regions of

the same diameter, one acting as the reference and one that is photobleached.

IFRAP (t) Iref (t) I;]lnei»zCh
1 I ]lirll;zch

pre FRAP pre ref

(1)

Inorm (t)

The quantities in Eq. 1 are defined as follows. [l.m(?) is the normalized fluorescence
recovery after photobleaching signal, Irr4p(?) and I.qt) are the time-dependent fluorescence
intensities acquired for the photobleached and reference regions, respectively, Ipeqch™” is the
lowest signal intensity in the FRAP measurement, lpicaci™ = Irrar(0)-Iref(0), and the intensities
Lpre-rrap and  Iyerr are the fluorescence intensities in the selected regions prior to the
photobleaching event. The functional form of the normalized recovery signal is given by Eq. 2
and is determined by the intermolecular interactions that mediate chromophore diffusion within

the monolayer. In Eq. 2, Iy and /; are modified Bessel functions of the first kind.'¢
L, () exp 2./t I, 2/t I, 2 [t 2

We are interested in the translational diffusion constant Dt which is related to the radius
of the photobleached region (w) through the tp term (Eq. 3).!° tp is extracted from fitting the

experimental data to Eq. 2.°
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D N (3)

The resulting fits of the normalized experimental data to Eq. 2 yield the Dr value. As
discussed above, Dr is the fundamental physical quantity of interest, and it is instructive to relate
Dr to the fluid properties of the monolayer. A useful gauge of fluid behavior is the viscosity of
the medium, m, which is related to the translational diffusion constant and the size of the
diffusing entity through the Stokes-Einstein equation (Eq. 4)

k,T
6 D,r

4

In Eq. 4 kT is the thermal energy (7 = 293 K), and r is the radius of the diffusing
molecule. The hydrodynamic volume of perylene is 225 A3, yielding a value of » = 3.8 A.

For the monolayers formed with 1,8-octanebisphosphonate and capped with metal ions,
(Figure 4-5) we found that the presence of the metal ion at the monolayer top surface did not
alter the value of Dt recovered for perylene for the Mg-bisphposphonate monolayer relative to
that seen for the aliphatic-terminated monolayer (Table 4-3 and Figure 4-6). For the InP and ZP
monolayers, Dt was seen to be slightly smaller than the values recovered for the aliphatic-
terminated monolayers. This is an expected result because of the somewhat greater order
enforced in the monolayer by the metal ion coordination at both the top and bottom monolayer

surfaces.
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Table 4-3. Average Dt values and calculated viscosities for MP monolayers that have been
capped with a metal with an untethered chromophore. For purposes of comparison, the

viscosity of glycerol is ca. 1410 cP at room temperature.>!

Surface Dr (um?/s) n (cP)

Mg(Il)- O3P-CsH 6PO3-Mg(Il) | 2.51 + 1.20 | 225+ 108

In(IIT)- O3P-CsH 6PO-In(IlI) | 0.36 £0.12 | 1570 + 523

Zr(IV)- O3P-CsH16PO3-Zr(IV) | 0.20+0.03 | 2820 +423
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Figure 4-6. Plot of time (s) vs. relative intensity of metal capped MP monolayers. These

data were obtained from a FRAP measurement using perylene as the untethered

chromophore.
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The values for Dt and n recovered for monolayers that possess an -terminal
phosphonate functionality but no metal ion cap exhibit slightly smaller Dr values for the Mg(II)-
bisphosphonate and In(IIl)-bisphosphonate films compared to those seen for the metal ion-
capped systems (Table 4-4 and Figure 4-7). The absence of the metal ion capping layer suggests
that allowing the w-terminal phosphonates to interact directly with water and thus have their
organization influenced primarily by H-bonding and dipolar interactions, gives rise to the ability
of the aliphatic chains to play a somewhat more significant role in determining monolayer
organization over the length scale sensed by the chromophore translational motion. Such a
finding is consistent with the monolayer constituent spacing in MP monolayers being greater
than the energetic optimum for aliphatic interchain interactions and being mediated by the
spacing of the support surface phosphonate groups. The ZP monolayer exhibits the lowest
perylene Dr, suggesting relatively tighter interchain spacing than is seen for the divalent metal
ions.

Table 4-4. Average Dt values and calculated viscosities for MP monolayers with the
terminal phosphonate removed with an untethered chromophore. For purposes of

comparison, the viscosity of glycerol is ca. 1410 cP at room temperature.5!

Surface Dr (um?/s) n (cP)

Mg(I)- OsP-CsHi16-POsH | 0.84 +£0.38 668 + 302

In(Il)- OsP-CsH 6-POsH | 0.20+0.02 | 2820 + 282

Zr(IV)- OsP-CsHi-POsH | 024+0.06 | 2350 = 588
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Figure 4-7. Plot of time (s) vs. relative intensity of MP monolayers with the terminal
phosphate removed. These data was obtained from a single FRAP experiment with

perylene.

Using the same w-phosphonate-terminated structural motif with a monolayer aliphatic
chain length of 12 carbons rather than 8 carbons yields the perylene Dr and viscosity values
shown in Table 4-5. Due to solubility properties, the 12 carbon M(II)-bisphosphonate films had
to be synthesized in aqueous solutions, which does not allow for the formation of Cg M(II)-
bisphosphonate monolayers. Therefore, only In(IIl)- and Zr(IV)-Ci2 bisphosphonate monolayers
were studied. Increasing the aliphatic chain length by four carbons does not have a measurable

effect on Dr for the In(III)-bisphosphonate and Zr(IV)-bisphosphonate monolayers. While it is
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possible that increasing the chain length could increase the mobility of the free chromophore due
to the opportunity for increased interchain interactions, we did not observe any differences
outside of the experimental uncertainty. These findings, taken collectively, indicate that the
organization of MP monolayers is determined to the greatest extent by the organization of the
support surface phosphonate groups, and that for the different metal ions studied, the monolayers
are relatively similar, underscoring the importance of counter ions in controlling charge
neutrality in the support-monolayer-metal ion layer.

Table 4-5. Average Dr values and calculated viscosities for MP monolayers with a 12-
carbon aliphatic chain with an untethered chromophore. For purposes of comparison, the

viscosity of glycerol is ca. 1410 cP at room temperature.™!

Surface Dr (um?/s) n (cP)

In(I1I)-O3P-Ci2H24-POsH 0.61 +£0.35 925 + 531

Zr(IV)-O3P-C12H24-PO3H | 0.28 £0.12 2020 + 866

4.5  Conclusion

The role of the monolayer terminal functionality and aliphatic chain length are seen to be
limited in determining diffusional properties. Metal ion capping of MP monolayers provided
some evidence for slightly enhanced monolayer organization and the absence of ®-terminal
phosphonate functionality decreases the diffusion of the free chromophore, consistent with the
MP monolayer organization being determined primarily by the support surface phosphonate

density. All of the MP films we have considered in this work behave as viscous liquids, which is

likely to have implications for future applications of these systems.

76



REFERENCES

77



REFERENCES

1. Horne, J. C.; Blanchard, G. J., The role of substrate identity in determining monolayer
motional relaxation dynamics. J Am Chem Soc 1998, 120 (25), 6336-6344.

2. Katz, H. E., Multilayer Deposition of Novel Organophosphonates with Zirconium(Iv).
Chemistry of Materials 1994, 6 (12), 2227-2232.

3. Marcon, R. O.; Brochsztain, S., Characterization of self-assembled thin films of
zirconium phosphonate/aromatic diimides. Thin Solid Films 2005, 492 (1-2), 30-34.

4. Horne, J. C.; Blanchard, G. J., Dynamics within a single molecular layer. Aggregation,
relaxation, and the absence of motion. J Am Chem Soc 1996, 118 (50), 12788-12795.

5. Snover, J. L.; Byrd, H.; Suponeva, E. P.; Vicenzi, E.; Thompson, M. E., Growth and
characterization of photoactive and electroactive zirconium bisphosphonate multilayer films.
Chemistry of Materials 1996, 8 (7), 1490-1499.

6. Cinier, M.; Petit, M.; Williams, M. N.; Fabre, R. M.; Pecorari, F.; Talham, D. R.;
Bujoli, B.; Tellier, C., Bisphosphonate Adaptors for Specific Protein Binding on Zirconium
Phosphonate-based Microarrays. Bioconjugate Chem 2009, 20 (12), 2270-2277.

7. Lane, S. M.; Monot, J.; Petit, M.; Bujoli, B.; Talham, D. R., XPS investigation of DNA
binding to zirconium-phosphonate surfaces. Colloid Surface B 2007, 58 (1), 34-38.

8. Livingston, C.; Blanchard, G. J., Metal Ion Dependent Interfacial Organization and
Dynamics of Metal Phosphonate Monolayers. Langmuir 2021, 37, XXXX-XXXX.

9. Yang, H. C.; Aoki, K.; Hong, H. G.; Sackett, D. D.; Arendt, M. F.; Yau, S. L.; Bell,
C. M.; Mallouk, T. E., Growth and Characterization of Metal(Ii) Alkanebisphosphonate
Multilayer Thin-Films on Gold Surfaces. J Am Chem Soc 1993, 115 (25), 11855-11862.

10. Livingston, C.; Blanchard, G. J., Metal lon-Dependent Interfacial Organization and
Dynamics of Metal-Phosphonate Monolayers. Langmuir 2021, 37 (15), 4658-4665.

11. Lee, H.; Kepley, L. J.; Hong, H. G.; Akhter, S.; Mallouk, T. E., Adsorption of Ordered
Zirconium Phosphonate Multilayer Films on Silicon and Gold Surfaces. J Phys Chem-Us 1988,
92 (9), 2597-2601.

12. Kim, H. N.; Keller, S. W.; Mallouk, T. E.; Schmitt, J.; Decher, G., Characterization of
zirconium phosphate polycation thin films grown by sequential adsorption reactions. Chemistry
of Materials 1997, 9 (6), 1414-1421.

78



13. Cao, G.; Lynch, V. M.; Swinnea, J. S.; Mallouk, T. E., Synthesis and Structural
Characterization of Layered Calcium and Lanthanide Phosphonate Salts. Inorg Chem 1990, 29
(11),2112-2117.

14. Cao, G.; Lee, H.; Lynch, V. M.; Mallouk, T. E., Synthesis and structural
characterization of a homologous series of divalent-metal phosphonates, MII(O3PR).cntdot. H20
and MII(HO3PR)2. Inorg Chem 1988, 27 (16), 2781-2785.

15. Cao, G.; Hong, H. G.; Mallouk, T. E., Layered Metal Phosphates and Phosphonates -
from Crystals to Monolayers. Accounts of Chemical Research 1992, 25 (9), 420-427.

16. Byrd, H.; Snover, J. L.; Thompson, M. E., Mechanistic Studies of Film Growth of
Zirconium Bis(Phosphonate) Monolayer and Multilayer Thin-Films - These Things Grow
Darned Flat. Langmuir 1995, 11 (11), 4449-4453.

17. Kohli, P.; Rini, M. C.; Major, J. S.; Blanchard, G. J., Elucidating the balance between
metal ion complexation and polymer conformation in maleimide vinyl ether polymer multilayer
structures. J Mater Chem 2001, 11 (12), 2996-3001.

18.  Kohli, P.; Blanchard, G. J., Applying polymer chemistry to interfaces: Layer-by-layer
and spontaneous growth of covalently bound multilayers. Langmuir 2000, 16 (10), 4655-4661.

19. Kohli, P.; Blanchard, G. J., Design and demonstration of hybrid multilayer structures:
Layer-by-layer mixed covalent and ionic interlayer linking chemistry. Langmuir 2000, 16 (22),
8518-8524.

20. Horne, J. C.; Blanchard, G. J., Structural mediation of interlayer excitation transport in
zirconium-phosphonate multilayers. J Am Chem Soc 1999, 121 (18), 4427-4432.

21.  Bakiamoh, S. B.; Blanchard, G. J., Surface second harmonic generation study of layer
order in self-assembles multilayers. Abstr Pap Am Chem S 2001, 221, U90-U91.

22. Bakiamoh, S. B.; Blanchard, G. J., Demonstration of oriented multilayers through
asymmetric metal coordination chemistry. Langmuir 1999, 15 (19), 6379-6385.

23. Baumler, S. M.; Reidy, T. M.; Blanchard, G. J., Diffusional motion as a gauge of fluidity
and interfacial adhesion. Supported alkylphosphonate monolayers. J Colloid Interf Sci 2016,
468, 145-155.

24.  Soumpasis, D. M., Theoretical-Analysis of Fluorescence Photobleaching Recovery
Experiments. Biophys J 1983, 41 (1), 95-97.

79



25. Segur, J. B.; Oberstar, H. E., Viscosity of Glycerol and Its Aqueous Solutions. Ind Eng
Chem 1951, 43 (9), 2117-2120.

80



Chapter 5: Conclusions and Future Work
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The overall goal of this work was to determine if MP films exhibit surface fluidity and if
modifications to the monolayers increase the fluidity of the se films, with the focus being on the
following research questions.

1. Do ZP films exhibit surface fluidity?

The work highlighted in Chapter Two shows that ZP films do exhibit surface fluidity
where FRAP measurements with both a tethered and an untethered chromophore showed
translational movement of the monolayer constituents.

2. How does metal ion charge and identity effect the surface fluidity of MP films?

Six different MP monolayers were synthesized with several metal ions. Zr(IV), In(III),
Mg(II), Ca(Il), Ni(II), and Co(II) were used. No significant difference in translational diffusion
of a tethered chromophore was observed for MP layers with varying metal ions (Table 5-1). This
signifies that while the metal ion complexation dynamics does play a role in the fluidity of the
film, changing the identity and charge of the metal ion didn’t affect the diffusion of the tethered
chromophore.

Table 5-1. Dt values for MP monolayers with a tethered chromophore.

Surface Diffusion constant
(Dr) pm?/s
Mg(II)- OsP-CsHi6-POsH 0.20+0.10
Co(II)- O3P-CsH16-POsH 0.32+0.26
Ni(IT)- OsP-CsH16-POsH 0.34+0.27
Ca(II)- O3P-CgH16-POsH 0.49 +£0.40
In(IH)- 03P-CsgH16-POsH 0.52+0.11
Zr(IV)- O3P-CsH16-POsH 0.49 +0.22
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While the tethered chromophore system exhibited no significant difference between MP
films made with different metals, the untethered system showed a dependence on metal ion
oxidation state (Table 5-2). MP monolayers formed with divalent metal ions exhibited lower Dr
values than monolayers formed using In(IIl), which had a higher Dr value than Zr(IV). The
main differences between these films are the oxidation state of the metal and, possibly, the
packing density.

Table 5-2. Average Dt values for MP monolayers with an untethered chromophore.

Surface Dr (um?/s)
Mg(IT)- O3P-CsHi6-POsH 3332097
Co(Il)- OsP-CsH,6-PO3H 285+0.78
Ni(Il)- O3P-CsH 6-PO3H 2.00 % 0.45
Ca(II)- O3P-CgH16-POsH 1.30 £ 0.56
In(IIT)- O3P-CsH16-POsH 0.63+0.17
Zr(IV)- O3P-CsH16-POsH 0.31+0.10

3. How does end group identity effect the surface fluidity of MP films?

Variation of the w-terminal functionality of the monolayers were seen to have limited
influence on constituent diffusional properties. A slight increase in the aliphatic chain length did
not change the translational diffusion behavior of the untethered chromophore contained in the
monolayers. Removing the -terminal phosphonate group decreases the mobility of the

untethered chromophore in the monolayer, suggesting that MP monolayer organization is
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dominated by the phosphonate density at the surface of the support. Metal ion capping of MP
monolayers provided some evidence for slightly enhanced monolayer organization.

This work has the potential to move in many different directions. The Blanchard group
does significant work with Langmuir-Blodgett (LB) films, including fluidity measurements.
Previously, the fluidity of metal-phosphonate monolayers that mimicked a phospholipid has been
described (Figure 5-1).!° Directly comparing the fluidity of LB films and MP films is an obvious
direction for this work to take by either creating MP monolayers using the phospholipid or

synthesizing LB monolayers using bisphosphonates.
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Figure 5-1. Structure of LB film incorporating a metal, phospholipid (1,2-dimyristoyl-sn-

glycero-3-phosphcholine), and a tethered chromophore.
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MP films are known for their stability with many multilayers.?* Exploring the effect of
increased layers on diffusional behavior within the multilayer structure could be a new direction
for this project. Mixed metal systems with different metal represented in subsequent layers have
been reported in the literature* and after determining the effect of multilayers fluid-like

properties, making mixed metal systems offers an expansive next step.

6_
MD+ M+ M+
O o o) O
O\\ ! (O, Os O.
P-0° P-00 P-O° P-Of

Figure 5-2. Scheme of mixed metal MP multilayer.
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Currently in the Blanchard group, the electrochemical properties of thin films are being
investigated. The electrochemical properties of MP films could also be of interest. If MP films
are electrochemically stable, this opens up new applications, with the possibility of creating a

film with tunable fluidity depending on the charge on the metal ion.
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