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1.1 AUTHOR’S PREFACE

The very human desire to investigate and comprehend is a principle driving
force for innovation. We have since time immemorial tried to decipher mysteries and
disseminate the acquired knowledge to future generations. Being similarly curious,

the author of this thesis began his quest to understand reaction rates on surfaces.

Figure 1. a) Ancient rock paintings at cave of Altamira, Spain b) the Lowenmensch
(lion man), Germany c¢) a hello from the past, the cave paintings at Cueva de las
Manos, Argentina and d) a modern computer chip.

Surface modification has had a rather long history, from the earliest rock
paintings” to modern day body implants,”? aerospace materials,” wearable sensors
and hybrid materials® (Figure 1). The greatest improvement might be the greatly

decreased layer thickness®” and very high precision we have achieved since and a

transition from non-functional to functional surfaces.”” We have become quite good



at it too, with incredible volume-to—surface ratios obtained in recent times along
with a much higher level of control over resolution.” We have come a long way, but
as put by Helmut Schmid most ornately: “The biggest room in the world is the room

for improvement.”

1.2 DEVELOPMENT OF KINETICS

German chemist, Carl Friedrich Wenzel in 1777, while studying the rate of
dissolution of metals in acid provided the first empirical correlation between rate and
concentration.”” The beginnings of our quantitative understanding about chemical
kinetics can be traced back to 1850s with Ludwig Ferdinand Wilhelmy elucidating

[10

the rate of inversion of sucrose by means of a differential equation.'” As happens
often with several scientific discoveries, his work unfortunately went unnoticed until
its revival by Ostwald almost three decades later.™” Analogously, the discoverer of
hydrogen peroxide, Louis Jacques Thénard also studied its decomposition.™
However, an overall understanding of the issue of reaction kinetics was
(unfortunately) not the focus of chemical community at that time.

A wider understanding of rate equations as a product of reactant
concentration was introduced by Marcelin Berthelot and Léon Pean de Saint-Gilles
in their study of the esterification reaction between ethanol and acetic acid.™ As
chemists became more proficient in synthesis and the overall synthetic repertoire
increased, a concomitant desire to understand such processes (and with that: the
reaction kinetics thereof) arose proportionally, and substantial efforts were made for
elucidating reaction kinetics of several chemical transformations in solution.

Currently, chemists are quite adept at understanding chemical kinetics in
solution using techniques such as nuclear magnetic resonance (NMR), ultraviolet—

visible spectroscopy (UV-Vis), infrared (IR), mass spectrometry (MS), etc. However,

determining the same for interfacial reactions has been an uphill task. Certain specific



cases exist and have been discussed later in greater detail. The importance of surface
science is evident in the Nobel Prize awarded to Gerhard Ertl, who provided novel
tools for the understanding of surface reactions.' Such investigation -clearly
substantiated the claim that studying kinetics at the surface has remained a

significant challenge.

1.3 THE INTRICACIES OF THE SURFACE

Surface irregularities at the microscopic level are no simple parameters to
comprehend let alone predict effects thereof on substrate reactivity.'” As eloquently
put by Hasselbrink “as there are many coordinates, the “surface” is really a
“hypersurface” in multidimensional space”.'® The unbalanced interactions
experienced by the surface atoms or molecules— as compared to the bulk— are the
driving force for interactions which help lower its energy—aggravated state. This is
the basis for surface modification and the basic tenet of surface chemistry. The
driving forces for surface modification usually become rapidly absent after the
formation of the monolayer unless a far more energetically favorable secondary
interaction/ process is present namely, bio—fouling"”, auto-polymerization and zeta
potential.’

However, the chemical modification of the surface is just a stepping stone
upon which more complicated and chemically interesting architectures can be built.
Analogously, the reaction kinetics of such interfacial reactions can be determined. To
study interfacial reactions on the surface, one of the reaction counterparts has to be
tethered to the surface and reacted with its solution counterpart. There should be
enough driving force for the reaction to occur and there should be a clearly
identifiable tag to confirm the occurrence of the event. The detection of this tag will

provide an indirect handle for understanding the rate of consumption of the surface

counterpart and thus provide kinetics of the reaction. However, due to increasing
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complexities of reactions, the task becomes increasingly complex as well. Coupled
with it is the fact that analytes on the surface are restricted to an atomic scale. Also,
the added challenge of extremely small limits of detection (LOD) in the picomole
range presents further complications. Thus, not only a unique approach is required
for solving of the significant challenge, but we also require an analytical tool which
specializes in the robust and quick detection of minute analyte quantities. This thesis
presents a straight—forward method addressing the above challenges and elucidates
kinetic information for several “metal-free” click reactions. Additionally, we present
the activation parameters and effect of microenvironment (ME) in addition to several
dependencies and intricacies of surface chemistry.

To understand each point fully we deal with each of the challenges separately.
Firstly, due to evident reasons approach of an organic reactant from the surface side
is not possible. Additional complications from in situ generation of additional species
(say H, and O,) from the surface (for example, during electrochemistry) is a serious
hindrance and is avoided in this thesis. The approach is also somewhat restricted
along the monolayer for steric reasons. Also the diffusion effects and interactions with
the already attached/reacted products on the surface play an important role. To put
it succinctly, the incoming moiety faces significant difficulty during its approach.

Other complicating factors are side-reactions or non—specific interactions.
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1.4 A REAL-TIME SOLUTION

Several studies have aimed (and painstakingly succeeded) to study and
understand organic reactions at a surface. They provide a thorough ground-work for
further exploration of interfacial kinetics. Studying the decay of some optical or
electrical signal from surface-specific groups gives a direct indication of the progress
of its reaction with a solution counterpart. Alternatively, one can also study the
increase in the signal from a product forming on the surface. Disparate surface
analytical techniques are widely used for this purpose utilizing a broad range of
surface phenomena namely, hydrophobicity, electrochemical-activity, core electron
binding energy, functional group stretching frequencies, interaction with AFM tips,
etc.

Reaction rates of copper—catalyzed azide alkyne (CuAAC) click reactions have
been studied on germanium substrates using attenuated total reflection infrared
spectroscopy (ATR-IR) by Koberstein.™ The yield and kinetics of post-synthetic
modification of highly oriented molecular organic frameworks (MOF) thin films
utilizing SPAAC were studied by Wang et al.” Both studies relied on the strong and
specific infrared frequencies from azide groups moieties, at 2114 cm '. However, they
have contradictory claims on which click reaction is more efficacious. Infrared (IR)
vibrations in the fingerprint region (1500-500 c¢m ') contain valuable structural
information and can be directly correlated to the structure, bonds and
configuration.® Kinetics of different alkynes and polymer brushes functionalized with
azide groups mediated by both metal and metal-free click reactions were studied by
Orski and co-workers based on the change of UV—Vis spectra of azide group (190-700
nm).* However, full structural information is not easily obtained by either UV-Vis
or IR spectroscopy. In all aforementioned cases, emphasis is on a specific signal which

only provides partial information of the molecule without a complete molecular
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picture. Nonetheless the works are significant in their own right as they demonstrate
the fundamental concept of kinetics on a surface.

Buriak and co-workers have studied the self-assembly of photoinitiated
hexadecyl monolayers on H-terminated silicon [H-Si (111)] utilizing the increasing
surface hydrophobicity by water static contact angle (SCA) as the reaction
progressed.? Kinetic studies of monolayer growth by water contact angle on
chromium nitride (CrN) surfaces®™ have been pursued in our laboratory too.
Additionally, ellipsometry is a valuable tool for following the increase of self—
assembled monolayers as a function of time and thus unravelling the kinetics of
formation. This has been used as a complimentary method along with SCA by our
group.™

X-ray photoelectron spectroscopy (XPS) is an ultrahigh vacuum (UHV)
technique based on detection of photoelectrons ejected upon X-ray excitation,
routinely used for the characterization of surfaces. The specificity of binding energies
measured for a particular type of photoelectron makes possible the identification of
the atomic composition of solid surfaces and to characterize their local chemical
environment, in particular their oxidation state.”” Since the binding energies of core
electrons of elements is highly characteristic and the signal intensity obtained is
proportional to surface concentration, XPS can also be used for surface kinetics
determination. Certain elements, such as fluorine are used prominently due to their
high relative sensitivity factor (RSF Fls = 4.43, w.r.t. Cls = 1.00) and concomitant
higher signal-to—noise ratio and can provide a handle to study their change on the
surface. However, this is by no means trivial as shown by the works of Yang® and
Li® who struggled with the non-specificity arising from lack of exact structural
resolution. Density Functional Theory (DFT) calculations may be used to assign

binding energies based on the chemical environments around elements, and this can
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facilitate XPS assignments tremendously.®” However, this may not be done reliably
for all kinds of surfaces.

Hamers et al., have also used XPS to study the photochemical grafting of
different alkenes on single-crystal rutile (110) TiO,.*" Additionally, they have also
demonstrated the photochemical grafting of alkenes on flat ZnO surfaces. Both
studies utilized XPS to unravel the kinetics of monolayer formation.*” Multilayers for
some alkenes were reported and efficient techniques to circumvent the above through
subsequent post attachment modification were outlined with each step being
thoroughly characterized by XPS. The ease of applicability and ability to extend
XPS to a disparate number of substrates highlights the importance of this method. In
addition to that XPS has been rigorously demonstrated to be quantitative by the
group of Allongue.” Manova et al. have used the SPAAC reaction as an effective
method for oriented immobilization of biomolecules on silicon nitride surfaces, and
they have followed the reaction progress by XPS based on increase in number of F
atoms.® The conclusions drawn from these works are that XPS is an established
technique for surface analysis and should serve as an independent technique to
supplement our surface modification and interfacial kinetics data. However, a
recurrent impediment is to obtain the structural information in a reliable fashion.

A direct (and real time) method to study in situ the inductive effects of
various substituents on thermal grafting rate of aryl iodides on anatase TiO, was
studied by Hamers." For this purpose, special TiO, coated MS vials were exposed to
different aryl iodides and mass fragments formed were studied. This gave direct
structural information on the groups generated and the activation parameters were
determined by extending the study to different temperatures. However, such a study
cannot be extended to a system where the bonds would be strongly covalent with the
surface tethers remaining intact. A technique which is gaining increasing traction for

imaging and surface analysis is time—of-flight secondary ion mass spectrometry
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(ToF-SIMS)® for its high resolution. However, the energy of the beam used causes
extensive fragmentation of the parent ion which is especially undesirable for complex
biological media which consist of hundreds if not thousands of distinct components.
Thus, a significant body of empirical data has been accrued® and new primary ion
sources are optimized regularly after significant engineering and development.®
However, most fragments obtained using ToF-SIMS are either neutral (making them
undetectable by the mass spectrometer) or too fragmented to be readily interpreted.
In addition to that, the dependence on high vacuum, radioactive elements and high
operational costs restrict swift application to any emerging field. Thus, ToF-SIMS
was not a viable option for our purposes.

A high-potential application to monolayer—based Kkinetics was, however,
reported by the group of Mrksich.” Their work delved into the effect that
neighboring inert alkyl groups exert on the reaction site i.e. the microenvironment
(ME). They investigated the kinetics of a Diels—Alder reaction between surface
tethered 1, 4-diquinones and cyclopentadiene in solution phase using cyclic
voltammetry (CV). Although being an easy approach, the method is restricted to
highly conducting materials, such as gold (Au). In addition, the reaction to be
studied should involve redox active compounds. Thus, the study, although highly
important and instructive to our setup, is greatly hampered by many limitations.
Change of a single parameter like a non—conducting surface and/or mnon—
electrochemically active groups will completely preclude CV as a rational analytical
tool of choice.

Direct Analysis in Real Time High Resolution Mass Spectrometry (DART-

4 which

HRMS) is a rapid, non-contact ambient mass spectrometry technique!
utilizes preheated meta-stable He species (°S,) with an energy of 19.8 eV.*!
Developed by Cody et al. in 2005, it has become a complimentary technique to

matrix-assisted laser desorption/ionization (MALDI)*? because of its excellence in
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detection of low mass fragments and non-requirement of any matrix. DART-HRMS
is a plasma—based technique and most suitable for ions within the upper limit of m/z
2000 and can be suitably employed for both surface and solution analyte detection.

Since, the vast majority of organic chemistry and its allied sciences, happens in
the small-molecule range (<400 Da), DART-HRMS provided an optimal solution to
“visualize” the growth of a tag molecule which is also within that mass range. A close
cousin would be the Low Temperature Plasma (LTP)" which (as the name suggests)
does not involve heating. In DART, however, software—controllable temperatures up
to 550 °C allow for desorption of analytes from surface or solution and detection by a
mass spectrometer. All these plasma based methods, especially DART provide
significant advantages, namely 1) uncomplicated instrumentation, 2) minimal to non—
existent sample preparation, 3) easily interpretable spectra and 4) minimum need of
high purity and therefore expensive solvents.

Significant effort has been expended by the group of Bartmess to understand
and clearly rationalize the mechanisms of ionization by DART-HRMS in both
positive™ and negative mode." Throughout this thesis, the negative mode has been
used heavily, specifically for the cleavage of aromatic esters to yield negatively
charged benzoate anions (e.g. p—CF; benzoate anion and p-C,F, benzoate anion, m/z
189.0016 and 339.0062, respectively). The spacial resolution and orientation of the
DART gun " was found to be in the order of a few mm? and was perfectly suited for
our 2 x 1 cm’ Al samples modified with varying degrees of reaction completion.
Although high-resolution mass spectrometry imaging (MSI) is a rapidly emerging
field,"” it was not found necessary for our case. Alternatively, desorption electrospray
ionization mass spectrometry (DESI-MS) was also not a convenient choice given the

complications arising from the electrospray of organic solvents onto our substrates."
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1.5 METHODOLOGY OF DETERMINATION OF INTERFACIAL

KINETICS

Since, DART is a relatively “soft ionization technique” (19.8 eV as compared
to 70 eV for electron impact MS), only certain bonds can be cleaved effectively.” To
this end, we utilized the aromatic ester bond which was found to cleave with
sufficient signal-to-—noise while being relatively straightforward to synthesize. An
implicit assumption was that the depth of the penetration of the He metastable
species would be unaffected by the depth of the ester tag in our monolayer. This is
indeed not out of hand, as depths of overlaid paint layers have been probed by low
temperature plasma techniques up to depths which are far greater than in our case.*
In addition to that, the introduction of significant number of F atoms also helped in
an independent orthogonal detection by XPS.

Since, a picture says a thousand words.. (Figure 3). Our setup for
determination of interfacial kinetics was thus set. One of the reaction partners would

be covalently tethered onto a surface and surrounded by inert alkyl chains of various

lengths. Our project significantly draws upon the concept of monolayers pioneered by

50] [51]

Zisman™ and Sagiv." In this manner, the microenvironment (ME) around the
reactive site could be systematically tuned (freely accessible/ partially accessible or
buried). Phosphonic acid chemistry on aluminium (Al) was chosen given ease of

2 The orientation of such

modification, stability and rigorous reproducibility.!
monolayers is generally in the range of 37-42° with respect to the surface and
directed by the geometry around the adsorbate-adsorbate bonds (O-P(=0)-alkyl
bond in this case).” The bonds are irreversibly formed and thus a ratio of two or
more adsorbates in the solution is reflected on the surface. To avoid the deposition of

micelles on the surface it is necessary to carry out the early phase of the surface

modification at an elevated temperature. This was indeed found to be the case for
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our system and modification at 50 °C (5 min) followed by room temperature (~5 h)
gave homogenous alkyl monolayers on aluminum oxide without any evidence of
granules or domains formation.

The other reaction partner coupled to a MS—ionizable tag bound (aromatic
ester) would thus be in the solution phase. The tag was separated from the main
reacting species by a methylene group to insulate it from any inductive and resonance
effects. Given the very large excess (>107) of solution reactant (~mM range) with
respect to the surface counterpart (picomole range), we expect the concentration of
the former to remain essentially constant through the kinetic regime. The solution
was constantly stirred to avoid product build—up and any concurrent complications in
kinetics. To undermine the adverse effects of non-specific interactions and
unnecessary by-product buildup, we chose a rapid and efficient model reaction
strategy, the so—called “metal-free click reactions” for our purpose. Since the seminal
paper by Sharpless and co—workers defining “click” reactions, they have become
extremely popular in chemistry and are continually reinforced by new click strategies

being discovered regularly.

1.6 OUTLINE OF THIS THESIS

The following four chapters will focus on a greater understanding of chemical
kinetics followed by our novel approach for modification of mica. Chapter 2
describes the determination of kinetics and activation parameters of strain—promoted
azide alkyne click reaction (SPAAC).P™ * This reaction has recently achieved
prominence® as compared to its copper—catalyzed counterpart, i.e. copper catalyzed
azide-alkyne cycloaddition (CuAAC). The main reason for this preference is the

58

cytotoxicity® " of copper. In “strain-promoted” click reactions, the release of ring
strain rather than an external catalyst is the main driving force of the reaction.” In

Chapter 3, we focused on the interfacial kinetics and quantitative nature of the
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strain—promoted oxidation controlled cyclooctyne quinone cycloaddition (SPOCQ)

a0 We also elucidate the surface activation

developed by van Delft and co-workers.!
parameters for this reaction and explore its wusability for rapid fluorophore
attachment onto surfaces.

Thus far, in all studies of surface-bound organic conversions one of the
reactant counterparts was bound on the surface while the other remained in solution.
However, the reactivity of the inverse reaction (i.e. couple the solution—phase
structure to a surface and decouple the previously surface-bound species from the
surface and have it in solution phase) had never been systematically studied for any
reactions. Yet, that a difference exists upon reversal of reactants was already known
in literature.™ Therefore, a careful study was in order.

Hence in Chapter 4, we studied the effect of the approach of a solution
reactant towards a surface-immobilized counterpart for an inverse electron demand
Diels-Alder (IEDDA) reaction, more specifically the norbornene-tetrazine ligation.*
The effects of stereochemistry of the reactants on reaction rate were also investigated
for the first time, in addition to the effect of the microenvironment on the approach
of different reactant combinations. We believe this lays the groundwork for future
studies which shall establish the choice of surface-immobilized partner in any
interfacial reaction.

In Chapter 5, we utilized our experience in surface chemistry by developing a
novel strategy for the modification of an otherwise difficult to modify substrate,
namely mica. Mica with its exceptional flatness is a substrate of choice for
microscopy of interesting biomolecules such as DNA. However, prior to our work the
above process is not possible in a step wise manner. This was due to the inability to
rapidly modify mica with covalent links with the resulting surface still retaining high
flatness. To this end, we utilized a mussel-inspired approach as shown by

Messersmith.” Butler'™ and Huang®™ based their modification approach on the vital
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catechol moieties, however, neither left a route for post—attachment modification. We
addressed the problem in a “two—punch” approach, by using a molecule with a
catechol linker for easy surface attachment and an amine linker which could help
with surface attachment while also acting as a chemical handle for further
modification. Despite the high propensity for catechols to auto—polymerize, we
obtained ultrathin layers with very low roughness. A step further is the possibility of
reducing the reactivity of the catechol group by attachment of a nitro group which is
the current focus of our and other laboratories."™

In Chapter 6, we summarize the most salient aspects of this thesis.
Furthermore, we deliberate and pen the author’s personal thoughts regarding further

development of this methodology.
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Chapter 2:

Use of Ambient Ionization High—Resolution Mass
Spectrometry for the Kinetic Analysis of Organic

Surface Reactions

In contrast to homogeneous systems, studying the kinetics of organic reactions
on solid surfaces remains a difficult task due to the limited availability of appropriate
analysis techniques that are general, high-throughput and capable of offering
quantitative, structural surface information. Here, we demonstrate how Direct
Analysis in Real Time Mass Spectrometry (DART-MS) complies with above
considerations and can be used for determining interfacial kinetic parameters. The
presented approach is based on the use of a MS tag that allows application to any
reaction of interest. To show the potential of DART-MS we selected widely applied
strain-promoted alkyne-azide cycloaddition (SPAAC) as a model reaction to

elucidate the effects of the microenvironment on the interfacial reaction rate.

This Chapter has been published as:

“Use of Ambient Ionization High—Resolution Mass Spectrometry for the Kinetic
Analysis of Organic Surface Reactions”. Rickdeb Sen, Jorge Escorihuela, Maarten M.

J. Smulders and Han Zuilhof. Langmuir 2016, 32 (14), 3412-3419.
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2.1 INTRODUCTION

Chemical reactions on solid surfaces play critical roles in many fields, such as
the functionalization of devices wused in catalysis, solar energy conversion,
nanotechnology and biosensing.! The advancement of such devices is hampered by
the absence of general, cheap, fast and quantitative analytical techniques to probe
the kinetics of organic reactions at the solid-liquid interface. Although interfacial
reactions kinetics have been studied by different techniques along the past years,””
their applicability so far is limited as many of these techniques can only be used for
specific functional groups, conducting surfaces and/or require high-vacuum.
Accordingly, the development of rapid and easy-to—use analytical techniques to

measure the rates of interfacial reactions is of utmost interest.

Ambient desorption/ionization (ADI) mass spectrometry techniques offer a viable
alternative to overcome the above limitations.® Particularly for thiol-on-gold self—
assembled monolayers matrix—assisted laser desorption ionization time-of-flight mass
spectrometry (SAMDI) has been efficiently applied over the last decade.”' This
technique has e.g. recently been used for high—throughput optimization of reaction
conditions.”” On the other hand, this technique displays also significant boundary
conditions, such as the required use of a matrix, the concomitant restriction to
fragments with m/z values higher than 450, while it is also limited to the cleavage of
relatively weak bonds, like the Au-S one.” Alternatively, DART-HRMS is a
promising technique,” due to its ability to detect small molecules (m/z < 400)
without either the use of a matrix or solvents or the need for weak, non—covalent
surface chemistries, unlike wmatrix—assisted laser desorption/ionization mass
spectrometry (MALDI) and desorption ionization electrospray (DESI).” DART-MS
is an atmospheric pressure ionization (API) technique that uses high voltage to

generate hot and electronically excited He species (°S,;, 19.8 eV), which can
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Figure 1. Schematic representation of the DART setup used for monitoring the

progress of chemical reactions on surfaces.

0RO R0 -0 DCE, 30 °C Q'Zjo 0-R*0 o-R-O
‘ — - u' e
n=0,4,8 n=0,4,8

Scheme 1. SPAAC reaction of BCN derivative 1 with immobilized azides present in
three different microenvironments: freely accessible (n = 0, C8), partially accessible
(n = 4, C12) and buried (n = 8, C16). The MS tag ([C;;H,0,F,] ) is highlighted in

green.
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simultaneously ionize and desorb surface-bound species under ambient conditions. In
addition, this metastable He generates in its passage through the atmosphere also
highly reactive protonated water clusters and O, species that also react with the
surface.” As a result, DART is capable of generating ionized fragments from a very
wide range of functional groups, including amides and esters. Recently, DART-MS
has also been successfully applied for molecules up to m/z 5000, e.g. ionic liquids,'”

® and oligomers."” The effectiveness of this method has been

polydimethylsiloxanes,'
shown for both solution and surface substrates for routine high—throughput analysis,
as analysis times vary from seconds to at most minutes.” In recent years, this
technique (Figure 1) has been successfully applied for the fast, qualitative analysis of

21-23

monolayers on a wide variety of surfaces and recently for the study of gas—surface

heterogeneous reactions.”

In this work, we present for the first time the use of DART-HRMS as a
general and fast analytical method to obtain quantitative kinetic insights into
chemical reactions at the solid-liquid interface. As a model reaction we selected the
widely used strain—promoted alkyne-azide cycloaddition (SPAAC) metal-free click

25-26

reaction on a non—conducting surface. This 1,3-dipolar cycloaddition is based on

27-32

the wuse of strained cyclooctynes and has been successfully applied for

33-37 39-43

bioconjugation, in vivo imaging® and in the field of surface functionalization.
While the kinetics of SPAAC have been well-studied in solution,* ** no such effort
has been made for the corresponding surface reaction. To this end, we investigated
the reaction of a fluorine-tagged bicyclo[6.1.0jnonyne (BCN) derivative with mixed
monolayers on an aluminum oxide surface that present azide moieties in sterically
different microenvironments in which the SPAAC reaction takes place (Scheme 1).

SPAAC was particularly selected as the model reaction, because it is such a well-

studied reaction in solution, thereby making it an ideal model reaction to validate our
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new DART method for getting quantitative kinetic information of interfacial

reactions.

2.2 EXPERIMENTAL DETAILS

2.2.1 Materials. Unless otherwise specified, all chemicals were used as received
without further purification. Octylphosphonic acid, hexadecylphosphonic acid,
hydrochloric acid, methanol, hexane, acetone, dichloromethane, 2-propanol were
purchased from Sigma—Aldrich. 12—-Azidododecylphosphonic acid, dodecylphosphonic
acid were purchased from SiKEMIA. Aluminium pieces (99.5% purity, mirror
polished, Staalmarkt Beuningen BV) were cut using a mechanical cutter into pieces
of 2 x 1 cm. For surface modification reactions, the samples were loaded onto a
specially constructed PTFE wafer holder able to hold up to 16 samples at a time thus
ensuring rigorous reproducibility between samples (See Appendix 1, Figure S13).
2.2.2 General procedure for the preparation of phosphonic acid
monolayers. 2 x 1 cm Al slides were sonicated in hexane for 15 min followed by
wiping with lint—free cotton swabs (Texwipe, NC, USA) to remove polymer
protection layer on top and remove any residual glue. The surfaces were chemically
activated by immersing in 1:1 (v/v) 37% HCl-MeOH mixture for 5 min, followed by
washing with water and 2-propanol. The activated surfaces were then immersed into
N, filled vials of 5 mM solution of corresponding phosphonic acid derivative mixture
in 2-propanol, heated to 50 °C for 5 min, and then left undisturbed for 5 h at room
temperature to obtain self-assembled mixed monolayers. Then surfaces were taken
out and sonicated successively for 5 min with 2-propanol, acetone and CH,Cl,. The
surfaces were then cleaned with CH,CI,, air dried and stored under N, atmosphere.
2.2.3 General procedure for interfacial SPAAC reaction. Azide-functionalized

slides were immersed in a dichloroethane 3 mM of (1) solution under N, atm and
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allowed to react. After completion of reaction for the desired time, the Al pieces were
taken out, sonicated and washed with acetone to remove physisorbed moieties, dried
under N, stream and immediately used for XPS and DART analysis.

2.2.4 Determination of activation parameters. The activation parameters
(enthalpy of activation (AH') and entropy of activation (AS')) were obtained using
Eyring equation by a least-squares fit of plots of In (k/T) versus 1/T. Values for AH'
and AS were calculated from the slope and intercept of the aforementioned plot

(Equation 1).
(/) = in (KkB/h> +A5 =2 )

where k’, is the observed rate constant (in s'), T is the absolute temperature
(in K), K is the transmission coefficient (set to be 1), k; is the Boltzmann’s
constant, h is Planck’s constant, R is the gas constant, AS* is the entropy of
activation, (in J - (K - mol) ") and AH' is the enthalpy of activation, in

(kJ - mol ).
2.3 ANALYTICAL INSTRUMENTS.

2.3.1 Static Water Contact Angle (SCA) Measurements. The wettability of
the modified surfaces was determined by automated static water contact angle
measurements with a Kriiss DSA 100 goniometer (volume of the drop of deionized
water was 3.0 uL). The reported values are the average of at least five droplets, and
the relative error is less than 4+ 1°.

2.3.2 Infrared Reflection Absorption Spectroscopy (IRRAS). IRRAS spectra
were obtained with a Bruker Tensor 27 FT-IR spectrometer equipped with a liquid
nitrogen cooled MCT-detector, using a commercial variable-angle reflection unit

(Auto Seagull, Harrick Scientific). A Harrick grid polarizer was installed in front of
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the detector and was used for measuring spectra with p-—polarized radiation with
respect to the plane of incidence at the sample surface. A Ge ATR crystal was used
to obtain the spectra. Single channel spectra were collected at 35° using 256 scans in
each measurement. The raw data were divided by the spectrum recorded on a freshly
etched reference Al oxide surface, after which a baseline correction was applied to
give the reported spectra.

2.3.3 X-ray Photoelectron Spectroscopy (XPS) Measurements. The XPS
analysis of surfaces was performed using a JPS-9200 photoelectron spectrometer
(JEOL, Japan). Survey and high-resolution spectra were obtained under UHV
conditions using monochromatic Al Ko X-ray radiation at 12 kV and 20 mA, and an
analyzer pass energy of 50 eV for wide scans and 10 eV for narrow scans. The
emitted electrons were collected at 10° from the surface normal (take-off angle
relative to the surface normal 10°). All XPS spectra were evaluated by using Casa
XPS software (version 2.3.15). Survey spectra were corrected with linear background
before fitting, whereas high-resolution spectra were corrected with linear background.
Atomic area ratios were determined after a baseline correction and normalizing the
peak area ratios by the corresponding atomic sensitivity factors (1.00 for Cls, 1.80 for
Nls, 2.93 for Ols, 4.43 for Fls, 1.18 for P2s and 0.54 for Al2p).

2.3.4 DART-HRMS Measurements. Analysis of the SPAAC reacted Al surfaces
were performed using a DART-SVP ion source (Ion-Sense, Saugus, MA, USA)
coupled to an Exactive orbitrap high-resolution mass spectrometer (Thermo Fisher
Scientific, San Jose, CA, USA), mounted on a motorized rail travelling at 0.2 mm/s.
Thermo Scientific Xcalibur software (V2.1.0.1139) was used for data acquisition and
processing. The measurements were performed in negative mode at 450 °C using a
scan range of m/z 330.0-350.0, a mass resolution of 100,000 (FWHM) at a scan rate
of 1 Hz. The ion trap was tuned with 0.1 mg/mL methanolic solution of quinine (m/z

323.41 in negative mode) to optimize capillary temperature and voltage (Figure S16).
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The DART source was positioned 6.1 cm on the horizontal scale, 7 cm on the vertical
scale with an angle of 45° such that it is around 1 mm above the surface (See
Appendix 1, Figures S13-S16). The distance from the surface to the ceramic tube is
minimized by placing them at the edge of the moving rail so that maximum of the p-

C,F, benzoate ions would enter the MS.

2.4 RESULTS AND DISCUSSION

2.4.1 Monolayer Formation and Characterization.

The proposed strategy to control the steric microenvironment around the azide
moieties on the monolayers relies on the introduction of non-reactive alkyl chains of
variable length around the reactive azide, which was linked to the surface using a
C12 linker, as schematically depicted in Figure 2. In this regard, with a C8 alkyl
chain (C8), the azide is freely accessible layer, whereas with a longer alkyl chain, the
reactive group is only partially accessible (C12) or is buried within the monolayer

(C16).
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Figure 2. Schematic model of the mixed monolayer used for the SPAAC with
immobilized azide groups present in the three different microenvironments: freely
accessible (C8), partially accessible (C12) and buried (C16).

For surface modification, a well-established, robust attachment chemistry,
relying on phosphonic acids (PA) was used to covalently anchor the monolayer onto
hydroxylated aluminum oxide surfaces.” * Freshly etched aluminium substrates were
immersed for 5 h in 2-propanol solutions of 12-azidododecyl PA and the appropriate
alkyl-terminated PA (in different ratios), yielding monolayers with 28-30% C content
as determined by XPS (See Appendix 1, Figure S1). From static water contact angle
(SCA) measurements, it was found that the reaction was complete after 5 h (See
Appendix 1, Figure S4). Remarkably, substantially longer reaction times (16 h)
contributed to the formation of undesirable multilayers (42-44% C). Contrary to
previous reports,” *® the ratio of azides in a mixed monolayer was found to be
identical to the ratio in the solution (within experimental error) as confirmed by XPS
(See Appendix 1, Figure S2). After reaction with the PA mixture, the static water
contact angle (SCA) increased from 35° (-OH terminated aluminum oxide) to 106°
due to the hydrophobic nature of the alkyl chain (See Appendix 1, Table S1 and
Figure S3), in accordance with similar PA monolayers on aluminium oxide surfaces.”
The XPS Nls narrow scan showed two bands with a ratio 2:1 (399.6 and 403.4 eV,
respectively), in accordance with the presence of an N, group (Figure 3a),”* and
IRRAS confirmed the presence of the N, group (Figure 3c), showing the
characteristic azide peak at 2102 cm . The XPS C1s narrow scan (Figure 3b) shows
the peak deconvolution into different components corresponding to the carbon atoms
having different environments in the mixed 3:1 C8 monolayer.

As shown, IRRAS gives evidence of the presence of different functional groups
in the monolayer and also provides information about the mode of attachment of the

monolayer onto the surface. The positions of the antisymmetric and symmetric
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methylene stretching (v, and v, CH,, respectively) can be used to distinguish between
monolayers with a short-range order (2918/2850 cm ') or disorder (2928/2854 ¢m ).
The presence of sharp signals for the antisymmetric C—H stretch vibration (Figure
3c) at 2925 cm ' (C8), 2922 cm' (C12), and 2924 cm ' (C16) and for the
symmetric C—H stretch vibration at 2854 ¢cm™' (C8), 2852 ¢cm ' (C12) and 2953
cm ' (C16), in combination with the XPS and contact angle data above, indicate the

formation of densely packed monolayers without a high degree of short-range order.”

2.4.2 SPAAC Reaction Development.

For the study of the SPAAC reaction, the endo-BCN diastereomer (1, Scheme
1) was selected. The design of the BCN derivative was guided by two criteria; firstly
(part of) the molecule should be detectable by DART, and secondly the molecule
should also be observable by XPS (for independent validation of the DART results).
Previous research in our group showed DART to be effective in cleaving ester bonds
both in solution as well as on surfaces, to release a suitable MS tag that can be
detected in negative ion mode (See Appendix 1, Figures S7-S8).” Thus, the ester
bond was selected as a labile linker that couples the reactive BCN group with a MS
tag, which was chosen to be a para—substituted benzoic acid derivative with a
fluorinated butyl chain (highlighted in green in Scheme 1). Such a labeling approach
has been widely studied,”” *™® however, to the best of our knowledge this is the first
time an ionizable MS tag is used for interfacial kinetics elucidation. This design has
three additional advantages: 1) the fluorinated alkyl chain increases the volatility of
the benzoic acid group, allowing a rapid surface desorption; 2) the electron—
withdrawing per—fluorobutyl group weakens the ester bond and stabilizes the
carboxylate anion; 3) F signals are easily detected by XPS, thus providing a label for

an independent quantitative analysis.
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The SPAAC reaction was performed using a 3 mM solution of BCN derivative

(1) on the azide-terminated monolayer in dichloroethane (DCE) at 30 °C. Under

these conditions, the BCN derivative is present in large excess over the immobilized
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Figure 4. (a) XPS Fls spectra after SPAAC at different reaction times. (b) F/P
ratio for the three different mixed monolayers with varying C-alkyl environment
after SPAAC reaction (60 min; as in rest of the paper: all results from six—fold
repetition).

azides, therefore pseudo first—order kinetics can be assumed. After reaction with 1,
XPS measurements showed a significant increase of F content on the surface (Figure
4a). As control experiment, treating 100% alkyl-terminated surfaces with a 3 mM
solution of 1 for 24 h yielded no incorporation of fluorine, as determined by XPS. It is
worth mentioning that no F signal was detected in a typical F1s narrow scan, and
XPS wide scans were carried out under more sensitive conditions to obtain an
acceptable signal-to-noise (S/N) ratio for the Fl1s region (Figure 4a).

In order to study the optimal microenvironment for the SPAAC reaction,
different monolayers with varying alkyl:azide ratios (from 0:1 to 9:1) were prepared
and reacted with the BCN derivative for 60 min. Results clearly showed that
increasing the spacing between the azide groups, gave a substantial improvement in
BCN incorporation: despite the reduction of 50% of azides on the surface, the F/P
ratio clearly increased when going from 0:1 to 1:1 (Figure 4b). Further variation
afforded a maximum surface coverage after 60 min reaction time for the 3:1
monolayer (for the more diluted surfaces it was possible to reach higher conversion
only at longer reaction times). Interestingly, the 3:1 ratio showed that the
incorporation of the BCN derivative was greatest for the slightly accessible C12
monolayer, followed by the buried C16 and the accessible C8. In view of these
results, the 3:1 mixed monolayer was selected for all further kinetics studies.

In the XPS Nls spectrum of the 3:1 mixed monolayers, signals corresponding
to both the azide as well as the triazole moiety were observed, showing the presence
of the unreacted azides even after long reaction times, as also confirmed by TRRAS

(See Appendix 1, Figure S9). In particular, the maximum F/N ratio was around 1,
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showing that only one third of the azide groups had been converted. This finding was
corroborated for all three monolayers by separate experiments in which the reaction
was continued for 5 days, and is consistent with other incomplete conversions
reported in literature.” We may attribute this incomplete conversion primarily to

steric hindrance provided by the BCN moiety and the attached fluorinated tail.

2.4.3 DART-Based Reaction Rate and Activation Parameters
Determination.

Despite its applicability for routine surface analysis, XPS is not a very suitable
technique to determine reaction rates as a consequence of the time-consuming data
acquisition, as a typical narrow scan requires several hours (total measurement time
for hexaplet data point typically 16 h). Additionally, the comparatively low
sensitivity hampers study at small conversions, requiring in our case at least six—fold
repetitions to obtain usefully small experimental errors (Figure 4b). Alternatively,
DART-HRMS is an atmospheric pressure ionization technique with high sensitivity
and a much higher S/N ratio than XPS), which allows fast measurements, as analysis
times vary from seconds to minutes (total measurement time for hexaplet data point
typically 18 min). Under the studied conditions, the use of high resolution in the MS
analysis was found to be necessary because of the presence of random contaminating
species (e.g. from the ambient atmosphere) with near—identical masses (See Appendix
1, Figure S17). A closer inspection of the mass spectra obtained during our
measurements revealed unassigned signals for a minority of samples, close to the ion
of interest (within 30 mmu). Therefore, to rule out any contributions of these
contaminants and ensure to be analysing only the correct ion of interest, HR-MS was
needed and used throughout (10 mmu mass window). To appreciate the strength of

DART-HRMS, it is instructive to consider the minute amount of tag that is reacted
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on the surface and is desorbed from it: surface concentrations as low as ~1 pmol cm >
can be measured without the requirement of sample pretreatment.”
Figure 5a shows a typical time-dependent mass spectrometric signal recorded

for a SPAAC-modified Al slide, where the extracted ion chromatogram (EIC) of the
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Figure 5. (a) Extracted ion chromatogram (m/z 339.0052-339.0072) from the labile
group ([C;;H,0,F,]) and integrated peak area (in gray). (b) Mass spectra for the
incorporation of BCN compound 1 to the azide-functionalized surface C12 at

different times (from 0 to 12 min).

labile group is shown in the red traces and was quantified by integrating the peak
area over a fixed time interval (in gray). The intensity of MS tag ([C,;H,O,F,])
monitored by DART over time is directly proportional to the extent of reaction, as
this tag can only be on the surface as the result of the reaction between surface—
bound azide and solution-based BCN 1. Control measurements without azide
moieties showed no physisorption of unreacted BCN molecules onto the surface. A

great advantage of DART-HRMS is the much higher sensitivity, compared to e.g.
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XPS: while with XPS it proved challenging to obtain discernible F signals for lower
reaction times, with DART-HRMS intense signals with excellent S/N ratios could be
obtained routinely for reaction times as short as 15 s (~3% conversion, Figure 5b).

A kinetic study was performed for each of the three mixed monolayers (C8,
C12 and C16) using the intensity of the MS tag obtained by DART analysis as a
measure for the conversion. In accordance to a first—order process, the rate of BCN
incorporation (due to SPAAC) became progressively slower with increasing time,
converging to a limiting value, which was different for each monolayer (Figure 6a).
Particularly, the extent of the reaction was highest for the C12 monolayer, in line
with the results of the XPS measurements previously discussed (Figure 6b). The
lower extent of BCN incorporation in case of the C8 monolayer can be rationalized
by considering that for this system the BCN—containing alkyl chain is free to move
above the microenvironment created by the octyl chains, meaning that this bulky
group can fold back on the monolayer, thus blocking access to unreacted azide groups
in its vicinity. This freedom is reduced in case of the C12 monolayer, where the BCN
is forced to stand more upright on the surface. Similarly, the lower extent of BCN
incorporation found for the C16 microenvironment can be explained by the fact that
the SPAAC reaction needs to occur inside the microenvironment of the long
hexadecyl chains, which means that as the reaction progresses the monolayer density
will increase as a result of incorporation of the bulky BCN group within the
monolayer. This can make it impossible for incoming BCN molecules to react with
remaining azide groups that are buried within the C16 monolayer.

The first—order rate constants (k’) were obtained from the slope of plotting In
(L — 1)/ (I — I,)] as a function of time (Figure 6b and Table 1). In the case under
study, I, is the asymptotic (integrated) EIC intensity that is reached as the reaction
progress stops, and this was determined by curve fitting of the data to an exponential

(decay) function. For monolayers presenting freely accessible azide groups (C8), the
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rate constant at 30 °C was 0.0057 s'. However, for the mixed monolayers presenting
partially accessible (C12), or buried (C16) azide groups, the rate constants were
0.0037 and 0.0031 s' respectively, ca. two— to three—fold lower than the monolayer
presenting the azide in a more accessible environment. From this, it can be concluded
that as the azide becomes sterically less accessible, the reaction rate decreases, which
can understood by considering that the large BCN derivative has to diffuse towards
its azide counterpart in order for the reaction to occur. It is thus worth noting that
the effect of microenvironment on the SPAAC reaction as could be elucidated by
DART-HRMS, is manifested in different ways for the rate of the reaction and for the
extent of the reaction. Whereas the rate simply decreases upon increasing the steric
bulk around the azide group (see Figure 7 below for a schematic representation), for
the extent of the reaction an optimum was found for the intermediate C12
monolayer.

Table 1. First-order rate constants and activation parameters (determined by
DART-HRMS) for the interfacial SPAAC reaction of BCN and azido moieties on the

three microenvironments (results from six—fold repetitions).

Monolayer DART “ps AIT AS
(x10°%s™1) (x10?% s (kcal - mol ') (cal - K '+ mol ")
C8 5.7+ 04 2.3 £0.3 2.86 + 0.24 -0.05 £ 0.01
C12 3.7 £ 0.3 3.3 04 5.76 + 0.48 -0.05 £ 0.02
C16 3.1 £0.3 2.8 £ 0.5 5.02 £ 0.72 -0.05 £ 0.02

It is worth mentioning that we observed relatively small differences between
rate constants for the different microenvironments. While this observation is by itself
already interesting from a mechanistic point of view, it —importantly— also clearly

illustrates the potential of our DART measurements: we can accurately and reliably
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observe such small differences that are with conventional approaches, like XPS, well
beyond the limits of observation. The validity of the DART method was confirmed
independently by XPS (See Appendix 1, Figures S10-S11), which yielded similar rate
constants for the three monolayers. This shows the potential use of DART-HRMS as
a rapid and easy—to—use tool for the accurate measurement of the rates of surface—

bound reactions.

a b
| ) : - 64 = C8
1.0+ j+ 3 Ps . ¢ s
> o |
= 0.8 % a ~ B
c | 1 i A A A
£ + d.§ B J L 1
E De_+ e % ' f n ;
o le74 ) 1 -
g 0.4 lj
= it -
S 0.2k = C8
=z - e C12
1 A C16
0.0

10 20 30 40 50 60
Time (min) Time (min)

Figure 6. (a) Normalized intensity (w.r.t. C12) for the SPAAC reaction of BCN
derivative 1 with immobilized azides in the three microenvironments at 30 °C (each

data point from six—fold repetition). (b) Plot showing In [(I I,)/ (I — 1,)] vs time,

inf

used to obtain the first—order rate constants.

Figure 7. Schematic representation of the three monolayers after the SPAAC

reaction: (a) freely accessible C8, (b) partially accessible C12 and (c) buried C16.
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To further illustrate the convenience of DART-HRMS the effect of
temperature on the reaction rates was studied at four different temperatures in the
range of 20 to 50 °C, allowing us to extract the activation parameters by means of an
Eyring analysis (See Appendix 1, Table S2). Whereas the entropy of activation is
basically the same for all three cases within experimental error, the enthalpy of
activation varies significantly in dependence of the microenvironment. In line with
previously reported results,” we observed that for the unhindered C8 monolayer the
lowest enthalpy of activation (5.3 + 0.3 kcal mol') was found, which can be
understood by an optimal overlap between the two n— systems involved in the [3+2]
cycloaddition during the transition state for the C8 system. For both the C12 and
the C16 monolayers significantly higher enthalpies of activation were determined
(5.76 + 0.48 and 5.02 4+ 0.72 kcal - mol ', respectively). Apparently, the increased
sterics of the reaction with higher surrounding alkyl chains are quite significant in
this reaction. Two factors likely contribute to this, namely the reduced flexibility in
the orientation of the azide moieties, and the increased bulk close to the monolayer
surface due to the BCN ring and its freely rotating fluoroalkyl tail (Figure 7). These
values are all slightly smaller than the theoretically determined activation energies of
6.5-7.4 kcal - mol "

While the mechanistic insights into the SPAAC reaction are relevant by
themselves, it should be emphasized that these insights are the direct consequence of
the availability of DART-HRMS as a fast, quantitative surface analysis technique.
Further studies on the application of DART-HRMS for determining the interfacial

kinetic parameters of other click reactions are ongoing in our laboratory.
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2.5 CONCLUSIONS

The successful unraveling of the effects of the microenvironment on the rate of
the commonly employed SPAAC highlights the power of DART-HRMS as a general,
fast and cheap technique to study interfacial reaction kinetics in great detail. In
addition it has been shown that tailor-made control over the microenvironment of
the reactive moieties via tuning of the accessibility of the immobilized azide within
the monolayer can steer both the reaction rates as well as the extent of the surface—
bound SPAAC reaction. We anticipate DART-HRMS provides a powerful analytical

platform for the kinetic study of many other reactions on surfaces.
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Chapter 3:

Rapid and Complete Surface Modification with
Strain—Promoted Oxidation—Controlled

Cyclooctyne—1,2—Quinone Cycloaddition (SPOCQ)

Strain—promoted oxidation—controlled cyclooctyne—1,2—quinone cycloaddition
(SPOCQ) between functionalized bicycle[6.1.0lnon-4-yne (BCN) and surface-bound
quinones revealed an unprecedented 100% conjugation efficiency. In addition, detailed
analysis by Direct Analysis in Real Time Mass Spectrometry (DART-MS) revealed
the underlying kinetics and activation parameters of this immobilization process in

dependence on its microenvironment.

This Chapter has been published as:

“Rapid and Complete Surface Modification with Strain—Promoted QOuxidation—
Controlled Cyclooctyne—1,2-Quinone Cycloaddition (SPOCQ)”. Rickdeb Sen, Jorge
Escorihuela, Floris L. van Delft and Han Zuilhof. Angew. Chem. Int. Ed. 2017, 56,

3299 -3303.
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3.1 INTRODUCTION

Since the term ‘click’ chemistry was coined by Sharpless and co-workers in
2001," this class of transformations has become of crucial importance in organic
synthesis and materials science.” In the last decade, this field has focused more on
novel click reactions that have an improved kinetic profile without the necessity of
toxic metal catalysts like copper.” Among the reactions that emerged from this
endeavor, the strain-promoted alkyne-azide cycloaddition (SPAAC) proved a
particularly versatile alternative owing to its bioorthogonality.” Recently, van Delft
and coworkers reported the strain—promoted oxidation—controlled cyclooctyne—1,2—
quinone cycloaddition (SPOCQ) for selective protein conjugation” and hydrogel
formation® with a reaction rate around three orders of magnitude higher than those
observed for SPAAC. This combination of high yield and high reaction rates
prompted us to study the analogous surface reaction, since SPAAC on a surface
typically stalls at 15-80 % efficiency,™ thereby limiting its practical applicability as
unreacted surface sites cannot be removed by purification as in solution—based
chemistries. Importantly, solving the issue of variable ‘clicking’ efficiency on surfaces
is severely hampered by a poor understanding of the kinetics of the solution—to—
surface conjugation reactions. Apart from a handful of cases in which electrochemical
methods have been used,® and the recent measurement of SPAAC reactivity™ no
rigorously measured kinetics on interfacial reactions involving self-assembled

monolayers are available.

In this work, we report the first example of a surface-bound metal-free click
reaction with complete conversion of all immobilized groups. We show that
SPOCQ is a far superior surface click—type reaction that yields fast and 100%
efficiency for the modification of surfaces. In particular, we studied the
application of SPOCQ in the reaction of a bicyclo[6.1.0lnon-4-yne (BCN)

derivative bearing a MS tag with a monolayer presenting 1,2-quinone groups.
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In addition, we determined the activation parameters (AH' and AS") by
DART-HRMS to clarify, for the first time, the roles of enthalpy and entropy

in this surface—bound reaction.
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Figure 1. Schematic representation of SPOCQ on quinone-functionalized aluminum
substrates. (i) Nucleophilic substitution with dopamine, (ii) Oxidation with NalO,,

and (iii) SPOCQ with BCN derivative 1.

3.2 RESULTS AND DISCUSSION

The surface chemistry described in this work is based on the use of phosphonic
acids (PA) as anchoring groups for hydroxylated aluminum surfaces (Figure 1).
Monolayer—coated aluminum surfaces were obtained from a reaction with an
octyl/12-bromododecyl PA mixture (3:1 ratio, in isopropanol), as shown by an
increase in the static water contact angle (SCA) from 35° to 101°, in accordance with
data reported for similar PA monolayers."” The presence of Br was confirmed by
XPS, showing a Br/P ratio of 4.1 (theoretical ratio = 4), also correlating with a
mixed 3:1 monolayer. Next, dopamine was immobilized on the surface via

nucleophilic substitution of the Br-terminated monolayer with dopamine (50 mM in
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methanol; 1 h). Dopamine attachment was reflected in the decrease of the SCA from
101° to 91°, and in the complete disappearance and appearance of Br3d and N1s XPS
peaks, respectively (Figure S2). Finally, treatment with an aqueous sodium periodate
solution for 30 min led to efficient and quantitative oxidation of catechol to 1,2—
quinone as corroborated by a decrease in SCA (91° to 74°)," and by GATR-FTIR
via the appearance of a peak at 1669 cm ', assigned to the carbonyl stretch of the
1,2-quinone. Atomic force microscopy imaging showed that the roughness as
measured for the unmodified surface (rms ~4.5 nm) remained constant upon
monolayer formation. No evidence of granules was observed on modified surfaces,
supporting the presence of a fully formed monolayer. Table 1. Atomic percentages
(%) of the elements on Al surface functionalized with Br (S1), dopamine (S2), 1,2—

quinone (S3) and BCN derivative 1 (S4).

Surface Al2p Ol1ls P2p Cls Br3p N1s Fls

S1 281 450 31 230 08 —r ——

S2 295 428 44 221 —+ 12 ——
S3 30.8 440 3.0 212 —— 10 ——
S4l! 276 398 40 241 — 1.0 3.5

[a] SPOCQ reaction for 1 h at 22 °C.

Cls narrow scan XPS spectra provided chemical state information of the
different functionalized surfaces (Figure S7). S3 surfaces showed three bands centered
at 285.0 (C-C), 286.9 (C-O and C-N) and 289.0 eV (C=0), in accordance with the
presence of an immobilized 1,2-quinone group on the surface (Figure QA).UZ“” After
SPOCQ reaction with derivative 1, the peak deconvolution also showed components
corresponding to the fluorinated tag (Figure 2B), such as a —CF, peak centered at
294.3 eV and a larger peak from —~CF,— at 291.6 eV."™ M11/6-311+G(d,p)-derived

simulated Cls XPS spectra agreed well with the experimental spectra (Figure S6). *
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Figure 2. XPS Cls of a 3:1 mixture of octylphosphonic and 1,2-quinone-terminated
surface (A) before SPOCQ reaction (S3) and (B) after SPOCQ reaction (S4) with

BON derivative 1 (3 mM in dichloroethane at 30 °C, 8 h).
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Figure 3. Reaction efficiency (determined by F/N XPS ratio) vs time for the
SPOCQ reaction for the 3:1 mixed monolayer. (Insert) Surface conversion
(determined by F/P (green) or F/N (red) XPS ratio) for the SPOCQ reaction of
BCN derivative 1 with immobilized 1,2—quinones in different mixed monolayers.
Next, the strain—promoted cycloaddition with BCN derivative 1 (3 mM in 1,2
dichloroethane) was investigated. As shown in previous studies, steric factors from

the microenvironment surrounding the reacting site play an important role in
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interfacial reactions.”™ Therefore, SPOCQ was studied for a series of mixed
monolayers with variable alkyl:quinone ratios (from 0:1 to 3:1). Not surprisingly, the
surface coverage of the attached BCN groups was related to surface density of the
quinone, with the highest conversion observed for the 3:1 mixed (i.e. most diluted)
monolayer (Figure 3, insert). For this monolayer, we found that the yield of
incorporation of BCN was up to 82% after only 1 h, while after 4 h 100%
incorporation of BCN (according to both the F/P and F/N ratio by XPS) was
achieved (Appendix 2, Figure S12 and Table S1). The reaction efficiency was
determined by comparing the atomic ratio determined by XPS with the theoretical
value of 9:1 (for F/N) or 9:4 (for F/P), which corresponds to the 100% surface
conversion of the 1,2—quinone-functionalized monolayer.

This quantitative conversion stands in contrast to surface functionalization
with several other popular metal-free click chemistries (Appendix 2, Table S2),
including SPAAC,™ inverse electron-demand Diels-Alder," and thiol-ene™ and

318 where surface analyses invariably indicate incomplete

thiol-yne couplings,!
conversion (typically 15-90%) of the reactive groups.

The SPOCQ reaction was also studied (under exactly the same conditions as
used for hydroxylated aluminium surfaces) using other surfaces (silicon and stainless
steel), as well as other linkage chemistries to attach dopamine to the surface (see
Appendix 2). XPS measurements (F/N ratio) also showed a full conversion of
quinone groups in all cases, although Si (111) and stainless steel surfaces took slightly
longer (6-8 h).

The specificity of the SPOCQ reaction was demonstrated by generation of a
pattern of 1,2-quinone moieties via oxidation by microcontact printing of a sodium

periodate solution over a catechol-terminated surface. After reaction with a dye—

labelled BCN solution (DY649pl), fluorescence was exclusively visualized on the
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oxidized regions, confirming the absence of SPOC(Q in areas where no oxidation was
induced (Figure S19).

Intrigued by the efficiency of SPOC(Q) implemented on a surface, we performed
an in-depth investigation of the kinetics of this cycloaddition by DART-HRMS,
using the intensity of the MS tag as a measure for conversion. Among the different
techniques that can be used to study the kinetics of interfacial reactions,'” Direct
Analysis in Real Time (DART) has been shown to be particularly useful due to its
ability to detect small molecules (m/z < 400) without the use of a matrix.
Furthermore, DART shows excellent compatibility with robust covalent surface

18

chemistries,™ unlike self-assembled monolayers for matrix—assisted laser desorption

ionization mass spectrometry (SAMDI) and desorption ionization electrospray

(DESI). Recently, we have shown that DART-HRMS accurately and rapidly offers
quantitative rate information for interfacial reactions.™

The intensity of the MS tag is directly proportional to the extent of reaction,
as this moiety can only be on the surface as a result of a successful reaction between
surface-bound 1,2—quinone and BCN. To ensure pseudo-first order kinetics, a large
excess of BCN reagent was used. As shown in Figure 4, the reaction proceeds
extremely fast and the conversion reaches an asymptotic limit after only 5 min
(~70%). After that time, the remaining 30% of unreacted surface sites is converted
using more complex kinetics, over a 4 h period.

In order to determine pseudo—first—order rate constants, the rate of reaction

was modeled as the change in MS intensity relative to the asymptotically obtained

maximum value. For that, the pseudo-first order rate equation (1) was used,

In(:224) = —k't (1)

Too—1Io
where, k' is the pseudo-first order rate constant, and I, I, and I are the MS
intensities initially, at time interval t, and at the end of reaction (average of 5-15

min). Based on this model, the rate constant for SPOCQ was found to be (10.1 +
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0.3) x 10° s' (Figure 4B, inset), two times faster than the interfacial SPAAC of
BCN with azides and about 15 times faster than other reported surface-SPAAC
reactions.’ This finding differs dramatically from the 1000-fold larger magnitude
difference observed for SPOCQ and SPAAC in protic solutions (methanol/water
1:1).F

It was reasoned that the solvent plays a crucial role in the observed relatively
small difference in surface-bound SPOCQ and SPAAC reaction rates (in 1,2-
dichloroethane) compared to those reported in solution (protic solvents). Therefore,
we measured pseudo—first order reaction rates (in 1,2-dichloroethane at 25 °C) for
both SPAAC and SPOCQ of BCN with benzyl azide and 4—tert-butyl-1,2—quinone,
respectively. A significant solvent effect seems to influence the reaction rate for the
SPOCQ) reaction, as the rate constant in 1,2-dichloroethane was found to be only
10x higher (0.098 &+ 0.002 s™') than that for SPAAC (0.009 £ 0.001 s'). A direct
competition experiment between SPOCQ and SPAAC using 'H NMR quantification
in CDCl, yielded a similar rate difference (Figures S25-27), close to the rate
difference observed for the interfacial reaction.

Next, we studied the interfacial SPOCQ reaction at 22 °C in two additional

microenvironments, where the 1,2-quinone was either partially accessible (M2), or
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0 to 15 min). (B) Normalized intensity for MS tag for the SPOCQ reaction. (Insert)
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completely buried within the monolayer (M3). For that, the mixed monolayers (in a
3:1 ratio, containing hexadecyl and 12-bromododecyl PA or hexadecyl and 3—
bromopropyl PA) were prepared and the quinone was introduced as described
previously. Although the use of mixed monolayers is unlikely to be homogeneous if
very short and long adsorbates are combined (e.g. as in M3),?” no evidence of the
formation of micro domains was observed in the studied surfaces. Under the
optimized conditions, the pseudo-first order reaction rate constants obtained by
DART for the partially accessible (M2) and the buried 1,2-quinone (MS3)
monolayers were (4.98 + 0.32) x 10° s and (2.92 + 0.15) x 10° s™", respectively. In
other words, the significant variation in steric hindrance (between e.g. M1 and M3)
only yields a factor three difference in reaction rate.

Since these rates are quickly measurable using DART-HRMS, the effect of
temperature on the reaction rate was studied at different temperatures (from —15 to
40 °C; Table S2, Figures S28-30), to extract the thermodynamic parameters of
activation by Eyring plot analysis. Values for Al and AS® were calculated from the
slope and the intercept, respectively, of the least-squares fit of plots of In(k'/T)
versus 1/T. As shown in Table 2, the reaction of the BCN-derivative with the freely
accessible 1,2-quinone (M1) had an enthalpy of activation of 9.6 kcal/mol. With the
partially accessible 1,2-quinone (M2) AH = 12.8 kcal/mol, while AH' of the buried
1,2—quinone (M3) was 15.4 kcal/mol, which may be readily explained by the
increased steric hindrance imposed by the surrounding alkane chains. In contrast, the
loss of disorder (AS') is smallest for the buried systems, suggesting some pre—
organization prior to the rate-determining step. These trends in AH' and AS' are
clearly compensating one another, to give rather similar free energies of activation
(0G), explaining the modest three—fold difference in reaction rate around room

temperature.
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The observed activation parameters also shed light on the two—fold difference
between the interfacial SPOCQ and SPAAC reactions. The activation enthalpy of
the SPOCQ reaction is, for the sterically most accessible mixed monolayer (M1),
about 6 kcal/mol higher than for the SPAAC reaction.”™ However, since SPOCQ is
still faster than SPAAC, the reaction rate is determined by the entropy of activation,
and indeed the loss of disorder is much less for the transition state of SPOCQ than of
SPAAC. More extensive studies of the activation parameters for a range of surface—
bound organic reactions are underway to shed light onto the differences between
different reactions, and to explain in more detail the differences between solution—
phase and surface-bound reactions.

Table 2. Thermodynamic parameters of activation (determined by DART-
HRMS) for the interfacial SPOCQ reaction with monolayers presenting 1,2—quinone

groups in different microenvironment (M1, M2 and M3).

Microenvironment AH' (kcal - mol ™) AS* (cal - K- mol™)
M1 9.7 £ 0.8 -35.9 £ 2.9
M2 12.8 £ 0.7 -25.5 + 24
M3 15.4 £ 0.8 -18.8 £ 3.0

2.3 CONCLUSIONS

In conclusion, we have demonstrated the superior behavior of SPOCQ for the
functionalization of surfaces, as shown by an unprecedented complete reaction of all
immobilized quinones on the surface. The reaction rate of interfacial SPOCQ was
successfully measured using DART-HRMS and it was established that interfacial
cycloaddition proceeds with high reaction rates. We additionally determined the

activation parameters (AH' and AS'), which help to understand the mechanistic basis
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for the variation in rate constants observed within the series of monolayers. We
expect this facile and quantitative surface attachment using SPOCQ chemistry to be
of particular value for the immobilization of small and large (bioactive) molecules on
a wide variety of surfaces, which may find useful application in material sciences, life

sciences and health care (next—generation diagnostics).
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Chapter 4:

Approach Matters: The Kinetics of Interfacial

Inverse—Electron Demand Diels—Alder Reactions

Rapid and quantitative click functionalization of surfaces remains an interesting
challenge in surface chemistry. In this regard, inverse electron demand Diels Alder
(IEDDA) reactions represent a promising metal-free candidate. Herein, we reveal
quantitative surface functionalization within 15 min. Furthermore, we report the
comprehensive effects of substrate stereochemistry, surrounding microenvironment
and substrate order on the reaction kinetics as obtained via surface-bound mass

spectrometry (DART-HRMS).

This Chapter has been published as:
“Approach Matters: The Kinetics of Interfacial Inverse—Electron Demand Diels—
Alder Reactions”. Rickdeb Sen, Digvijay Gahtory, Jorge Escorihuela, Judith Firet,
Sidharam P. Pujari and Han Zuilhof.

Chem. Eur.J. 2017, doi:10.1002/chem.201703103.
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4.1 INTRODUCTION

The excellent kinetics, high yields, lack of by-products and high
stereoselectivity of click reactions have led to their extensive use in total synthesis,"”
and biorthogonal® and site-specific®® labelling of biomolecules. The utility of these
reactions for surface modification has blossomed in recent times as evident from a
significant number of reports,” specifically their use in biomolecular attachment and
patterning.”’ Crucial for surface modification are the rate of reactions (for effective
implementation) and complete conversion of the surface—bound moiety to the product
of interest. The latter aspect is of importance, as surface—bound moieties cannot be
removed afterwards by the standard purifications techniques so central to solution—
phase chemistry (column chromatography, HPLC, etc.).

In these regards, the inverse electron demand Diels—Alder reaction (IEDDA)
between 1,2,4,5-tetrazine and strained alkenes/alkynes holds great promise.”” IEDDA
reactions have been extensively studied in solution with particular focus on tuning
the steric and electronic effects of a wide variety of dienes and dienophiles.” Such
studies indicated highly interesting features such as very fast reaction kinetics*’
(among the highest for metalfree click reactions) and high chemoselectivity.
Surprisingly, this facile reaction has been largely underexplored for surface
functionalization with a few examples in literature using the highly reactive, but

2,10]

somewhat unstable trans-cyclooctene (TCO) reacting with tetrazine,™” or a more

stable but less reactive reactant such as norbornene.™ In studies of click reactions at
surface, both metal-catalyzed and metal-free a recurring but hitherto largely
unresolved issue is the question whether it matters which component is better to be
surface-bound or better to be in solution, i.e. in this case norbornene,;, -+
tetrazine versus tetrazine,

coln) ity T norbornene,,,. For example, for both interfacial

strain-promoted azide-alkyne cycloadditions” and surface-bound thiol-ene click
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reactions!"”

the choice of the surface-bound reaction partner, i.e. overall reaction
orientation, is important, but published results are inconclusive in this regard.

We have recently shown that the microenvironment around the reactive site
on the surface plays an important role in the kinetics of strain—promoted click
reactions, as determined by highly accurate and facile rate studies using direct
analysis in real time-high resolution mass spectrometry (DART-HRMS)." Those
studies allowed and stimulated us to investigate whether the microenvironment for
the interfacial IEDDA wusing the more stable norbornene could be optimized to
further improve the reaction rates, and possibly direct the yield of surface-bound

IEDDA reactions towards 100%.

Scheme 1. a) Overall tetrazine-norbornene IEDDA reaction and b) schematic

depicting the three parameters (in parentheses) under current study.
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Given the high signal/noise (S/N) ratio of DART-HRMS, for example: about
two orders of magnitude better than XPS, we are in this study for the first time able
to systematically tune three aspects relevant for surface-bound organic conversions in
detail (Scheme 1): surface-induced sterics (are the groups buried in a monolayer, or
sticking out above it), stereochemistry (endo/exo—norbornene, as a means to
investigate the effects of approach of the reactant in solution) and orientation (which
reactant is in the solvent and which one surface-bound)." Optimization of these
factors yielded conditions in which the reaction is quantitative and complete within

15 min, showing the potential of both this systematic approach and of this reaction.

Scheme 2. General scheme for the surface modification followed by interfacial

IEDDA reaction.
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4.2 RESULTS AND DISCUSSION

To this end, first the surface of aluminum (Al) slides with its natural
aluminum oxide coating were covalently modified by phosphonic acid-based
monolayers via a well-established methodology.” For this study, we prepared 3:1
alkyl to amine-terminated monolayers (M1; see Scheme 2), as previous studies
indicated this to be the optimum between high density of functionalization and
reactivity. In our experience, increasing the dilution of the reactive sites in the
monolayers higher than 33% leads to an overall decreased reaction kinetics and

' The microenvironment of the reacting groups was tuned by

reaction yields.!
modifying the lengths of the surrounding alkyl chains, so as to bury it in the
monolayer (4 carbon atoms below the surface), or make it stick out (4 carbon atoms
above the surface). The monolayer composition was confirmed by the N/P ratio (1:4)
in XPS wide scans (Figure S5.1, Appendix 3).

In order to obtain a better understanding of surface coverage, a molecular
mechanics study was performed that studied the average packing energy per chain in

" This was performed by creating schematic

dependence of the packing density.!
models of varying degrees of alkyl monolayer attachment with different random
attachment at the available sites followed by optimization of the corresponding
molecular models. For more detailed understanding of the randomization process, see
section 7.1-7.9, Appendix 3. We found that roughly 50% coverage corresponded to
the lowest packing energy per molecule (Appendix 3, section 7.10 and 7.11). This
means that ideally about half the surface sites available result in monolayer
attachment.

Norbornene surfaces (M,/M,) were prepared by coupling 5-norbornene-2-
methanol (ezo-/endo-) to M, surfaces by a carbamate linkage (Scheme 2 and Figure

S4.4, S5.2 and S5.3). For preparation of tetrazine surfaces (M,), we chose

unsymmetrical tetrazine with benzyl amine and methyl substitution, again via a
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carbamate linkage to ensure the same freedom/buried nature as in M,/M;. As shown
by the groups of Hilderbrand and Chen, unsymmetrical tetrazines provide a better
balance between stability and reactivity than their symmetric counterparts,®™ " while
also ensuring enough rigidity on a surface. Complete surface attachment for M,
surfaces was obtained for this reaction as confirmed by N/P ratios (1.5 £+ 0.1) in XPS
analysis (Figure S5.4, Appendix 3). After confirmation of surface attachment of
norbornenes and tetrazines, respectively, we embarked on exploring the TEDDA
reaction.

For easy analysis of the reaction progress, we synthesized compounds with
fluorinated tags 3, 4 and 6 that facilitate analysis by both XPS and DART-HRMS.
The reactions were performed for both the reaction partners under stringently similar

conditions (Scheme 2) and followed by monitoring the F/P ratio in XPS wide spectra

(Figure 1).
a) b)
Fls M,\;gﬂ DART gun
j\/;: lonized tag
7)) 0 :
700 sngc v?ao 670 ?5 90 CFs
Cls ’ m/z 189.016
Nis | P2s \ J
Fls ' '
it f \‘
st /M / ‘.\
,EE.’»/\LJ\ : o / \
. — — M,/M, .

750 600 450 300 150 O
Binding Energy (eV)

169.018 169.020

Figure 1. a) XPS wide range spectra for M,~M; surfaces showing emergence of Fls
signal after the interfacial IEDDA reaction. b) Schematic impression of ionization of

MS-tag (m/z 189.0163) by DART-HRMS.

Interestingly, we found that for the “free” M,, M, and M, systems, a

quantitative surface reaction yield was obtained within 15 min irrespective of the
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orientation of the reaction (Figure S5.5 and S5.6, Appendix 3). In case of the
“buried” system, the crowded microenvironments around the reactive sites slowed the
reaction down, yielding a slightly lower reaction yield (~80%) after 15 min for
“buried” ezxo-norbornene,

) + tetrazine,, , system (Figure S5.10, Appendix 3), but

surf. soln.

>90 % conversion was also observed for such crowded microenvironments after 1 h
(Figure S5.11, Appendix 3). See Appendix 3, for a more detailed description of the

different calculations used for reaction quantification using XPS wide and narrow

spectra.
d
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@ 40 [ : I
E 1.0 + 3 i
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'n_: k, = 1.90 + 0.09 M5
< 0.6
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Figure 2. Normalized DART-HRMS intensity vs time (min) for IEDDA in a “free”
microenvironment: a) ero-Norbornene surfaces (M2) reacting with 3 (red) and
tetrazine surfaces (M4) reacting with 4 (blue). b) endo-Norbornene surfaces (M3)
reacting with 3 (red) and tetrazine surfaces (M4) reacting with 6 (blue). Inserts:

Linear plots of In |(I, — I,)/(1.. — 1,)| vs time (min) to obtain the pseudo-first order
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constants, and using solute concentrations of 3.0 mM the subsequently derived 2nd
order rate constants (k,).

To obtain accurate reaction kinetics, we reacted our samples for different time
intervals (up to 20 min) and followed the signal intensity of the corresponding MS—
tag (m/z 189.016) in DART-HRMS. Using such high S/N data, the pseudo-first—
order rate constant (k') was calculated as the slope of the plot of In |(I; —I,)/(ly —
1,,)| versus time (t), where I, corresponds to the asymptotic integrated extracted ion
chronogram (EIC) intensity at obtained by exponential decay curve fitting of the
data (Figure S3.1-S3.8, Appendix 3); the second-order rate constants were derived

from there. The highest second—order reaction rate constant (3.62 M 's' at a solute

concentration of 3.0 mM, 30 °C, DCE) was observed for ezo-norbornene,, with
tetrazine ,,, 3 in a “free” microenvironment (Figure 2).
Surface Reactant in solution
rou
group Tetrazine
Norbornene Free | {10.86+10.54) x 103s (exo-) | (4.68 £0.21) x 10351 (endo-)
= 3.62 +0.18 M1s'1(exo-) 1.56 * 0.07 Mis'! (endo-)
"
7 Buried | (2.61%0.18) x 1035 (exo-) (1.70 £ 0.30) x 1073 s (endo-)
0.87 £ 0.06 M1s'1 (exo-) 0.57 + 0.08 M"1s'! (endo-)
——
Tetrazine Norbornene
W/ Free (5.79 £ 0.27) x 103 571 (exo-) (2.05 £ 0.20) x 1035 (endo-)
-* 1.90 + 0.09 M1s1(exo-) 0.68 + 0.07 M1s1(endo-)
N” SN
e Buried | (1.74 +0.24) x 10351 (ex0-) | (1.83 +0.15) x 10?5 (endo-)
0.58 + 0.08 M5! (exo-) 0.61 + 0.05 M1s'1 (endo-)

Table 1. Pseudo-first k' (s') and second-order rate constants k, (M 's ') of the

tetrazine-norbornene IEDDA reaction in “free” and “buried” microenvironments.

Using the inverse situation, tetrazine on a surface surrounded by lower alkyl
chains reacting with ezo—norbornene 4 in solution, afforded a two—fold slower rate
(Figure 2). The IEDDA reaction efficiency can be determined by comparing the
atomic ratio determined by XPS with the theoretical value of 3:4 (for F/P), which

corresponds to the 100% surface conversion. Interestingly, recently we reported the
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first 100%-yielding surface-bound metal-free click reaction (a strain—promoted
cyclooctyne—quinone or SPOCQ reaction), which was further characterized by a
second order rate constant (k') of 3.3 M 's . While thus displaying virtually the
same rate, in that case, we observed two distinct kinetic regimes: an initial fast
regime followed by a slower, more complex one; the rate constant refers to the initial
well-behaved kinetic regime only. The SPOC(Q reaction was eventually also
quantitative, but reaches full conversion only in 4 h. Here, the IEDDA reaction
turned out to be a significant improvement, reaching an unprecedented complete
conversion within 15 min, while the entire kinetic regime could be followed using one

exponent, i.e. the IEDDA reaction displays clean kinetics.

In addition, excellent yields were obtained both in ‘free’ and ‘buried’
conditions, and independent of the orientation of the reaction, thereby showing the
scope of this strategy for surface modifications. Changing the stereochemistry of the
immobilized norbornene to endo— in a “free” microenvironment halved the reaction
rate (Figure S3.3) which is consistent with the rate differences observed in solution.””’
Interestingly, also in this case a kinetic preference (two—fold difference) was observed
for immobilized norbornene reacting with tetrazine in solution than its reverse, i.e.
tetrazine on the surface reacting with endo-norbornene 6 in solution (Table 1). This

result outlines that the slowing down of reaction rate for tetrazine immobilization

occurs irrespective of norbornene stereochemistry.

Finally, we wanted to know the kinetic effects of doing the reaction ‘above’ the
monolayer versus ‘within’ the monolayer. Therefore we studied the reaction in a
“buried” state: surfaces were prepared with either norbornene or tetrazine moieties
bound to the surface that are surrounded by long alkyl chains, and used for IEDDA
reaction (Scheme 2). The rate differences again amounted to about two folds in favor
of mnorbornene immobilization (Table 1). The highest reaction rate in this

microenvironment (0.87 M 's ') was observed for ezo-norbornene attached on the
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surface reacting with tetrazine while the lowest (0.58 M 's') was observed for its
reverse. Comparing the best and worst possibility, the rate constant for the exo-
norbornene immobilization in “free” microenvironment was 6.2 fold higher than that
for tetrazine immobilization in a “buried” state. It is of relevance to state that only
with high S/N-techniques like DART-HRMS such relatively small rate differences

can come into view and thus be rationalized.

To this latter aim, we also applied quantum chemical and molecular mechanics
calculations. The reaction between unsubstituted™ and substituted tetrazines and
various alkenes has been studied theoretically by Houk, Devaraj and co—workers. In
our case, we modeled the IEDDA reaction between a substituted tetrazine and ezo—
/endo—norbornene (substituted so as to mimic their surface attachment or solution
functionalities, see Figure 3). In line with previous findings, density functional theory
(DFT) calculations (at M06-2X/6-3114+G(d,p) level) revealed that the Diels—Alder
cycloaddition, rather than the subsequent N, expulsion, is the rate-determining step
in this reaction. In accordance with experimental results, exo-norbornene has a lower
activation barrier than endo—norbornene (Figure 3a). Also, our calculations show that

the reaction corresponding to norbornene,;, (ezo— and endo-) and tetrazine,

soln.) had
a lower energy barrier (by ~1 kcal mol ') than the reverse orientation (Figure 3b and

¢). This energy difference is in line with the observed rate difference for the

interfacial IEDDA in the “free” microenvironment.

81



B or | ¥ 16.3 (endo-)
y F215.2 (exo-)
N p N o :
N-N E
Hzc—(;‘:':}—( :)—\HN HM—\‘_:
Ry o} B
_R.I _ ﬁb‘/D C)-ca :‘.
= |.2 s 416.3 (endo-) o i __-174
o N N ol 115.2 (exo-) -18.8
EY / % N, loss - -
~ |-— - B o oo e reaction coordinate
© 0.00 % +——; -2.6 (endo-), syn C)
& L et \ 7 =40 lexo), syn 15.1 (end;
= Ry = /\ﬁ N7 Y ,,",;z="|-10.2(endo-), anti _— 1;1- 2(3’1 0-)
2 i 7 : — v
g -18.8 (endo-) ‘= .:“11.7 (exo-), anti 5 e (exo-)
-17.4 (exo-) OR ) . 5
[ s :
) 3
‘ : 2
syn- “‘ 0. B
N anti- [ E
H d:? - 3
-57.0 (end NTN B
Ry -58.0 (exo-) NN ~ -18.8
-61.1 (exo-) Ea -19.2

reaction coordinate reaction coordinate

Figure 3. a) DFT calculation for the full mechanism of the multistep ITEDDA
reaction between an unsymmetrical tetrazine and exo— and endo—norbornene
mimicking molecules used in our work, b) and ¢) reaction coordinate diagram for the

[EDDA reaction mimicking our reaction condition showing tetrazine and exo—/endo—

norbornene on surface, respectively

A visual representation of the orientation of immobilized groups was obtained
by performing sequential molecular dynamics and molecular mechanics optimizations
of the IEDDA cycloadducts on aluminum oxide surface. The modeling was performed
on large supercells obtained by attachment of the norbornene or tetrazine moieties in
a random pattern followed by subsequent energy minimization (see section 7.13-7.14,
Appendix 3). Next, a series of molecular dynamics runs at 773.0 K were performed to
‘shake up’ the conformations of the chains, and get truly random orientations of the
surface-bound moieties. Finally, those geometries were optimized by molecular
mechanics, to indicate the most stable orientations of reactive groups with respect to
the surface (see section 7.15-7.19, Appendix 3 and two movies with rotating 3D

structures of the surface available online). Representative geometries, from a much
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large set, are shown in Figure 4. For surface-bound norbornenes (Figure 4a), the
surface-bound molecules prefer to be apart (no specific attractions; significant steric
repulsions) with the double bond (highlighted in green) facing outwards. In contrast,

tetrazines in a “free” microenvironment showed a higher propensity to

surf.)
clump/cluster together due to additional stabilization attributable to m—m stacking

(Figure 4b).

Unhindered Aggregation Hindered

-
=/
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Figure 4. Comparison of surface disposition of IEDDA reactants in “free” ME after

molecular dynamics of a) norbornene,) and b) tetrazine .

surf.

These orientations and clustering (or lack thereof) will influence the reactivity
and angle of approach of any reacting solute. Finally, those geometries were
optimized by molecular mechanics, to indicate the most stable orientations of reactive
groups with respect to the surface (see section 7.15-7.19, Appendix 3 and two movies
with rotating 3D structures of the surface). Representative geometries, from a much
large set, are shown in Figure 4. For surface-bound norbornenes (Figure 4a), the
surface-bound molecules prefer to be apart (no specific attractions; significant steric
repulsions) with the double bond (highlighted in green) facing outwards. In contrast,

tetrazines in a “free” microenvironment showed a higher propensity to

surf.)

clump/cluster together due to additional stabilization attributable to m-m stacking
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(Figure 4b). These orientations and clustering (or lack thereof) will influence the
reactivity and angle of approach of any reacting solute.
Based on the TS geometry obtained by DFT calculations we deduce that the

approach of tetrazine moieties preferentially occurs in a “top—down” manner or

soln.)

perpendicular to the surface (Figure 5a). In contrast, the approach of the incoming

soln.

norbornene,,, should be “side-ways” or parallel to the surface (Figure 5b), and the
reactant in solution thus encounters a lot more steric hindrance along the reaction

path.

®
Figure 5. DFT calculation of approach of a) Norbornene,,;, with tetrazine,,, and
b) vice—versa, clearly showing different angles of approach to surface groups.

In addition, the aggregation of surface-bound tetrazines also lowers the
available number of tetrazines in statistical terms by masking one or both the
available faces. Both these factors will likely contribute to the overall slower kinetics

of tetrazine,;, + mnorbornene reaction. These findings point to the overall

soln.)

relevance of choosing prior to immobilization which agent is surface-bound and which

comes in from solution.
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4.3 CONCLUSIONS

We have achieved an expeditious (within 15 min) and quantitative surface
functionalization using inverse electron demand Diels—Alder reactions. The reaction
displays clean pseudo—first order kinetics over the full conversion range. We found
that the approach of the solution reactant towards the surface-bound counterpart
plays an important role in the course of the reaction, supporting the significance of
the orientation in surface-bound reactions. Such detailed insights into surface—bound
organic reactions are both required and becoming available by combining techniques
like XPS and DART-MS to further improve surface modification procedures for a

wide range of applications.
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Chapter 5:

Ultrathin Covalently Bound Organic Layers on
Mica: Formation of Atomically Flat Bio—

functionalizable Surfaces

Mica is the substrate of choice for microscopic visualization of a wide variety
of intricate nanostructures. Unfortunately, the lack of a facile strategy for its
modification has prevented the on-mica assembly of nanostructures. Herein, we
disclose a convenient catechol-based linker that enables various surface-bound
metal-free click reactions, and an easy modification of mica with DNA
nanostructures and a horseradish peroxidase mimicking hemin/G-quadruplex

DNAzyme.

This Chapter has been published as:

“Ultrathin Covalently Bound Organic Layers on Mica: Formation of Atomically Flat
Bio—functionalizable Surfaces”. Rickdeb Sen, Jorge Escorihuela, Floris van Delft and

H. Zuilhof. Angew. Chem. Int. Ed. 2017, 56, 4130-4134.
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5.1 INTRODUCTION

The atomically flat nature of mica has made it the substrate of choice for
microscopic visualization of dimensional parameters of various pre—fabricated
nanomaterials such as DNA origami" and protein conjugates,” among others. Mica
is an hydrophilic aluminosilicate, which in saline solution is covered by a hydration
layer with K* ions that are tightly bound to the anionic silicate. While widely used
for atomic force microscopy (AFM) studies,” the surface modification and chemical

functionalization of mica itself has received surprising little attention.”

Lately, catechol-based coatings including mussel adhesive poly—dopamine
proteins have found increasing attention for mica surface modification.” Despite a
general acceptance that the catechol moiety in mussel proteins is central to their
adhesion ability,” its exact adhesion mechanism is still unknown.” Butler et al
recently showed that a pending amine functionality is central to binding.” To
demonstrate this, a symmetric trichrysobactin was synthesized that bears three 2,3—
dihydroxybenzoyl moieties and a lysine tail. In this ‘two—punch’ approach, the NH,*
moiety displaced the K™ ions, followed by surface attachment of the catechol-moiety.
Unfortunately, the six—step synthesis required for the scaffold hampers its widespread
application. Even more, post—attachment functionalization of mica substrates with
interesting biomolecules such as DNA and proteins is still uncharted domain. Such an
approach would require both facile and strong adhesion, combined with the presence
of a moiety that can be routinely used for post—attachment functionalization. The
current approaches™ do not provide such a handle, and as such there is still need for
a platform that allows various surface-modification strategies and a stepwise
observation of the assembly processes of biological nanostructures in a controlled

fashion.!'”
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Figure 2. a) Synthesis of surface anchor 1 b) Increase of water SCA during
modification process. ¢) XPS wide range spectra of bare (M,) and modified (M,)

mica (inset: narrow scan of Cls signal).

In this paper, we address this unresolved problem through a dual approach via
the development of a simple molecule that allows both (i) covalent modification of
mica, and (ii) post—modification stepwise growth and study of molecular assemblies.
To this end, we envisaged and synthesized a surface anchor (1) that possesses the
structural characteristics required to combine optimal adhesion characteristics with a
handle for modular functionalization (Figure 1). We extensively characterized the
modified surfaces (M,) by static water contact angle (SCA), X-ray photoelectron
spectroscopy (XPS) and AFM measurements. To illustrate the potential for surface
functionalization, we explored several metal-free strain—promoted click reactions.
Finally, to demonstrate bio—functionalization we pursued the stepwise formation of
functional DNA constructs, such as G—quadruplex (GQ, G = guanine) structures on

covalently modified surfaces by AFM.

5.2 RESULTS AND DISCUSSION

5.2.1 Design and synthesis of surface anchor.

As shown by Butler et al” and Hwang et al.,'! mica adhesive molecules
should likely contain both catechol and amino groups. However, in their case this
resulted in a poorly defined polymeric layer possibly due to intramolecular Michael—
type addition reactions between the catechol and free amino groups.'” Spencer et al.
have tackled this issue of polymerization by inclusion of a strongly electron—
withdrawing nitro group in the catechol motif to minimize auto-oxidation.” Using

this information, the design of our surface anchor 1 was based on the retention of the
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key components viz. a catechol moiety linked proximally via an electron-withdrawing

amide group to a protonated amine (Figure 1).

A first step forward was the synthesis of surface anchor 1: 23—
dihydroxybenzoic acid (DHBA) and mono-Boc—protected 1,6-hexanediamine were
linked via a conventional amide coupling, followed by subsequent Boc-deprotection

(Figure 2a) to afford 1 in an overall yield of 66 % (0.78 g).

5.2.2 Surface modification and characterization.

A 1 mM solution of 1 in PBS buffer (pH 7.4) allowed for the simultaneous
modification of large numbers of freshly cleaved mica surfaces in 24 h. A constant low
water contact angle (55°) (Figure 2b), the emergence of Nls signal in XPS (Figure
2¢), and the XPS analysis of subsequent modifications on M, confirmed modification
of the mica surfaces with surface anchor 1 (see Appendix 4). Importantly, molecules
similar to surface anchor 1, but lacking one of the mentioned components, performed

inferior than anchor molecule 1 (Table S1).

XPS analysis of modified surfaces also showed the overall chemical
composition of M, to fit the molecular composition of 1 within experimental error
(C/Nypg = 6.8; C/Npy., = 6.5) (see Appendix 4, section S4.2). As shown by Hwang et
al., the formation of polymeric layers on mica surfaces leads to the disappearance of
the Al2p, K2s and Si2p signals in the XPS spectrum."” Interestingly in our case, the
continued high intensity of these substrate—specific signals hinted at formation of

ultrathin layers (Figure 2c¢).

The deconvolution of the Cls narrow scan clearly revealed carbons in distinct
environments, namely, C-C, C-N, C-O and C=0 (Figure 2c, inset). Experimental
XPS binding energy results correlated nicely with simulated values obtained from

DFT calculations (Section 6.1)."* AFM analysis of modified surfaces (M,) displayed
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Figure 4. a) Stacked XPS wide scans of final cycloaddition adducts of SPAAC with
azide on surface (Mj, bottom), BCN on surface (M;; middle) and SPOCQ (M,;; top).
The Fls and Nls peaks were used for determining the yield of these reactions. b)
XPS narrow scan Cls region (left) and Nls region (right) of SPAAC cycloaddition

adducts (M)

a remarkably low surface roughness of 0.4 nm with a layer thickness of (2.5 4+ 0.5)
nm (Appendix 4, Figure S1-S3). This confirms exclusive formation of ultrathin layers
(length of 1 in stretched-out fashion is ca. 1.3 nm) on mica surfaces. We note that
the low (0.4 nm) roughness makes our modified surfaces amenable for reliable

microscopic visualization of various covalently attached nanostructured biomolecules.

5.2.3 Metal free click reactions on mica surface.

In view of the importance of metal-free click chemistry in bioconjugation
chemistry, we performed various state—of-the—art “metal-free” strain—promoted click
reactions (Figure 3). For this, amine-terminated layers M, were converted to azide—
functionalized coatings M, (see Appendix 4) by a Cu-catalyzed azide transfer
reaction.” The resulting azide terminated layers underwent a facile SPAAC reaction
with a fluorinated labile BCN aromatic ester. This allowed easy characterization of
the resulting surfaces M, by XPS and direct analysis in real time high-resolution
mass spectrometry (DART-HRMS)," which showed the characteristic m/z peak of
the surficial 4-perfluorinated butyl benzoate anion (339.0062) in the extracted ion
chronogram (EIC; Appendix 4 Figure S4). A clear XPS Fls signal was evident at
686.0 eV, indicating a successful reaction (50 %) (Figure 4a). An inverse strategy for
the surface-bound SPAAC reaction was also pursued with BCN immobilized on the
surface (M,) and a reaction with an azide coupled to a fluorinated tail (Figure 3), to
yield surface M;. The XPS F1s peak at 686.0 eV was used to demonstrate the extent
of reaction (83 %) (Figure 4a and Appendix 4, Section S4.10), while also the Cls and

N1s spectra confirm the success of this reaction (Figure 4b).
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The strain—promoted click reaction between BCN and ortho-quinones
(SPOCQ)" was investigated as a second example on mica surfaces modified by our
method. To this end, 2,3-dihydroxybenzyl amine was attached to surface M, via a
DIC coupling, and subsequently oxidized to its corresponding 1,2—quinone (M) using
NalO,. XPS analysis confirmed the presence of a modified anchor on mica (Appendix
4, Section S4.13). The quinone underwent a facile SPOCQ reaction producing in
excellent yield (91 %) surface M, in 4 h, e.g. as evidenced by the F/N ratio in XPS

(Figure 4a and Appendix 4, Section S4.14).

5.2.4 DNA mini—constructs on mica surface.

Having established prominent bioconjugation reactions on mica, we switched
our attention to our other objective: the formation of AFM-observable covalently
linked DNA nanostructures. Building on the insights from Famulok et al., a 168-bp
DNA minicircle consisting of 8 distinct DNA fragments® was assembled in a step—
wise fashion after one of the components was tethered covalently onto mica surface
M,. Covalent attachment of strand D1 (Table S2) allowed its hybridization to a
preformed assembly of oligomers D2-D8 (Table S2), forming circular structures. As
shown in Figure 5a, 3D height images of DNA—containing surfaces revealed circular
structures that possess an internal cavity (Appendix 4, Figure S8-S11). A large
number of contiguous shapes with circular features was obtained, with an internal
diameter of 20 + 2 nm (Appendix 4, Figure S12), in accordance with literature (18.2
nm)." When significantly lower concentrations of strands D2-D8 were applied
(100—fold dilution, i.e. 0.1 M), we observed mostly open structures, and circles of
which the larger internal diameter hinted to the formation of semi—closed dimeric and
trimeric structures (Figures 5b, 5¢, Appendix 4, S13 and S14). Control experiments

with bare mica surfaces, i.e. without the anchored DNA, did not show any circles or

other (linear) structures, proving the need for a covalently attached anchor.
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Figure 5. a) 3D height images of DNA circles assembled on mica. b) 3D height and

¢) quadrature image of single DNA circle.
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Figure 6. a) Wide scan XPS spectra of EAD2 immobilized on mica surface, (inset:

Fe2p narrow spectra of the EAD2-based hGQ DNAzyme—functionalized mica). b)
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UV-vis spectrum of ABTS oxidation catalyzed by EAD2-hemin DNAzyme, inset:

changes in the spectrum upon ABTS oxidation.

5.2.4 DNAzyme activity on mica surface.
Lastly, we added another dimension to our method by the attachment of

functional DNA, namely the horseradish peroxidase-mimicking hemin/G—quadruplex
(hGQ) DNAzyme." Such a hGQ DNAzyme can oxidize a variety of organic
substrates in the presence of H,0,.”” To demonstrate the feasibility of hGQ catalytic
activity of DNAzymes on mica surfaces, we attached the guanine-rich sequence
EAD2 (Table S2) covalently to M, mica surfaces. Covalent attachment of DNA was
confirmed with XPS analysis by the emergence of P2s and P2p signals in the XPS
wide spectra at 189.0 eV and 133.0 eV, respectively (Figure 6a). Furthermore,
complexation of hemin [Fe(IIT)-protoporphyrin IX chloride] to the formed GQ under
K*-rich conditions was confirmed by the emergence of characteristic XPS Fe2p

peaks®™ (710.0 and 721.0 eV) (Figure 6a, inset).

After validation of the covalent attachment of DNA, we assessed its HRP—
mimicking ability using 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS”),
which is converted into ABTS" in the presence of the hGQ DNAzyme and H,0,.*"
Indeed, upon addition of H,O, to an ABTS-solution that contained just a single
hGQ-functionalized mica slide (12 mm diameter), within 5 min a green—colored

solution with = 414 nm (Figure 6b) was formed. Control experiments (without

ABTS, without modified mica, or without H,0,) did not show formation of this
oxidation product. Therefore, the oxidation of ABTS® was solely attributable to the

presence of catalytically active hGQ DNAzyme EAD2 on the surface.

5.3 CONCLUSIONS
To summarize, we demonstrate facile and covalent modification of mica using

a catechol-based surface anchor with a flexibly linked amino group. This yielded
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robustly bound, low-roughness and ultrathin layers that are amine-terminated. We
demonstrate that this approach allows for a highly flexible surface modification, using
a range of metal-free click reactions as points in case. In addition, we display the
potential of our strategy for microscopic imaging of functional DNA constructs, and
the potential for following the formation of such constructs in a stepwise fashion. We
thus believe our work opens up new avenues for the immobilization and successive

visualization of a wide variety of biomolecule conjugates on mica and related surfaces.
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Chapter 6:

General Discussion

Surface chemistry holds increasing promise in our ever-miniaturizing world
allowing for extraordinary surface-to—volume ratios. The drive to decorate molecules
on a surface with a controlled architecture and to know their reaction rates is the
main issue addressed in this thesis. If the above is addressed beyond reasonable doubt
then the author deems it a job well done and worth his modest efforts.

The road taken was a tough one. One that required standing up and staying
upright after errors or experimental troubles. This was probably the most
reproducible element of my thesis: when things almost seemed to work, something
caved in, broke down, turned out to be more complex. Way more complex.. The
starting-up phase of this work thus took about 2.5 years (of the total of 4): a way
had to be built, but rather than focusing on a narrow path, we aimed for a highway
towards interfacial kinetics and composition, and we did not stop till it was there, to
be driven on many times by ourselves, and hopefully in the future also by others.

To recap, the determination of interfacial kinetics of various reactions posed a
significant challenge to the scientific community. This stemmed from the absence of a
general analytical technique that can be applied to a wide variety of reactions
independent of their nature. In addition to that impediment, the method had to be
highly sensitive with very low limits of detection given the minute amount of
analytes present on the surface (picomole range). The problem is especially
compounded in the early part of the reaction regime where the kinetic information
actually often can be found. Being able to follow the initial % conversion with great
precision and high signal-to—noise ratio is perhaps the greatest challenge addressed

herein.
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In this thesis, XPS and DART-HRMS have been used in close conjugation to
supplement each other, since the latter is a relatively new addition to surface
chemist’s repertoire that — after development — needed a firm comparison to build up
a reputation of its own. The strength of our approach has been underlined by the
high correlation between these two independent analytical techniques.

Central to our approach has been the formation of mixed monolayers in case
of aluminum oxide substrates. As presented in chapters 2, 3 and 4, we have
succeeded in the rapid formation of a range of stable, covalently bound mixed
monolayers. The subsequent development of a general and fast analytical technique
to determine the interfacial reaction kinetics, including the activation parameters AH*
and AS, provided unparalleled insights. We have developed a “MS-ionizable tag”

technique, which has been applied for the analysis of surface-bound organic reactions,

to the best of our knowledge, for the first time. Thus began the journey...

Figure 1: Carthaginian general Hannibal Barca (247 — 181 BCE) crosses the Alps.
The Strain-Promoted Alkyne-Azide Cycloaddition (SPAAC) reaction was

chosen as a model reaction given the fact that its kinetics had been well-studied in
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solution. As shown in Chapter 2, the microenvironment around the reactive surface

group was carefully controlled by the length of the inert alkyl chains surrounding it.

Figure 2: TOC art for Chapter 2.

We observed a few interesting trends which could be of great interest to future
surface chemists. First, the SPAAC reaction — which is a click reaction in solution —
does not retain this nature on the surface (It does not proceed to full conversion and
converges sluggishly to around 37% yield after significant temporal passage). A
partially accessible microenvironment, where the motion of reactive groups is slightly
restricted, was found to provide a high rate with the highest surface yield. In
contrast, a freely accessible reactive moiety afforded a lower surface yield albeit
with the highest overall rate. Finally, a buried microenvironment led to the
highest overall rate albeit with a lower surface yield. As a corollary, for the
surface-bound SPAAC reaction we can compare the partially accessible

microenvironment to a marathon runner who is able to run further but at a pace

105



slower than a sprinter (free microenvironment). This provides the surface chemist
with a handle for tuning the monolayer as per her/his reaction goals.

Harnessing the valuable insights gained from the SPAAC reaction, our concept
of ionizable MS tag coupled with DART-HRMS was further extended to a more

novel and yet unstudied interfacial reaction in Chapter 3.
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Figure 3: TOC art for Chapter 3.

The  Strain—Promoted  Oxidation—Controlled  cycloalkyne-1,2-Quinone
(SPOCQ) cycloaddition was applied for the first time on a surface and afforded a
quantitative yield for a free microenvironment in under 4 h. It is to be noted here,
that for the first time a 100% (quantitative) metal-free click reaction was
observed at a surface. This proved that our approach of engineering the
microenvironment around the reactive site provides a distinct edge needed to attain
quantitative yields. Quinones are hard to synthesize/store/use in solution given their
high propensity to polymerize. However, we demonstrated that on the surface,
quinones can be easily generated and stored over—extended period of time by a facile
periodate oxidation. Auto—polymerization of surface-bound quinones is precluded by
their tether and enforced distal separation by surrounding inert alkyl chains (3:1

ratio). The wider application of this interesting mixture has been further rigorously
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demonstrated in later chapters too. The bioorthogonality of the SPOCQ reaction
coupled with its higher speed and its quantitative yields on the surface are definitely
its most salient features. Combining the ideas of Chapter 2 and 3, we can make a
mixed monolayer containing azide and quinone termination interspersed with inert
alkyl chains to create a well-defined “two click surface”. Imaginative thinking can
easily increase the number of click partners through careful planning. The strong
covalent tethers and controlled architecture of aluminium—phosphonic acid chemistry
can even surpass similar work (restricted up to four orthogonal ‘clicks’) on Au-thiol
surface, in which case the low monolayer strength remains an encumbrance.

After studying strain—promoted click reactions on the surface (culminating for
SPOCQ in quantitative conversion within 4 h), the question arose if DART-HRMS
could also be used to reproducibly and precisely determine a different class of
cycloadditions, for which we selected the interfacial inverse electron demand
Diels—Alder (IEDDA) reaction as this reaction was reported to be really fast —at

least for click reactions— in solution.

Name of reaction k' (x10° s™) k' (x10°s™)
“Free” “Buried”
microenvironment microenvironment
SPAAC 5.7+ 04 3.1 +£0.3
SPOCQ 6.4 £ 0.1 29 £0.2
IEDDA exo-Norbornene,) 10.9 £ 0.5 4.7 £+ 0.2
IEDDA Tetrazine,;, 5.8 £ 0.3 2.1 4 0.21

Table 1. Concise summary of reaction rates for different metal—free click reactions

on the surface for “free” or “buried” microenvironments at 25 °C (* at 30 °C)
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Figure 4: TOC art for Chapter 4.

This was studied in Chapter 4 extensively and we surpassed our previous
kinetic record (SPOCQ) by obtaining a quantitative yield in a mere 15 min. The
other interesting observation of this study was that reversing the reaction
counterparts on the surface produced a discernible reaction rate difference. We found
that one of the reactants when tethered in a particular stereochemistry (ezo— form)
gave the highest surface coverage (100%) within the shortest amount of time. This
was also the first time that the effect of diastereomerism on interfacial reaction rates
was studied. We believe this should open up a whole new avenue for “large scale
surface—directed synthesis”. An effective insight into surface disposition of
stereoisomers on the surface might help in favoring/increasing enantiomeric excess
(ee). If one of the reactant is oriented in such a way that the surface, the neighboring
inert chains and the target group itself, work in conjunction to achieve approach of
reacting species from only one chirally active face (Re or Si), in principle a high ee
could be achieved.

The above three chapters lend credence to our belief that mixing adsorbates of
differing lengths during monolayer assembly does not necessarily form distinct
domains. If there was indeed a clustering of similar chains (azides/ quinones/

norbornenes and tetrazines) surrounded by a “sea” of inert alkyl chains, then the
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reaction yield should have an inverse relationship with increasing dilution of the
monolayer. In contrast, we observed that such relationship was not found in our case.
Instead, we consistently found an optimum dilution of 3:1 ratio of alkyl to
reactive group that provided the best surface yields. Based on these observations,
we hypothesize that in our case mixed monolayer formation occurs in a random
fashion with 3:1 being the best scenario i.e. provides adequate space for the final
cycloadduct while being sufficiently concentrated for the reaction to be completed
within a measureable time frame.

In Chapter 5, covalent modification of native non—activated mica has been
carried out utilizing catechol linkers. Previous studies for mica modification produced
poorly defined polymeric structures on the surface or required extensive and tedious
organic synthesis. We have addressed both these issues head—on in this thesis. Well-
defined and characterized ultrathin layers were constructed on mica using a catechol—
based molecule involving a two-step synthesis. This opens the pathway for the
attachment of more complex architectures on the surface with higher functionality
along with the ability to study their formation in a step—wise controlled fashion. Mica
being atomically flat provides an ideal surface upon which to study various
phenomena by AFM and other forms of microscopy. However, most research until
now was restricted to simply drop—casting the pre-fabricated moieties followed by
studying their final structures. Our method now allows for the step—wise formation
and characterization of these very interesting structures. Along with it, we also
performed several click attachment chemistries on these ultrathin layers which can be
harnessed by surface chemists to put various functional and structurally complex
moieties on the surface. The above said research was also prominently featured as a
“Hot Paper” with accompanying frontispiece of Angewandte Chemie International

Edition, 2017, Volume 56, Issue 15 as shown in Figure 5.
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WHAT WOULD BE AN IDEAL TAG AND FUTURE PERSPECTIVES.

Since this thesis almost entirely focuses on “indirect” or tag-based interfacial

kinetics it pays to contemplate on the virtues of a good tag. An implicit question
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which arises at the end of our investigations is the role the tag itself plays in
influencing the reaction kinetics especially in the latter stages of the reaction where
diffusion plays a much more significant role. Since, the valuable kinetic information
often lies mostly in the initial kinetic regime (i.e. first 10% of a conversion) we can
assume this effect to be minor. However, one can argue from a steric perspective that
a smaller tag would alleviate this conundrum. We have already tested this hypothesis
in our own research in terms of moving away from a bulkier p-C,F, tag to a p—CF,
tag. Technically, even a single F atom used as tag would be detectable by mass
spectrometry but independent corroboration by XPS would be near-impossible due
to the extremely low signal-to—noise ratio in our diluted microenvironment.

An interesting avenue that can be considered while using such tags for mass
spectrometry on surfaces is the use of independent and orthogonal mass fragments
during the course of a kinetic measurement. Let us consider a reaction, where a
surface-bound component (A) is able to react simultaneously with 2 different solution
counterparts (B and C) albeit at different rates. Affixing different mass tags on each
of the solution counterparts (B-MS tag 1 and C-MS tag 2) should in theory allow
one to independently follow their incorporation on the surface. Now this requirement
of great similarity of tags raises a great predicament for most conventional surface
analysis techniques which would fail to differentiate between them (AFM, GATR-IR,
UV-vis etc.). For example, ~CF, and —C,F; tag-based kinetics would be difficult to
be follow using XPS, as their cumulative signal will not give useful information about
the rates of individual incorporation and hence their individual kinetics. Thus a
solution has to be found. This is where mass spectrometry shines compared to other
analytical techniques as we can use two mass tags with the same number of atoms
but with an isotope thrown in for differentiation (say, -CH, and —"*CH, or say, —~CH,

and —CH,D). We can assume them to behave identically in terms of ionization,
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sterics, approach parameters albeit with easy distinction in mass spectrometric
analysis.

In my opinion, this is a fundamental change one can incorporate in a tag while
getting meaningful signal by DART-HRMS. This kind of isotope labeling on the
surface would also allow for greater understanding of how different reactions compete
on a molecular scale with the limited surface reaction sites. Perhaps another factor
one can think of is tuning the microenvironment on the surface whereby providing an
edge to an otherwise sluggish reaction. This could result from more favorable
hydrophobic interactions between the microenvironment and one of the solution
counterparts. This further opens up a new avenue to determine how we can better
tailor our surfaces and the extremely vital microenvironment to produce an intricate
pattern of intermingling reagents on the surface.

Next, I would like to go a step further and argue: do we not need a tag at all?
Precluding the tag would bypass any of the aforementioned parameters associated
with it and should indeed be a better solution. So would tag-less monitoring of
reaction rates on surfaces be feasible? Together with Digvijay Gahtory I have
demonstrated in our study “Surface-bound quadruple H-bonded dimers: Formation
and exchange kinetics”, (List of publications, Faraday Discussions, 2017, accepted)
that no tag is required altogether with the entire molecule being used for following
kinetics. In this work, we have cleaved off of the surface H-bound ureidopyrimidinone
(UPy) moieties “as a whole” and thus the kinetics of its surface incorporation could
be elucidated in a “direct” manner. In our initial studies where an independent
analytical technique required strong XPS signals we restricted ourselves to an
“indirect” approach.

However, one has to keep in mind the surface attachment has to be weak
(non—covalent, reversible) or hydrolyzable so that the elevated temperatures of the

DART metastable He beam will suffice to get the analytes desorbed and ionized and
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hence detected by mass spectrometric analysis. Thus, our DART HRMS-based
approach would be a very efficient technique to especially study supramolecular
interactions. If the host or guest is tailor-made to be easily ionizable and volatile,
while not reverting to its non-charged native form during the ambient
desorption/ionization process, then we can ensure higher signal-to-noise ratio in the
studies. This would allow us to understand supramolecular kinetics with high
precision on surfaces. We have laid the groundwork for such studies in the
aforementioned work, which has focused on “metal-free click reactions”, and would
argue that a much wider field of applications is just around the conceptual corner.
Overall, this thesis wishes to understand organic surface chemistry and several
of its intricate mysteries. It clearly outlines several modification techniques and
unravels interfacial kinetics of several interesting “metal-free click reactions”. It
strives to rationalize the activation parameters in conjunction with classical organic
chemistry and gives details on how surrounding “inert” alkyl chains can play a
profound role in reaction rates. Lastly, we have striven to and achieved rapid and
quantitative reactions on the surface by virtue of optimization of this
microenvironment. Personally I believe, we have treaded on a road seldom traveled
and unraveled a new understanding about molecular interactions on the ever—

interesting and an infinitely—complex surface...

Figure 6: Staring at the stars helps understand how modest this effort was.
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Appendix 1

Use of Ambient Ionization High—Resolution Mass
Spectrometry for the Kinetic Analysis of Organic

Surface Reactions

For full Supporting Information look at online ESI available in ACS

Langmuir website at 1a6b00427__si_ 001.pdf (2.17 MB)
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1.1. Methods

1.1.1. General. Unless otherwise specified, all chemicals were used as received
without further purification. Octylphosphonic acid, hexadecylphosphonic acid,
hydrochloric acid, methanol, hexane, acetone, dichloromethane, 2-propanol were
purchased from Sigma—Aldrich. 12-Azidododecylphosphonic acid, dodecylphosphonic
acid were purchased from SiKEMIA. Aluminium pieces (99.5% purity, mirror
polished, Staalmarkt Beuningen BV) were cut using mechanical cutter into exactly
2x1 cm dimension. For surface modification reactions, the samples were loaded onto
a specially constructed PTFE wafer holder able to hold up to 16 samples at a time
thus ensuring rigorous reproducibility between samples.

1.1.2. Preparation of phosphonic acid monolayers. 2x1 cm Al slides were
sonicating in hexane for 15 min followed by wiping with lint—free cotton swabs
(Texwipe, NC, USA) to remove polymer protection layer on top and remove any
residual glue. The surfaces were chemically activated by immersing in 1:1 (v/v) 37%
HCl-MeOH mixture for 5 min, followed by washing with water and 2-propanol. The
activated surfaces were then immersed into N, filled vials containing a 5 mM solution
in 2-propanol of the appropriate alkylphosphonic acid (with C, C,, or Cj alkyl
chain) and 12-azidododecylphosphonic acid, in the required ratio, which was varied
from 0:1 up to 9:1. The solution was heated to 50 °C for 5 min, and then left
undisturbed for 5 h at room temperature to obtain self-assembled mixed monolayers.
Then surfaces were taken out and sonicated successively for 5 min with 2—propanol,
acetone and CH,Cl,. The surfaces were then cleaned with CH,Cl,, air dried and
stored under N, atmosphere. From static water contact angle (SCA) measurements,
it was found that the reaction was complete after 5 h, yielding monolayers with 28 —
30% C as determined by XPS. Remarkably, substantially longer reaction times (as

overnight) contributed to the formation of undesirable multilayers (42-44% C).
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Scheme S1. Preparation of mixed alkyl:azide monolayers.

1.1.3. Interfacial SPAAC reaction. Azide—functionalized slides were immersed in
a DCE 3 mM solution of 1 under N, atm and kept reacting (see Section 1.2.6 for
synthesis). After completion of reaction for the desired time, the Al pieces were taken
out, sonicated and washed with acetone to remove physisorbed moieties, dried under

N, stream and immediately used for XPS and DART analysis.

Scheme S2. SPAAC reaction on mixed alkyl:azide monolayers.
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1.1.4. Rate constant determination. Equation 1 describes the rate for the
studied reaction (mol-cm?*-s'), where Iy is the density of azide groups on the
surface (mol - cm ?) and k is the second—order rate constant (M '-s'). Because these
experiments were carried out under pseudo first—order conditions the amount of BCN
derivative (3 mM) is in large excess over the immobilized azides on the surface (Iy =
~6 pmol - cm ?), the apparent rate constant k’ can be estimated as described in
equation (2), as k[1]. Therefore, from plots of In [(I, — I,)/(l. — I,)] versus time the
resulting first—order rate constants (k’) can be obtained from the slope , as shown in
equation (3). For determining every rate constant, DART-HRMS measurements for

every time data point were performed on six independent surfaces.

v=k[1]ry = <X (1)
v = k[1] ([1] > Ty) 2)
in (=) = ke 3)

I, is the asymptotic (integrated) EIC intensity that is reached as the reaction
progress stops. It was determined by curve fitting of the data to an exponential
(decay) function, which has two parameters: the rate constant &’ and I_. In XPS, I,
was obtained from the F/P ratio after infinite reaction time, when reaching the
plateau; I, refers to the F/P ratio after a defined reaction time; and I, is the F/P

ratio at a reaction time (t = 0) and it is equal to zero.

1.2. Chemical Synthesis

1.2.1 General Remarks. Unless stated otherwise, solvents and dry solvents like
dichloromethane, DMSO, perfluorinated hexane and diethyl ether were purchased
from Sigma—Aldrich. Unless stated otherwise all of these chemicals were used without

further purification.
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1.2.2. Reaction Handling. Unless stated otherwise all non—aqueous reactions were
performed in dried glassware under an atmosphere of argon. All flasks were equipped
with rubber septa and reactants were handled using standard Schlenk techniques.
Temperatures above the room temperature refer to oil bath temperatures which were
controlled by a thermostat. Reactions were magnetically stirred.

1.2.3. '"H-NMR spectra were recorded at room temperature on a Bruker AVB-400
spectrometer with 'H operating frequency of 400 MHz. Unless stated otherwise all
spectra were recorded at room temperature in CDCl, and all chemical shifts are given
in & units relative to the residual CHCI; (central line of singlet: &; = 7.27 ppm).
Analyses followed first order and the following abbreviations were used throughout: s
= singlet, br. s. = broad singlet, d = doublet, t = triplet, q = quartet, quin =
quintet, sxt = sextet, sept = spt, dd = doublet of doublet, dt = doublet of triplet, m
= multiplet, mc = centered multiplet. Coupling constants (J) are given in Hertz
(Hz).

1.2.4. ®C-NMR spectra were recorded at room temperature on a Bruker AVB-
400 spectrometer with "C operating frequency of 101 MHz. Unless stated otherwise
all spectra were recorded at room temperature in CDCl; and all chemical shifts are
given in & units relative to the CDCI, (central line of triplet: 5. = 77.0 ppm). The
following abbreviation was used throughout: s = singlet, d = doublet, dd = doublet
of doublet. If no coupling constants are given, the multiplicity refers to the 'H-

decoupled spectra.

1.2.5. Synthesis of 4—(perfluorobutyl) benzoic acid.

F FR F
FF EF
- > CF;
HOOC I + | CF; F F
FF HOOC

Commercially available nonafluorobutyl iodide was coupled with p-iodobenzoic acid
using Cu-nanopowder in anhydrous DMSO using established literature procedure.

Fluorous phase extraction with perfluorinated hexane by Soxlet continuous extraction
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was used to yield the pure product). Yield: 49% (GC-MS>99.4%). IR-ATR 1725

(C=0) cm*. '"H NMR (DMSO-d6, 400 MHz) & = 7.81-7.83 (d, J = 7.8 Hz, 2H), 8.13
-8.15 (d, J = 8.1 Hz, 2H), 13.48 (s, 1H) ppm. "C NMR (DMSO-d6, 100 MHz) & =
114.9 (m), 118.0 (m), 120.6 (m), 123.5 (m), 132.2, 135.1, 136.0 (t), 140.0, 171.3 ppm.
F NMR (DMSO-d6, 377 MHz) & = -81.0, -11.4, -122.7, ~125.5 ppm.

1.2.6. Synthesis of ((1R,8S,9S)-bicyclo[6.1.0]non-4-yn-9-yl)methyl 4-

(perfluorobutyl)benzoate (1).
FFFEF

CF3
R FFRF o) FF
/ OH A
v CFg o)
(- & ( b
HOOC
H

4—(perfluorobutyl) benzoic acid (0.505 g, 2.66 mmol) was dissolved in 40 mL of
anhydrous CH,Cl, and stirred for 30 min at room temperature with DCC (0.550 g,
2.67mmol) and DMAP (0.162 g, 1.33 mmol) under N, atm. To this mixture, endo-
BCN (0.333 g, 2.217 mmol) was added under N, atm and refluxed overnight at 30
°C. The DCU was filtered out and product purified by column chromatography (1:9
ethyl acetate: hexane) to afford a colourless oil. Yield: 49% (GC-MS>99.5 %). IR—
ATR .. 1719 (C=0) cm'. 'H NMR (CDCI,, 400 MHz) & = 8.16-8.18 (d, 2H), 7.70-
7.73 (d, 2H), 4.45-4.47 (d, 2H), 2.29 (m, 6H), 1.67 (m, 2H), 1.58 (m, 1H), 1.05 (m,
1H) ppm. “C NMR (CDCl,, 100 MHz) 5 = 17.4, 20.4, 21.4, 29.2, 63.8, 95.8, 110.6,
112.5, 115.4, 121.5, 127.2, 129.8, 132.8, 133.8, 165.5 ppm. "F NMR (CDCl,, 377
MHz) & = -83.5 (t, 3F), -113.9 (t, 2F), -125.3 (t, 2F), —128.0 (dt, 2F) ppm. HRMS

ESI+): Calculated for C,,H,,F,0, [M+H]" 459.1007; found 459.1009.
( 2 16+ 92
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1.3. Supplementary Figures
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Supplementary Figure S1. XPS spectrum (wide scan) of a 3:1 mixture of

octylphosphonic and 12-azidododecylphosphonic acid monolayer onto oxidized

aluminium.
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Supplementary Figure S2. Experimental N/P ratio versus theoretical N/P ratio.

The results show that the ratio of azides in a mixed monolayer is identical to the
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ratio of azides in the solution from which the monolayer assembled (within

experimental error).

AFTER ETCHING ‘
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Supplementary Figure S3. SCA for different functionalized surfaces.
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Supplementary Figure S4. Variation of SCA of functionalized 3:1 C8 monolayer.

The values are the average of five droplets.
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Supplementary Figure S5. High resolution Nls (a) and Cls (b) spectra of a 3:1

mixture of octylphosphonic and 12-azidododecylphosphonic acid monolayer (C8)

onto oxidised aluminium.

Transmittance (a.u.)

! C8 C12 C16]
1.00 ( Y —
0.98
0.96
094 T T T T T T T T T T T
3200 3000 2800 2600 2400 2200 2000 1800

Wavenumber (cm'1)

Supplementary Figure S6. IRRAS spectra of 3:1 mixed monolayers of C8, C12

and C16 onto oxidised aluminium.
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Supplementary Figure S7. Intensities of different anionic derivatives after DART

ionization.
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Supplementary Figure S8. Intensities of different benzoate derivatives after

DART ionization.
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Supplementary Figure S9. IRRAS spectra of 3:1 mixed monolayers of C8 after

different SPAAC reaction times.
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Supplementary Figure S10. Normalized F/P ratio for the SPAAC reaction of
BCN derivative 1 for the three ME. Each time value was obtained as the average of
2 measurements on 3 independent surfaces. Normalized F/P values were obtained by
normalization each F/P ratio (for a given time) to the maximum F/P ratio after 60

min for the C12 monolayer.
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Supplementary Figure S11. Plot of In [(I.— I)/(I.— I,)]versus time to obtain

first—order rate constants by XPS.

Supplementary Figure S12. Schematic representation of the three monolayers

after the SPAAC reaction.
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Supplementary Figure S14. Pictures of DART setup for the kinetic analysis of

organic surface reactions.
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Supplementary Figure S15. Typical DART HRMS measurement.
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Supplementary Figure S16. Typical DART HRMS setup.
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Supplementary Figure S17. Top: the total ion count (TIC) is shown for
experiment where the reaction for the azide in the C12 nanoenvironment, stopped
after 6 minutes. In subsequent panels, the extracted ion current (EIC) of the ion of

interest with increasing mass window (10 mu, 30 mu and 40 mu, respectively). As is
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clear from the EIC traces, widening the mass window leads to integration of
unwanted signals of background species of highly similar mass, which can also be seen
in the bottom mass spectrum of the same sample. Apart from the target analyte peak
at m/z = 339.0064, two distinct other peaks can be seen at m/z = 338.9446 and
338.9700. To avoid including the intensity of these undesired species in the overall
integration, the DART measurements were performed in High—Resolution only (with

a mass window of 10 mu).
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1.4. Supplementary Tables

Supplementary Table S1. First-order rate constants (determined by DART-
HRMS) for the interfacial SPAAC reaction of BCN and azido moieties at self-

assembled monolayers containing methylene spacers of varying lengths. For

determining every rate constant, DART-HRMS measurements were performed on 6

independent surfaces.

k’(x107° s™)

T (°C) Cs C12 C16
20 3.7+03(123+£03| 27+£0.2
30 0.7£04(3.7+£03|3.1£0.3
40 56 0346 +£04|45+0.3
50 6.8+ 04]65+04|64+0.5

Supplementary Table S2. Comparison of the activation parameters for the
interfacial SPAAC reaction of BCN derivative 1 with monolayers that present the

azide group in a buried environment (C8), an accessible environment (C12 and C16).

Monolayer AH' [kcal - mol'] AS' [x10? cal - (K - mol) ]
C8 2.86 + 0.24 -0.05 £+ 0.01
C12 5.76 £+ 0.48 -0.05 + 0.02
C16 5.02 £ 0.72 -0.05 + 0.02

The activation parameters (enthalpy of activation (Aﬁ) and entropy of activation
(AS")) were obtained using Eyring equation by a least—squares fit of plots of In (k/T)
versus 1/T. Values for AH' and AS" were calculated from the slope and intercept of

the aforementioned plot.
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(/) = n (KkB/ h> + 087/ = MY/

Where: k = Observed rate constant, in [s']; T = Absolute temperature, in [K]; K =
Transmission coefficient, set to be 1; k; = Boltzmann’s constant: 1.381x10* J K '; h
= Planck’s constant: 6.626x10* J s; (AH and AS converted to calorie units using
factor 4.184) §' = Entropy of activation, in cal - (K-mol)'; R = Gas constant:

8.3145 J- (K- -mol)'; H = Enthalpy of activation, in [kcal mol '].

132



(wdd) 14

oo S0 OT ST 0E S 0E SE OF S 0SS 5SS 09 €9 04 S4 08 S8 06 SO 00T SOT OTT SIT OET SET OET SET OFT SHT

1 1 1 1 1 1 1 1 1 L L | | 1 1 1 1 1 1 1

1.5. NMR spectra
L
L
L
L

ﬁ

133

O00H



01-

1]s

0e

DE

o+

0s

09

0s

0B

06

(wdd) 13
oot

01t net

DET

0¥t

0stT

oot
|

04T

0BT

06T

noe

01e

Bkt e B

i

OO0O0H

134



-

née-

noe-

08t-

nat-

OFT-
1

DeT-

not-

ng-

0g9-

0t-
I

(wdd) 13
0e-
1

0

IT4

0t

09

ng

oot

DET

0T

0ot

08T

noe
1

OO0OO0H

135



S'6 0'0T

(wdd) 14
00 S0 0T ST 0'¢ S'¢C (03 S'€ o'y Sy 0's S'S 09 S'9 0L S, 0'8 S'8 0’6
I I . I . I . I . I . I . I . I . I . I . I . I . I . I . I . I . I . I . I . I
(Y J,,s}{.\lJﬁJ I é — ) ‘i ﬁ
Ne}
[ap)
A
&)
[T
<
O
T
O
J A\




0Te

(wdd) 4
0tT- 0T 0e nE 0¥ 0s 09 0L 0g 06 0ot (11899 net DET 0+T 0sT not 04T 08T 06T nog
1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1
L I-JII
(o)
L
<
@)
I
]
J .

137



J0E-

08r-

0oT-

1

0+T-

DET-

ooT-

og-

09-

oot

0ET

0rT

oot

o8t

nog

C4F9

I
N\

138



Appendix 2

Rapid and Complete Surface Modification with
Strain—Promoted Oxidation—Controlled

Cyclooctyne—1,2—Quinone Cycloaddition (SPOCQ)

For full Supporting Information including Cartesian coordinates look at
online ESI available in Angewandte Chemie International website at

anie201612037—sup—0001—misc information.pdf
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2.1 Material and Methods
Materials

Unless otherwise specified, all chemicals were used as received without further
purification.  Octylphosphonic  acid, hexadecylphosphonic  acid, dopamine
hydrochloride, sodium periodate, hydrochloric acid, methanol, hexane, acetone,
dichloromethane, 2—propanol, trimethoxy (propyl)silane and (3—
bromopropyl)trimethoxysilane) ~ were  purchased from  Sigma-Aldrich. 12—
Bromododecylphosphonic acid and 3-bromopropylphosphonic acid were purchased
from SiKEMIA. Aluminum pieces (99.5% purity, mirror polished, Staalmarkt
Beuningen BV) were cut using a mechanical cutter into 2x1 cm dimensions. For
surface modification reactions, the samples were loaded onto a specially constructed
PTFE wafer holder able to hold up to 16 samples at a time, thus ensuring rigorous
reproducibility between samples.
Static Water Contact Angle (CA) Measurements. The wettability of the
modified surfaces was determined by automated static water contact angle
measurements with a Kriiss DSA 100 goniometer (volume of the drop of deionized
water was 3.0 uL)). The reported values are the average of at least six droplets, and
the relative error is less than 4+ 1°.
Infrared Reflection Absorption Spectroscopy (IRRAS). IRRAS spectra were
obtained with a Bruker Tensor 27 FT-IR spectrometer equipped with a liquid
nitrogen cooled MCT-detector, using a commercial variable-angle reflection unit
(Auto Seagull, Harrick Scientific). A Harrick grid polarizer was installed in front of
the detector and was used for measuring spectra with p-polarized radiation with
respect to the plane of incidence at the sample surface. A Ge ATR crystal was used
to obtain the spectra. Single channel spectra were collected at 55° using 256 scans in

each measurement. The raw data were divided by the spectrum recorded on a freshly
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etched reference Al oxide surface, after which a baseline correction was applied to
give the reported spectra.

X-ray Photoelectron Spectroscopy (XPS) Measurements. The XPS analysis
of surfaces was performed using a JPS-9200 photoelectron spectrometer (JEOL,
Japan). Survey and high-resolution spectra were obtained under UHV conditions
using monochromatic Al Ko X-ray radiation at 12 kV and 20 mA, and an analyser
pass energy of 50 eV for wide scans and 10 eV for narrow scans. The emitted
electrons were collected at 10° from the surface normal (take-off angle relative to the
surface normal 10°). All XPS spectra were evaluated by using Casa XPS software
(version 2.3.15). Survey spectra were corrected with linear background before fitting,
whereas high-resolution spectra were corrected with linear background. Atomic area
ratios were determined after a baseline correction and normalizing the peak area
ratios by the corresponding atomic sensitivity factors (1.00 for Cls, 1.80 for Nls, 2.93
for Ols, 4.43 for Fls, 1.18 for P2s and 0.54 for Al2p, 5.03 for Br3p).

DART-HRMS Measurements. Analysis of the SPOCQ reacted Al surfaces were
performed using a DART-SVP ion source (Ion—Sense, Saugus, MA, USA) coupled to
an Exactive Orbitrap high-resolution mass spectrometer (Thermo Fisher Scientific,
San Jose, CA, USA), mounted on a motorized rail travelling at 0.2 mm/s. Thermo
Scientific Xcalibur software (V2.1.0.1139) was used for data acquisition and
processing. The measurements were performed in negative mode at 450 °C using a
scan range of m/z 335.0-345.0, a mass resolution of 100,000 (FWHM) at a scan rate
of 1 Hz. The ion trap was tuned with 0.1 mg/mI methanol solution of quinine (m/z
323.41 in negative mode) and optimized. The DART source was positioned 6.1 ¢cm on
the horizontal scale, 7 cm on the vertical scale with an angle of 45°, such that it is
around 1 mm above the surface (see Appendix 2, Fig. S1). The distance from the
surface to the ceramic tube is minimized by placing them at the edge of the moving

rail so that maximum of the p—C,F, benzoate ions (MS-tag) would enter the MS.
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2.1.1 Preparation of phosphonic acid monolayers. 2x1 cm Al slides were sonicating in
hexane for 15 min followed by wiping with lint—free cotton swabs (Texwipe, NC,
USA) to remove polymer protection layer on top and remove any residual glue. The
surfaces were chemically activated by immersing in 1:1 (v/v) 37% HClI-MeOH
mixture for 5 min, followed by washing with water and 2-propanol. The activated
surfaces were then immersed into N, filled vials of 5 mM solution of corresponding
phosphonic acid derivative mixture in 2-propanol, heated to 50 °C for 5 min, and
then left undisturbed for 5 h at room temperature to obtain self-assembled mixed
monolayers. Then surfaces were taken out and sonicated successively for 5 min with
2-propanol, acetone and CH,Cl,. The surfaces were then cleaned with CH,Cl,, air
dried and stored under N, atmosphere. From static water contact angle (SCA)
measurements, it was found that the reaction was complete after 5 h, yielding
monolayers with 28 — 30% C as determined by XPS. Remarkably, substantially
longer reaction times (16 h) contributed to the formation of undesirable multilayers

(42-44% C).!

Br
1:1 (VIV) Corrosponding
5min mixture n m n
OH OH OH OH clf \claclf \clJclf \<|>
[ —
Al Al Al
Mirror polished S0 S1

Al surfaces

Scheme S2. Preparation of mixed bromo: alkyl monolayers (M1 in this case).

2.1.2 Preparation of catechol-terminated monolayers. [S1 to S2] Dopamine
hydrochloride (162.5 mg, 0.86 mmol) was neutralized with freshly distilled
triethylamine (0.155 mL, 1.12 mmol) in methanol. Bromo terminated Al chips were

loaded onto PTFE holder and stirred for 1 h. For samples in M3 microenvironment a,
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stirring time of 1.5 h was found optimal. The disappearance of the Br 3p signal and
replacement by the Nls signal from dopamine in XPS was used to optimize the
stirring time. The samples were sonicated with methanol, washed with copious

amounts of water followed by methanol, dried and stored under nitrogen atmosphere.

HO OH
Br NH
Stir, 1h
Dopamine
MeOH
(Qy (U (QOn (U QO (Un
Ospl Osel O Osp Osel O
A A A
Al Al
S1 S2

Scheme S3. Preparation of catechol-terminated (S2) from bromo-terminated

monolayer (S1)

2.1.3 Preparation of quinone-terminated monolayers. [S2 to S3] Catechol-
terminated surface (S2) prepared above were stirred with NalO, (213 mg, 50 mM)
for 30 min, to yield quinone-terminated monolayers (S3). The samples were then
washed with copious amounts of water, followed by 15 min sonication in methanol,

dried and stored under nitrogen atmosphere.
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Scheme S4. Preparation of quinone-terminated monolayer S3 from bromo-—
terminated monolayer S2.

2.1.4 Optimization of quinone—terminated monolayer (S3) preparation.
Periodate oxidation for longer period of time, led to detrimental effect as evidenced
by lower intensity of MS-tag after 1 h of SPOCQ reaction or lower signal due to
incomplete conversion of catechol to quinone.

2.1.5 Interfacial SPOCQ reaction. [S3 to S4] Quinone—functionalized slides (S3)
were immersed in 3 mM BCN derivative (1) in DCE solution under N, atm and kept
reacting. After completion of reaction (S4) for the desired time, the Al pieces were
taken out, sonicated and washed with acetone to remove physisorbed moieties, dried
under N, stream and immediately used for DART analysis. Hexaplet measurements
were carried out for each time point and average plotted along with standard
deviation for each set. Thus, a statistical number of samples were measured with

relative standard deviation (RSD) between 2-15 % for any time point.
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Scheme S5. SPOCQ reaction between surface bound 1,2-quinone (S3) and strained

alkyne moiety of (1) on Al surface.

2.1.6 Computational procedures. All of the DFT calculations reported herein
were carried out using performed using Gaussian’09.> All geometries were fully
optimized using density functional theory (DFT) by means of the M11L functional
and the 6-311+G(d,p) basis set. Analytical frequencies were calculated at the same
optimization level in all cases, and the natures of the stationary points were
determined in each case according to the proper number of imaginary frequencies.
Initially, a Monte Carlo conformational search using conformer distribution option
available in Spartan’l4 was used.” With this option, a search without constraints was
performed for every structure. The torsion angles were randomly varied and the
obtained structures were fully optimized using the MMFF force field. Thus, 100
minima of energy within an energy gap of 10 kcal - mol' were generated. These

structures were analysed and ordered considering the relative energy, being the



repeated geometries eliminated. In all cases, molecules with the lowest energy and an

energy gap of 3.0 kcal - mol ' were selected and studied at the M11L level.

2.1.7 Interfacial SPOCQ reaction on stainless steel. Stainless steel substrates
were obtained from Goodfellow Inc. and further cut into 1 x 1 cm?® pieces using an
industrial metal cutter. The bare surface was initially cleaned by 15 min of sonication
in methanol, followed by 15 min of sonication in dichloromethane. Final removal of
adsorbed carbon impurities was effected by a 3 min plasma cleaning. To introduce
reactive functional groups, the chip was immersed under an argon atmosphere into a
solution of a 3:1 mixture of octylphosphonic acid and 12-bromododecylphosphonic
acid (1 mM in ethanol) at room temperature overnight. After that, the substrates
were then rinsed with ethanol and placed in a curing oven at 120 °C for 4 h. The
modified surfaces were allowed to cool to room temperature, rinsed twice with
isopropyl alcohol and twice with dichloromethane, and dried under a stream of N, to
yield the modified surface (S9). Next, functionalized surfaces (S9) were immersed in
a dopamine hydrochloride solution (neutralized with freshly distilled triethylamine) in
methanol for 30 min. The samples were sonicated with methanol, washed with
copious amounts of water followed by methanol, dried and stored under nitrogen
atmosphere to yield the catechol terminated surface (S10). Then, surfaces were
oxidised with periodate during 30 min (S11). Finally, quinone—functionalized slides
(S11) were immersed in 3 mM BCN derivative (1) in DCE solution under N, and
kept reacting. After completion of reaction for the desired time (8 h), the pieces
(S12) were taken out, sonicated and washed with acetone to remove physisorbed
moieties, dried under N, stream and immediately. As shown in Figure S14, a F/N
ratio around 9 indicated the full conversion of quinone groups immobilized on the
silicon surfaces.

2.1.8 Interfacial SPOCQ reaction on oxidized silicon (Strategy A, epoxide

ring opening with dopamine under basic conditions). Si (111) wafers were cut
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into pieces of 1 x 1 ¢m® and cleaned with piranha solution (H,S0,:30% H,0, 3:1 v/v)
for 1 h at 50 °C to remove organic contaminants. Caution: Piranha solutions react
violently with organic materials and should be handled with extreme care. Then the
pieces were washed with deionized water and air—dried. To introduce reactive
functional groups, the chip was immersed under an argon atmosphere into a 2% in
toluene solution (containing a 3:1 mixture of trimethoxy(propyl)silane and 3-
glycidoxypropyl trimethoxysilane) for 2 h at room temperature. After 2 h, the pieces
were washed with 2— propanol and air—dried. Finally, the chips were baked for 10
min at 150 °C (S13). Next, functionalized surfaces (S13) were inmersed in a
dopamine hydrochloride solution (neutralized with freshly distilled triethylamine) in
methanol for 30 min. The samples were sonicated with methanol, washed with
copious amounts of water followed by methanol, dried and stored under nitrogen
atmosphere to yield the catechol terminated surface (S14). Then, surfaces were
oxidised with periodate during 30 min (S15). Finally, quinone—functionalized slides
(S15) were immersed in 3 mM BCN derivative (1) in DCE solution under N, and
kept reacting. After completion of reaction for the desired time (8 h), the pieces
(S16) were taken out, sonicated and washed with acetone to remove physisorbed
moieties, dried under N, stream and immediately. As shown in Figure S14, a F/N
ratio around 9 indicated the full conversion of quinone groups immobilized on the

silicon surfaces.
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Scheme S6. Strategy A: epoxide ring opening with dopamine under basic conditions.
2.1.9 Interfacial SPOCQ reaction on oxidized silicon (Strategy B,
nucleophilic substitution with dopamine under basic conditions). Si (111)
wafers were cut into pieces of 1 x 1 cm® and cleaned with piranha solution
(H,S0,:30% H,0, 3:1 v/v) for 1 h at 50 °C to remove organic contaminants. Caution:
Piranha solutions react violently with organic materials and should be handled with
extreme care. Then the pieces were washed with deionized water and air—dried. To
introduce reactive functional groups, the chip was immersed under an argon
atmosphere into a 2% in toluene solution (containing a 3:1 mixture of
trimethoxy(propyl)silane and (3-bromopropyl)trimethoxysilane) for 2 h at room
temperature. After 2 h, the pieces were washed with 2— propanol and air—dried.
Finally, the chips were baked for 10 min at 150 °C (S17). Next, functionalized
surfaces (S17) were inmersed in a dopamine hydrochloride solution (neutralized with
freshly distilled triethylamine) in methanol for 30 min. The samples were sonicated
with methanol, washed with copious amounts of water followed by methanol, dried

and stored under nitrogen atmosphere to yield the catechol terminated surface (S18).
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Then, surfaces were oxidised with periodate during 30 min (S19). Finally, quinone-
functionalized slides (S19) were immersed in 3 mM BCN derivative (1) in DCE
solution under N, and kept reacting. After completion of reaction for the desired time
(8 h), the pieces (S20)were taken out, sonicated and washed with acetone to remove
physisorbed moieties, dried under N, stream and immediately. As shown in Figure
S15, a F/N ratio around 9 indicated the full conversion of quinone groups

immobilized on the silicon surfaces.

H
HO OH o O o)
o}
NH (ii) (iii) NH
K 3 S EEEEE
0300 oo 0 0300 ocSio oStooSiocSivo 0'5(:)‘00-9;‘-005(!;0
|?|| ||C|>| |?|| ||C|>| l?ll ||C|>| 1911 1191
Sio, Sio, SiO, SiO;
S17’ 518 519 520

Scheme S7. Strategy B: nucleophilic substitution with dopamine under basic
conditions.

2.1.10 Rate constant determination. Equation 1 describes the second order rate
for the studied reaction (mol-cm?-s"'), where [y is the density of quinone groups on
the surface (mol - ¢cm ?) and k, is the second-order rate constant (M 's'). Since, the
amount of BCN-derivative (3mM) is in very large excess compared to the amount of
surfacial quinone ([, = ~6 pmol - cm ) it can be assumed to be essentially constant
throughout the entire kinetics experiment. Thus, the interfacial SPOCQ reaction can

be reduced to pseudo-first order kinetics, with rate constant, k’. Therefore, from
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plots of In [(L, — I)/(I. — I,)] versus time the resulting pseudo first-order rate

constant (k’) can be obtained directly from the slope , as shown in equation (3).

ar

v=ky[1]ly = =2 (1)
v = kI, (since, [1] > Ty) (2)
in (i) = e )

2.1.11 Determination of activation parameters. The activation parameters
(enthalpy of activation (AH') and entropy of activation (AS')) were obtained using
Eyring equation by a least-squares fit of plots of In (k’/T) versus 1/T. Values for AHl
and AS" were calculated from the slope and intercept of the aforementioned plot

(Equation 1).
’ Kk ¥ ¥
In k/ _ ln( B/h> | AS/ AH/ (4)

where, k’ = observed rate constant (in s'), T'= absolute temperature (in K), x
= transmission coefficient (= 1), k; = Boltzmann’s constant, h = Planck’s
constant, R = gas constant, AS" = entropy of activation (in cal-K'-mol"),

and AH' = enthalpy of activation in (kcal - mol ').



2.2. Supplementary Figures.
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Supplementary Figure S1. XPS wide scan of Br-terminated monolayer (S1) with

distinct Br peak visible in narrow scan.
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Supplementary Figure S2. XPS wide scan of catechol-terminated monolayer (S2)

with now absent Br peak after 1 h stirring with dopamine.
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Supplementary Figure S3. XPS Nls narrow scan of catechol-terminated monolayer
(S2) and quinone-terminated monolayer (S3) shows that the dopamine nitrogen

essentially remains unchanged, before and after periodate oxidation.
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Supplementary Figure S4. XPS wide and Fls narrow scans after SPOC() reaction

(S4) for 30 mins clearly showing visible Fls peak at 686 eV.

(D)

Supplementary Figure S5. Optimized geometries of models used to simulate the
XPS spectra of the different monolayers attached to the aluminium oxide surface. (A)
octyl phosphonic acid, (B) 12-bromododecyl phosphonic acid (S1), (C) dopamine-
functionalized surface (S2), (D) 1,2-quinone-functionalized surface (S3) and (E)

SPOCQ cycloadduct after reaction of BCN derivative 1 with 1,2—quinone—

functionalized surface (S4).
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Supplementary Figure S6. Simulated Cls XPS narrow of aluminium oxide surfaces
containing (A) octyl phosphonic acid monolayer, (B) 12-bromododecyl phosphonic
acid monolayer (S1), (C) dopamine-functionalized monolayer (S2), (D) 1,2-quinone-
functionalized monolayer (S3) and (E) SPOCQ cycloadduct after reaction of BCN

derivative 1 with 1,2-quinone—functionalized surface (S4). Simulations were

performed by DFT calculations at M11L/6-311g(d,p) theory level with Gaussian 09.”
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Supplementary Figure S5. Cls XPS narrow scan after SPOCQ reaction for (A) S1,

(B) S2 and (C) S3 of M1 type of microenvironment.
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Supplementary Figure S6. Water SCA of different type of surface. All measurements
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Supplementary Figure S7. Water SCA images for 3:1 mixed monolayers with (A) Br

(A) | (B)
101+0.9 | 914209
(€) (D)
743 +0.8 81.9+0.7

functionalization, (B) dopamine functionalization, (C) 1,2-quinone functionalization

and (D) after SPOCQ reaction with compound 1 (1 h, 22 °C).
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Supplementary Figure S8. Normalized average DART intensity of MS-tag signal

(m/z 339.0062) for varying periodate oxidation time followed by 1 h SPOCQ

reaction.
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oxidation times followed by 1h SPOCQ reaction with compound 1 (1 h, 22 °C).
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Supplementary Figure S10. F/N ratio determined by XPS after SPOCQ reaction
with compound 1 (1h, 22 °C). Note that a F/N ratio of 9 would correspond to a

100% conversion of catechol moieties into the corresponding SPOCQ adduct.
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Supplementary Figure S11. F/P ratio determined by XPS after SPOCQ reaction
with compound 1 (1h, 22 °C). Note that a F/P ratio of 2.25 would correspond to a

100% conversion of catechol moieties into the corresponding SPOCQ adduct.
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Supplementary Figure S12. Representative XPS wide range spectrum of a 3:1
monolayer after SPOCQ reaction showing full conversion of 1,2—quinone groups. The
reaction efficiency can determined by comparing the experimentally determined F/N
or F/P ratios with the theoretical values of 9/1 or 9/4, respectively, which
corresponds to the effective click of the fluorine-labelled BCN with the 1,2—quinone—

functionalized monolayer.
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Supplementary Figure S13. Representative XPS wide range spectra of a 3:1
monolayer after SPOCQ reaction at different reaction times (from top to bottom: 0,

1, 2,5 10 and 30 min).
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Supplementary Figure S14. Representative XPS wide range spectrum of a 3:1
monolayer after SPOC() reaction in stainless steel showing full conversion of 1,2-
quinone groups. Reaction efficiency can determined by comparing the F/N ratio with
the theoretical value of 9/1, which corresponds to the effective click of the fluorine-

labelled BCN with the 1,2-quinone—functionalized monolayer.
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Supplementary Figure S15. Representative XPS wide range spectrum of a 3:1
monolayer after SPOCQ reaction in oxidized Si (111) modified via strategy A,
showing full conversion of 1,2—quinone groups. Reaction efficiency can determined by
comparing the F/N with the theoretical value of 9/1, which corresponds to the
effective click of the fluorine-labelled BCN with the 1,2-quinone—functionalized

monolayer.
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Supplementary Figure S15. Representative XPS wide range spectrum of a 3:1
monolayer after SPOCQ reaction in oxidized Si (111) modified via strategy B,
showing full conversion of 1,2—quinone groups. Reaction efficiency can determined by
comparing the F/N ratio with the theoretical value of 9/1, which corresponds to the
effective click of the fluorine-labelled BCN with the 1,2-quinone—functionalized

monolayer.
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Supplementary Figure S16. (A) Schematic representation of locally generated 1,2—
quinones from catechol-functionalized Al surfaces via microcontact printing and (B)

fluorescence microscopy images of locally oxidized surfaces after reaction with BCN—

DY649pl1.
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Supplementary Figure S17. Image of the sample holder.
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Supplementary Figure S18. Pictures of DART setup for the kinetic analysis of

organic surface reactions. For clarity: the sample that is analyzed is 2 X 1 c¢m.
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Supplementary Figure S19. Typical DART HRMS measurement of Total Ion Current
(TIC), Extracted Ion Chromatogram (EIC) and error based on predicted elemental

composition.
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Supplementary Figure S20. Determination of the rate reaction constant for SPAAC
reaction of benzyl azide (0.1 mM) and BCN (5.5 mM) in 1,2-dichloroethane at 25 °C,

as followed by the decrease of the azide IR band at 2099 cm .
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Supplementary Figure S21. Determination of the rate reaction constant for the
SPOCQ reaction of 4-tert—butyl-1,2-quinone (0.1 mM) and BCN (5.5 mM) in 1,2-
dichloroethane at 25 °C, followed by the decrease of the UV-vis absorption band at

384 nm corresponding to the quinone.
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Supplementary Figure S22. NMR solution phase study of SPOCQ reaction of BCN

and 4-tert-butyl-quinone in CDCIl,; (22 °C).
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Supplementary Figure S23. NMR solution phase study of SPAAC reaction of BCN

and benzyl azide (CH,Cl, commercial solution) in CDCI, (22 °C).
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Supplementary Figure S25. Linear kinetics plot for M1 type microenvironment at 7

different temperatures along with Eyring Plot. (Fitting by least squares analysis)
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different temperatures along with Eyring Plot. (Fitting by least squares analysis)
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2.3. Supplementary Tables.

2.3.1 Supplementary Table S1. Evolution of F/N determined by XPS ratio and
reaction efficiency (determined by F/N) vs time for the SPOQC reaction for the 3:1

mixed monolayer.

Time (h) | F/N determined by XPS | Reaction efficiency (%)"
0.00 0.00 0
0.02 0.91 £ 0.14 10.1
0.03 1.70 £ 0.18 18.9
0.08 2.66 £ 0.15 29.5
0.12 3.56 £ 0.27 39.6
0.13 5.26 £ 0.19 598.4
0.15 59.83 £ 0.28 64.8
0.17 6.12 = 0.30 68
0.50 6.41 £ 0.32 71.2
0.75 6.61 £ 0.49 73.4
1.00 7.39 £ 0.54 82.1
2.00 7.89 £ 0.45 87.7
4.00 8.92 4+ 0.24 99.1
6.00 8.96 £+ 0.36 99.5
8.00 8.92 £ 0.27 99.1

[a] Average value of three separately prepared monolayers.

[b] Reaction efficiency was determined by comparing the F/N ratio determined by
XPS at a certain time with the theoretical value of 9/1 which corresponds to the
effective click of the fluorine-labelled BCN with the 1,2—quinone—functionalized

monolayer. See that in that case, the final adduct attached to the monolayer would
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contain 9 F atoms (from the C,F, tag) and one N atom (which comes from the
dopamine attachment to the monolayer).

2.3.2 Supplementary Table S2. Reported surface yields for metal-free click chemistry

reactions.
Type of Reaction | Reaction time % yield Reference
(h)
Hetero—Diels Alder 2 90 4
Thiol-ene Reaction 1.5 45-70 5
Thiol-yne 4 90 6
SPAAC 18 70 7
SPAAC 2 80 8
SPAAC 14 63 9
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2.3.3 Supplementary Table S3. First—order rate constants (k’) determined by DART-
HRMS for the interfacial SPOCQ reaction of BCN and 1,2-quinone moieties in

varying microenvironment M1, M2 and M3. For determining every rate constant,

DART-HRMS measurements were performed on 6 independent surfaces.

M1 M2 M3

Temp k' (x10%s | k' (x10°s | k' (x10° s

(°C) ) D) D)
-15 0.69 £+ 0.11 0.26 £+ 0.05 0.07 £+ 0.03
0 1.44 £+ 0.06 0.93 + 0.15 0.23 £+ 0.07
8 2.19 + 0.12 1.75 4+ 0.12 0.98 +£0.14
15 3.26 £ 0.16 2.45 + 0.21 1.87 £ 0.21
22 6.35 + 0.14 4.98 £+ 0.32 2.93 £ 0.15
30 10.06 £+ 0.31 10.02 £ 0.47 6.12 + 0.47
40 23.92 £ 0.22 21.17 £ 0.38 10.96 + 0.38
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Appendix 3

Approach Matters: The Kinetics of Interfacial

Inverse—Electron Demand Diels—Alder Reactions

For full Supporting Information including Cartesian coordinates look at

online ESI available in Chemistry — A European Journal available asap.
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1. Materials and Methods

Preparation of phosphonic acid monolayers. 2x1 cm Al slides were
sonicated in hexane for 15 min followed by wiping with lint—free cotton swabs
(Texwipe, NC, USA) to remove the polymer protection layer on top and remove
any residual glue. The surfaces were chemically activated by immersion in 1:1
(v/v) 37% HClI-MeOH mixture for 5 min, followed by washing with copious
amounts of water and 2-propanol. The activated surfaces were then immersed
into N, filled vials of 5 mM solution of 3:1 ratio of phosphonic acid derivatives
(octylphosphonic acid and 12-aminododecylphosphonic acid hydrochloride salt for
“free” ME (m = 7, n = 3); hexadecylphosphonic acid and 6-
aminohexylphosphonic acid hydrochloride salt for “buried” ME (m = 1, n = 11)
mixture in 2-propanol, heated to 50°C for 5 min, and then left undisturbed for 5

h at room temperature to obtain self-assembled mixed monolayers.

1:1 (viv) Corrosponding
37% HCI-MeOH phosphonic acid
5min mlxture

o.f "o.f N
OH OH OH OH il ?' . ?'
E CO a_ T [ Al .
Mo M1

Then surfaces were taken out and sonicated successively for 5 min with 2-
propanol, acetone and CH,Cl,. The surfaces were finally cleaned with CH,Cl,, air
dried and stored under N, atmosphere. From static water contact angle (SCA)
measurements, it was found that the reaction was complete after 5 h, yielding
monolayers with 28-30% C as determined by XPS. Substantially longer reaction
times (16 h) contributed to the formation of undesirable multilayers (42-44% Cls).
Preparation of exo—norbornene terminated monolayers (M,). Amine-

terminated monolayers (M,) were stirred with 50 mM 1,1'-carbonyldiimidazole

180



(CDI) solution in water for 1 h to yield acyl imidazole activated surfaces. These
surfaces were immediately reacted with 50 mM ezo-5—norbornene-2-methanol
solution in DCE. This resulted in carbamate bond formation and covalent tethering
of the exo—norbornene on the surface in 16 h. The samples were sonicated and

washed with copious amounts of CH,Cl,, dried and stored under nitrogen atmosphere.

<

0
kl/l/rbH)rkH/ (1) CDI Activation, rt,1 h HJ/(#J))HJ/(
ol ol To.l oIPL b g:*m
0770 0”0 070 £ 292 ¢
H
Al
I Al - 50 mM exo-norbornene-OH I -
rt, 16 h, DCE M
M, 2

Preparation of endo—norbornene terminated monolayers (M;). Amino—
terminated monolayers (M,) were stirred with 50 mM aqueous solution of 1,1'-
carbonyldiimidazole (CDI) for 1 h to yield acyl imidazole-activated surfaces. These
surfaces were immediately reacted with 50 mM endo—5—norbornene-2-methanol
solution in DCE. This resulted in covalent tethering of the endo—norbornene on the
surface via carbamate bond in 16 h. The samples were sonicated and washed with

copious amounts of CH,Cl,, dried and stored under nitrogen atmosphere.
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-

O/
HJ)/ r(J/( (1) CDI Activation, rt, 1 h RJ)/f/(('HJ/(
0~ ~ O~ 0~ O.
~ : ~ :P ~ :P
0¢ P\o o, P\ o; P\ 4 H (o) *o 0‘ P\o (o) \0
L 1999 OH I B S S
I Al - 50 mM endo-norbornene-OH Al -
rt, 16 h, DCE
M1 M3

Preparation of tetrazine terminated monolayers (M,). Amine-terminated
monolayers (M,) were stirred with 50 mM aqueous solution of 1,1'-
carbonyldiimidazole (CDI) for 1 h to yield acyl imidazole-activated surfaces. These
surfaces were immediately reacted with 50 mM (4—(6-methyl-1,2.4,5-tetrazin—3—
yl)phenyl)methanamine, 1 solution in DCE. This resulted in covalent tethering of the
tetrazine on the surface via urea bond in 16 h. The samples were sonicated and

washed with copious amounts of CH,Cl,, dried and stored under nitrogen atmosphere.

(1) CDI Coupling, H,0, rt, 1 h

In o ) )m h
O 0. O: O O: O:p
o,p\ oL o,p\ (2) 50mM DCM, rt, 16 h (I), ~o ?,P\? o \?
| | [ |
— i
M,

General method for IEDDA reaction on exo—/endo—norbornene reaction

on surface: Both free and buried exo—/endo—norbornene—terminated surfaces were
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reacted with a 4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl 4—(trifluoromethyl)benzoate
solution, 3 in DCE at 30 °C. The reaction was stirred at a constant speed using a
magnetic bead and stirrer and all samples were loaded in a specially constructed
Teflon holder to ensure rigorous reproducibility between samples. Samples were
immersed into the solution for a set period of reaction time and immediately taken
out and washed with copious amounts of DCM. The samples were further sonicated
in DCM to remove any physisorbed species for 15 min, dried under a dry nitrogen

stream and stored for further analysis in a sealed vial.

7 (1)3mMDCE 30 °C Ny

(o)
,)— HN'EO
>
(2) Sonicate, DCM, 15 min
b Flm M),
O:P O:P O:P (3) Dried under N, stream O’P O:P O:P
?¢ \ O, \o ?¢ \ ?¢ \? o, \o ?¢ \?
] ] ] ]
E — E Al
M, = exo M; = exo
M; = endo Mg = endo

General method for IEDDA reaction on tetrazine terminated on surface:
Both “free” and “buried” tetrazine-terminated surfaces were reacted with
((1R,2S5,4R)-bicyclo[2.2.1]hept-5-en—2-yl)methyl  4-(trifluoromethyl)benzoate  [4,
exo-norbornene tag molecule| or ((1R,2R,4R)-bicyclo[2.2.1]hept—5-en—2-yl)methyl 4-
(trifluoromethyl)benzoate [6, endo-norbornene tag molecule] solution in DCE at 30
°C. The reaction was stirred at a constant speed using a magnetic bead and stirrer
and all samples were loaded in a specially constructed Teflon holder to ensure

rigorous reproducibility between samples. Samples were immersed into above said
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solution for a set period of reaction time and immediately taken out and washed with
copious amounts of DCM. The samples were further sonicated in DCM to remove
any physisorbed species for 15 min, dried under a dry nitrogen stream and stored for

further analysis in a sealed vial.

A

N™ N
1 1
N_~-N I

Ab‘/ . J:j -

/ 0

HN HN
(o)

4 or6 HNAO
(1) Stir with exo-/endo- norbornene tag
(2) Sonicate in DCM, 15 min
n (3) Dried under N, stream
Im In
Os
SP

NN
~N

- \ O:
c') ' (') ¢ ¢ cly \I ?'P\? 0
E T | E = S |
M4 M- = -
7 = exo
Mg = endo-
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2. Chemical Synthesis

2.1 General Remarks. Unless stated otherwise, solvents and dry solvents like
dichloromethane, methanol and isopropanol were purchased from Sigma—Aldrich.
Unless stated otherwise all of these chemicals were used without further purification.
2.2. Reaction Handling. Unless stated otherwise all non—aqueous reactions were
performed in dried glassware under an atmosphere of argon. All flasks were equipped
with rubber septa and reactants were handled using standard Schlenk techniques.
Temperatures above the room temperature refer to oil bath temperatures which were
controlled by a thermostat. Reactions were magnetically stirred.

2.3. '"H-NMR spectra were recorded at room temperature on a Bruker—400
spectrometer with 'H operating frequency of 400 MHz. Unless stated otherwise all
spectra were recorded at room temperature in CDCl,; and DMSO-d; and all chemical
shifts are given in & units relative to the residual solvent [central line of singlet: &y =
7.27 ppm (CDCl;) and 2.50 ppm (DMSO-d;)]. Analysis followed first order and the
following abbreviations were used throughout: s = singlet, br. s. = broad singlet, d =
doublet, t = triplet, q = quartet, quin = quintet, sxt = sextet, sept = spt, dd =
doublet of doublet, dt = doublet of triplet, ddd = doblet of doublet of doublet, ddt =
doblet of doublet of triplet, m = multiplet, mc = centred multiplet. Coupling
constants (.J) are given in Hertz (Hz).

2.4. BC-NMR spectra were recorded at room temperature on a Bruker—400
spectrometer with C operating frequency of 101 MHz. Unless stated otherwise all
spectra were recorded at room temperature in CDCl, and DMSO-d; and all chemical
shifts are given in & units relative to the residual solvent [central line of triplet: 6. =
772 ppm (CDCl;) and heptet 6. = 39.5 ppm (DMSO-d;)]. The following
abbreviation was used throughout: s = singlet, d = doublet, dd = doublet of doublet.
If no coupling constants are given, the multiplicity refers to 'H-decoupled spectra.

2.5. Synthesis of 3—methyl-6—phenyl methylamine-1,2,4,5-tetrazine, 1.



NHzNHz'Hzo 5

Ni(OTf),
NH2 —> N'N NH2
NC NC-CH —
+ 3 60 °C, overnight N=N

1
Metal-catalyzed tetrazine synthesis described elsewhere " was applied to synthesize 3—
methyl-6-phenyl methylamine-1,2,4,5-tetrazine. Briefly, 4—(aminomethyl)
benzonitrile hydrochloride (1.50 g, 8.9 mmol), Ni(OTf), (1.59 g, 4.45mmol) and
acetonitrile (4.7 mL, 89 mmol) were added in a 250 mL round flask, followed adding
60% NH,NH, - H,O (30 mL), under N, flow. The mixture was stirred at 60 °C for 16
h and allowed to cool to room temperature. Sodium nitrite (14.6 g, 212 mmol) in 25
mL of water was slowly added to the reaction followed by 5 M HCI until gas
evolution ceased (pH 3), in an ice bath. The product was extracted into ethyl acetate
and purified by silica column chromatography (MeOH : DCM = 1:9) as a red solid.
Yield: 0.56 g (27%). '"H-NMR (400 MHz, DMSO-d,), & 2.99 (3H, s), 4.15 (2H, s),
7.71 (2H, d, J=8Hz), 8.49 (2H, d, J=8Hz). "C-NMR (101 MHz, DMSO-d,), & 20.8,

42.3, 127.6, 129.5, 131.8, 139.2, 162.3, 167.2.
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2.6. Synthesis of 3—methyl-6—phenyl methanol-1,2,4,5-tetrazine, 2.

NHZNHZ'HZO,
Ni(OTf),
OH R N_N)—< >—'OH
NC_©_/ _I_ NC-CH; 60 °C, overnight —(;‘F:";

2

3-methyl-6-—phenyl methanol-1,2,4,5-tetrazine was synthesized as per protocol
described elsewhere.” Briefly, 4-cyanobenzylalcohol (0.51 g, 3.75 mmol), Ni(OTf),
(0.67 g, 1.88 mmol) and acetonitrile (1.97 mL, 37.6 mmol) were added in a 100 mL
round flask, followed adding 60% NH,NH, - H,O (12 mL), under N, flow. The mixture
stirred at 60 °C for 24 h and allowed to cool to room temperature. Sodium nitrite
(6.35 g, 92.0 mmol) in 14 mL water was slowly added to the reaction followed by
careful addition of 5 M HCI until gas evolution ceased. (pH 3), in an ice bath with
stirring. The product was extracted with ethyl acetate and organic phase was dried
by sodium sulfate. The product was purified using silica column chromatography
(EtOAc : heptane = 1: 2.8) as a red solid. Yield = 0.33 g (41 %). '"H-NMR (400
MHz, CDCl,), & 3.08 (3H, s), 4.82 (2H, d), 7.57 (2H, d, J=8Hz), 8.55 (2H, d, J=8Hz).

BC-NMR (101 MHz, CDCL,), 5 21.1, 64.7, 127.4, 128.1, 130.9, 145.6, 163.9, 167.2.
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2.7. Synthesis of [3-(3—methyl-1,2,4,5-tetrazine)|benzyl (4-

(trifluoromethyl)benzoate, 3.

DIC, DMAP, DMF 0
N-N OH overnight, rt N-N (o)
SO moooDor, L O
N=N N=N
2 3 CF3

4—(Trifluoromethyl)benzoic acid (0.27 g, 1.38 mmol), DMAP (0.01 g, 0.123 mmol),
2.5 mL DMF, DIC (0.18 mL, 1.18 mmol) and compound 2 (0.21 g, 0.98 mmol) were
successively added and allowed to react at room temperature for 17 h. DMF was
evaporated by rotatory evaporation under reduced pressure. The mixture was
extracted with EtOAc and organic phase was washed with brine, dried with sodium
sulfate and concentrated by rotatory evaporation to yield an oil, which was purified
using silica column chromatography (EtOAc : heptane = 1: 4) to obtain a red solid.
Yield = 0.22 g (57 %). '"H-NMR (400 MHz, CDCL,), & 3.11 (3H, s), 5.51 (2H, s), 7.67
(2H, d, J=8Hz), 7.73 (2H, d, J=8Hz), 8.22 (2H, d, J=8Hz), 8.63 (2H, d, J=8Hz)."C~
NMR (101 MHz, CDCl,), & 21.2, 66.5, 125.5, 128.3, 128.4, 128.7, 130.2, 131.9, 132.5,

133.1, 140.2, 163.8, 165.1, 167.4.
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2.8. Synthesis of ((1R,2S,4R)-bicyclo[2.2.1]hept—5—en—2—yl)methyl 4-—

(trifluoromethyl)benzoate, 4.
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o DIC, DMAP, DMF Ai\ o
Ai,\oH e OH overnight, H Ob
'H 4
CF;
4—(Trifluoromethyl)benzoic acid (0.43 g, 2.25 mmol), DMAP (0.024 g, 0.190 mmol), 4
mL DMF, DIC (0.3 mL, 1.93 mmol) and ((1R,2S,4R)-bicyclo[2.2.1]hept—5H—en—2-
yl)methanol (0.19 mL, 1.61 mmol), were successively added in a 100 mL rounded
flask, and allowed to react for 16 h. DMF was removed using a rotary evaporator
under reduced pressure. The mixture was extracted with EtOAc and organic phase
was washed by brine, dried by sodium sulfate. The product was purified using silica
column chromatography (EtOAc : heptane = 1: 4) as white solid. Yield = 0.35 g
(69%). '"H-NMR (400 MHz, CDCl,), & 1.23-1.40 (4H, m), 1.88 (1H, m), 2.80 (1H, s),
2.87 (1H, s), 4.25 (1H, m), 4.43 (1H, m), 6.11 (2H, m), 7.70 (2H, d, J=8Hz), 8.16(2H,
d, J=8Hz). "C-NMR (101 MHz, CDCL), & 29.6, 38.1, 41.6, 43.72, 45.0, 69.6, 122.3,

125.4, 130.0, 133.7, 134.52, 136.1, 137.0, 165.4.
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Synthesis of ((1S,2S,4S)-bicyclo[2.2.1]hept—5—-en—2—yl)methanol, 5.

LiAlHy, dry ether, rt,2 h
—»

COOH ~——OH
5

\‘\“\“.

A commercially available mixture of endo— and exo— 5-—norbornenecarboxylic acid,
was subjected to column chromatography (heptane : EtOAc = 1: 4) to obtain the
endo—norbornene carboxylic acid. (15,25,4S)-bicyclo[2.2.1]hept—5-ene-2—carboxylic
acid (206.6 mg, 1.5 mmol) was mixed with LiAlH, (113.5 mg, 3.0 mmol) in 20 mL
dry ether for 2 h. The reaction was quenched with water and the organic product was
extracted into ether followed by recovery of the product by evaporating the solvent
under reduced pressure. Yield = 0.15 g (81%). '"H-NMR (400 MHz, CDCl; ) & 6.15
(dd, J = 5.7, 3.0 Hz, 1H), 5.97 (dd, J = 5.7, 2.9 Hz, 1H), 3.40 (dd, J = 10.4, 6.5 Hz,
1H), 3.26 (dd, J = 10.4, 8.9 Hz, 1H), 2.93 (s, 1H), 2.81 (s, 1H), 2.29 (ddt, J = 9.2,
6.6, 4.5 Hz, 1H), 1.82 (ddd, J = 11.6, 9.2, 3.8 Hz, 1H), 1.48 — 1.41 (m, 1H), 1.27 (d, J

= 8.2 Hz, 1H), 0.55 — 0.49 (m, 1I).
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Synthesis of ((1S,28,4S)—-bicyclo[2.2.1]hept—5—-en—2—yl)methyl 4—

(trifluoromethyl)benzoate, 6.

DIC, DMAP, DMF
(0]
i H + F3C

OH overnlght rt F3
5 6 °

4—(Trifluoromethyl)benzoic acid (0.43 g, 2.25 mmol), DMAP (0.024 g, 0.19 mmol), 4
mL DMF, DIC (0.3 mL, 1.93 mmol) and ((1S,2S,4S)-bicyclo[2.2.1]hept—H—en—2—
yl)methanol, 5, (0.19 mL, 1.61 mmol), were successively added in a 100 mL rounded
flask, and allowed to react for 24 h. DMF was removed using a rotary evaporator
under reduced pressure. The mixture was extracted with EtOAc and organic phase
was washed by brine, dried by sodium sulfate. The product was purified using silica
column chromatography (EtOAc : heptane = 1: 4) as white solid. Yield = 0.14 g.

(33%) '"H-NMR (400 MHz, CDCL,), & 8.17 (d, J = 7.6 Hz, 2H), 7.72 (d, J = 7.5 Hz,
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2H), 6.22 (s, 1H), 6.01 (s, 1H), 4.21 — 4.07 (m, 1H), 3.96 (t, J = 9.9 Hz, 1H), 2.98 (s,
1H), 2.87 (s, 1H), 2.57 (s, 1H), 1.93 (t, J = 10.1 Hz, 1H), 1.51 (d, J = 7.9 Hz, 1H),
1.32 (d, J = 7.8 Hz, 1H), 0.67 (d, J = 10.2 Hz, 1H). "C-NMR (101 MHz, CDCL), &
165.30, 137.81, 134.50, 134.18, 133.78, 132.07, 129.94, 125.35, 125.01, 125.01, 122.30,
68.91, 49.44, 43.99, 42.24, 37.89, 29.69, 28.98.

-« s SI¥<mmmn e ~ —== —==a ss
N | | | A A\ T N

AV
j — F
‘; C : i
o F
' I i
;
| | ‘ | i | " | - |H' |
I | | A ) ‘ i
| l |\ fi i 11 Aol |
A _ W L U IV / | —— " — ,,_/‘ Whe J ‘L A
L | 1 T
8.5 8.0 75 70 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0
fi (ppm)
8 o T o% aa
¥ a 3 an @ a
o @ o Mmoo o
- a - T T NN

&;H o)
RS
CF3
I 1}0 ) 160 ) 1.r50‘ 140 1‘30‘ 1‘20 1‘10‘ 160 ) éﬂ 7 éo ‘ 7"0 60 ‘ 50 ) 4‘0 ) 50 ) iﬂ ]:D o

f1 (ppm)

196



3. Supplementary Kinetics Data.

I
.

Normalized DART Intensity

1 23 4 5

Time (min)

10 15 20
Time (min)

Figure S3.1. Sigmoidal plot of normalized integrated DART-HRMS intensity wvs
time (min) for “free” exo-norbornene-terminated surface (M,) reacting with tetrazine
tag, 3 in DCE solution at 30 °C. Inset: Linear plot of In |(l, — 1) / (I — I,)| vs time
(min), the slope of which is the pseudo—first order reaction rate (k') obtained by a
least—squares fit (R* > 0.95). (Each time point is an average of hexaplet samples.)
The second—order rate constant is derived from here using the concentration of the

other agent (3.0 mM).
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Figure S3.2. Sigmoidal plot of normalized integrated DART-HRMS intensity wvs
time (min) for “buried” ezo-norbornene-terminated surface (M,) reacting with
tetrazine tag, 3 in DCE solution at 30 °C. Inset: Linear plot of In |(I. — 1) / (1o — 1))
vs time (min), the slope of which is the pseudo—first order reaction rate (k') obtained
by a least-squares fit (R* > 0.95). (Each time point is an average of hexaplet
samples.) The second-order rate constant is derived from here using the

concentration of the other agent (3.0 mM).
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Figure S3.3. Sigmoidal plot of normalized integrated DART-HRMS intensity wvs
time (min) for “free” endo—norbornene—terminated surface (M) reacting with
tetrazine tag, 3 in DCE solution at 30 °C. Inset: Linear plot of In [(I. — 1) / (1. — 1))
vs time (min), the slope of which is the pseudo—first order reaction rate (k') obtained
by a least-squares fit (R* > 0.95). (Each time point is an average of hexaplet
samples.) The second-order rate constant is derived from here using the

concentration of the other agent (3.0 mM).
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Figure S3.4. Sigmoidal plot of normalized integrated DART-HRMS intensity wvs
time (min) for “buried” endo-norbornene-terminated surface (M;) reacting with
tetrazine tag, 3 in DCE solution at 30 °C. Inset: Linear plot of in [(I. — 1) / (I. — )|
vs time (min), the slope of which is the pseudo—first order reaction rate (k') obtained
by a least-squares fit (R* > 0.95). (Each time point is an average of hexaplet
samples.) The second-order rate constant is derived from here using the

concentration of the other agent (3.0 mM).
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Figure S3.5. Kinetic plot of “free” tetrazine-terminated surface (M,) reacting with
exo-norbornene tag, 4 in DCE solution at 30 °C. Inset: Linear plot of In |(I. — I) /
(I, — I,)| vs time (min), the slope of which is the pseudo—first order reaction rate
(k') obtained by a least-squares fit (R* > 0.95). (Each time point is an average of
hexaplet samples.) The second-order rate constant is derived from here using the

concentration of the other agent (3.0 mM).
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Figure S3.6. Sigmoidal plot of normalized integrated DART-HRMS intensity vs
time (min) for “buried” tetrazine-terminated surface (M,) reacting with exo—
norbornene tag, 4 in DCE solution at 30 °C. Inset: Linear plot of in (I, — 1) / (I —
I))| vs time (min), the slope of which is the pseudo—first order reaction rate (k')
obtained by a least-squares fit (R* > 0.95). (Each time point is an average of
hexaplet samples.) The second—order rate constant is derived from here using the

concentration of the other agent (3.0 mM).
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Figure S3.7. Sigmoidal plot of normalized integrated DART-HRMS intensity vs

time (min) for “free” tetrazine-terminated surface (M,) reacting with endo—

norbornene tag, 6 in DCE solution at 30 °C. Inset: Linear plot of in (I, — 1) / (I —

I)| vs time (min), the slope of which is the pseudo—first order reaction rate (k')

obtained by a least-squares fit (R* > 0.95). (Each time point is an average of

hexaplet samples.) The second-order rate constant is derived from here using the

concentration of the other agent (3.0 mM).
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Figure S3.8. Sigmoidal plot of normalized integrated DART-HRMS intensity vs
time (min) for “buried” tetrazine-terminated surface (M,) reacting with endo-
norbornene tag, 6 in DCE solution at 30 °C. Inset: Linear plot of In (I, — 1) / (1 —
I))| vs time (min), the slope of which is the pseudo—first order reaction rate (k')
obtained by a least-squares fit (R> > 0.95). (Each time point is an average of
hexaplet samples.) The second—order rate constant is derived from here using the

concentration of the other agent (3.0 mM).
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4. Supplementary Figures.

=1,

IEDDA Sample

\

Motorized Rail

Figure S4.1. Pictures of DART setup for the kinetic analysis of organic surface

o

reactions.

Figure S4.2. Image of the sample holder (16 slots).
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Figure S4.3. Representative spectra of a typical DART-HRMS measurement. Top:
Total Ion Current (TIC); bottom: Extracted ion chromatogram (EIC) of 10 mmu

window around the theoretical m/z of the ion of interest.
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Figure S4.4. Normalized DART-HRMS intensity of MS tag with m/z 189.0163 after
IEDDA reaction (for 20 min) on M, surfaces. The CDI-activated M, samples were
stirred in a 50 mM solution of ezo-norbornene-OH for different times followed by

stirring in a 3.0 mM DCE solution of 3 and analyzed by DART for MS tag.
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5. Supplementary XPS Spectra
Note: all statistics (average, standard deviation) of the XPS data are derived from 6

independent samples in each case.

NH,
A)g 7 ))J’/a
0: 0; 0;-
?d P~? O'P.O O'P.O
| |

CPS

800 600 400 200
Binding Energy (eV)

Figure S5.1. XPS wide scan of M, modified Al surface for “free” microenvironment.

Theoretical N/P ratio =1/ 4 = 0.25
Experimental N/P = 0.25 £ 0.02

= 3:1 alkyl-amino terminated monolayer indeed obtained.
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Figure S5.2. XPS wide scan of M, modified Al surface for “free” microenvironment.

CPS

292 290 288 286 284 282 280
Binding Energy (eV)

Figure S5.3. XPS Cls narrow scan of M, surface showing clear carbamate peak at

287.0 eV.
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Figure S5.4. XPS wide scan of M, surface for “free” microenvironment.

Th. N/P = 6/4 = 1.50
Expt. N/P = 1.5 + 0.1

Surface yield = 100 & 6 %
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CPS

Fls
42 %

800 600 400 200 0
Binding Energy (eV)

Figure S5.5. Wide scan of IEDDA cycloaddition products (M;) between exo-
norbornene—terminated surface and tetrazine tag molecule, 3 for “free”

microenvironment.

Th. F/P = 3/4 = 0.75
Expt. F/P = 0.76 £ 0.02

Surface yield = Quantitative

210



2207

2107

n .
o 200_.

C
CPS

1903

1803

208 204 200 196 192 188 184 180 6;6' T 'sslazl T lsés' T ls§4l T 'séo' T '6_;6
Binding E \') I
inding Energy (eV) Binding Energy (eV)
Name Position Area %At Conc
P2s 192 139.563 55.6
F1s 688 111.667 44.4

Figure S5.6. Fls and P2s narrow scans of IEDDA cycloaddition products (M;)
between endo-norbornene-terminated surface and tetrazine tag molecule, 3 for “free”

microenvironment.

Th. F/P = 3/4 = 0.75
Expt. F/P = 0.77 & 0.02

Surface yield = Quantitative
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Figure S5.7. Wide scan of IEDDA cycloaddition products (M;) between

tetrazine,,;, and ero-norbornene tag molecule, 4.

surf.
Th. F/P = 3/4 = 0.75
Expt. F/P = 0.75 + 0.02

Surface yield = Quantitative
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Figure S5.8. XPS wide scan of M,—modified Al surface for “buried”

microenvironment.

Theoretical N/P ratio =1/ 4 = 0.25

Experimental N / P = 0.26 + 0.02
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Figure S5.9. XPS wide scan of M, surface for “buried” microenvironment.

Th. N/P = 6/4 = 1.50
Expt. N/P = 1.4 + 0.1

Surface yield = 95 £ 5%
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Figure S5.10. Wide scan of TEDDA cycloaddition products (Mj) between ezo-

norbornene,;, and tetrazine tag molecule, 3 for “buried” microenvironment after 15

surf.

min reaction.
Th. F/P = 3/4 =0.75
Expt. F/P = 0.59 £+ 0.02

Surface yield = 80 £ 5%
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Binding Energy (eV)

Figure S5.11. Wide scan of TEDDA cycloaddition products (Mj) between ezo—
norbornene,;, and tetrazine tag molecule, 3 for “buried” microenvironment after 1 h
reaction time.

Th. F/P =3/4 =0.75

Expt. F/P = 0.70 + 0.04

Surface yield = 94 £ 6 %
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Figure S5.12. Wide scan of IEDDA cycloaddition products (M;) between
tetrazine ., and ero-norbornene tag molecule, 4 “buried” microenvironment after 1
h.
Th. F/P =3/4 =0.75
Expt. F/P = 0.64 + 0.07

Surface yield = 85 £ 10 %
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6. Supplementary Tables.

Table S6.1. Collected kinetic plots of tetrazine—norbornene IEDDA reaction for

“free” or “buried” microenvironment (all R*> > 0.95).

Surface | ME Reactant in solution
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7. Material Studio Data.

Figure S7.1. Al oxide (Al,O,;) surface in bulk.

All colors used are standard throughout (Grey = C, white = H, purple = P, pink =
Al, red = O, fluorine = cyan). PLEASE SEE FULL ONLINE ESI FOR
COLOR IMAGES.

[Any incomplete fragments and atoms are part of larger structures

protruding from the adjacent box].

T
104

ALO, were cleaved along (h k 1) = (-1 0 0) to build oxidic aluminum surfaces.

Thickness fractional = 1
Thickness ( A) = 4.121

Cap bonds on Top = O( oxygen)
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Figure S7.2. Side view of cleaved Al,O, surface.

Figure S7.3. Dimensions of vacuum slab above Al,O; surface for modelling

alkyl groups and later IEDDA fragments.
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50 A

Figure S7.4. Dimensions of

AlLO,

8A
Vacuum Slab Build Dimensions
Vacuum orientation C (axis)
Vacuum thickness = 74.5048 A

Crystal thickness = 80.00 A
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Figure S7.5. Side view of octylphosphonic acid on Al,O, surface (with

dimensions).
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Figure S7.6. Top view of octylphosphonic acid on AlO,surface (with

dimensions).
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Figure S7.7. Top view of a supercell (3 x 5) of —OH terminated Al,O,

surface. No phosphonic acid attached (0% coverage, hydrogens of —OH

highlighted with yellow, other oxygen atoms (red) are part of the Al,O,

surface and are unavailable to undergo reaction).
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Figure S7.8. Top view of a supercell (3 x 5) of octyl phosphonic acid

(100% coverage).
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Figure S7.9. Schematic representation of positioning of octyl phosphonic
acid groups at the surface to obtain different % coverages with ‘random’
positioning (3 different subsets of each % coverage were used to maximize
randomization). (Red balls = ~OH attachment, no attachment; Black balls = site

of octylphosphonic acid)
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Figure S7.10. Plot of packing energy vs different surface coverages.
Minimum energy denotes maximum stability. [All calculations were done

on a supercell (8 x 16) with 512 chains].
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supercell (8 x 16) with 512 chains (50% B).

Figure S7.11. Schematic depiction of the most stable configuration for a
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Figure S7.12. Molecular model of 50% B (1% = tilted, 2™ = across view)
supercell (8 x 16) after energy minimization. The picture shows the

octylphosphonic acid chains attached randomly to the Al,O; surface in a

50% overall coverage.
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Figure S7.13. Schematic depiction of an alkyl:amine—terminated (3:1)
configuration on the 50% B coverage system (blue balls shows site of exo—
norbornene or tetrazine attachment).

Note: The reactive groups or alkyl chains are placed randomly at different positions

to reduce any bias. Same configuration was kept in either case to ensure similar steric

environment).
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Figure S7.14. Molecular model of 50% B (1** = side, 2™ = across, 3" =
tilted view) supercell (8 x 16) with attached exo—norbornene:alkyl (1:3)
after the initial energy minimization.

Note: The picture depicts the orientation of norbornene groups with respect to the
surface before performing molecular dynamics. The repetitive orientation are the
result of the way the structure is built, but not indicative of chemically real
orientation. The MD part is thus essential to ‘shake up’ the structures, and after

geometry optimization of the structures resulting from there, chemically relevant

structures that depict the actual degree of ordering/clustering can be obtained.
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Figure S7.15. (a) Protocol for Molecular Dynamics in Materials Studio on
Al surface. (b) Molecular model of 50% B (1% = side, 2" = across, 3" =
tilted view) supercell (8 x 16) with attached exo—morbornene: alkyl (1:3)
after performing molecular dynamics at 773 K and subsequent geometry
optimization. The picture depicts the orientation of norbornene groups

with respect to the surface.
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Figure S7.16. Molecular model of 50% B (1** = side, 2™ = across, 3" =
tilted view) supercell (8 x 16) with attached tetrazine:alkyl (1:3) after
initial energy minimization. [The picture depicts the orientation of
tetrazine groups with respect to the surface before performing molecular

dynamics.]
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Figure S7.17. Molecular model of 50% B (1** = side, 2™ = across, 3" =
tilted view) supercell (8 x 16) with attached tetrazine:alkyl (1:3) after
performing molecular dynamics at 773 K and subsequent geometry
optimizations. The picture depicts the orientation of tetrazine groups with

respect to the surface.
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Figure S7.18. Top view of a cluster of ero—norbornene obtained from a
supercell (8 x 16) for exo—norbornene:alkyl (1:3) after performing
molecular dynamics at 773 K and subsequent energy minimization (Figure

S7.15b) displayed for understanding surface approach. [All surface atoms,

alkyl linkers and microenvironment ignored for simplicity]




Figure S7.19. Top view of a cluster of tetrazine obtained from a supercell
(8 x 16) for tetrazine:alkyl (1:3) after performing molecular dynamics at
773 K and subsequent energy minimization (Figure S7.17) displayed for

understanding surface approach. [All surface atoms, alkyl linkers and

microenvironment ignored for simplicity]
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8. Optimized DFT Structures.
Reactant complex bearing tetrazine with CF,—tag (exo—norbornene on

surface)

9

Reactant complex bearing tetrazine with CF,—tag (endo—norbornene on

surface)
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TS with tetrazine bearing CF,—tag (endo—norbornene on surface)

9

Product with tetrazine bearing CF,-tag (exo—norbornene on surface)
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Reactant complex with ezo-INBN with CF,—tag (tetrazine on surface)

Reactant complex with endo-NBN with CF,—tag (tetrazine on surface)
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TS with endo-NBN with CF,~tag (tetrazine on surface)
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TS exo-NBN with anti N, elimination (tetrazine on surface)

TS exo-NBN with syn—N, elimination (tetrazine on surface)
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TS endo-NBN with syn N, elimination (tetrazine on surface)
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Product endo anti (tetrazine on surface)

Product endo syn (tetrazine on surface)

9

Tautomerization exo anti product (tetrazine on surface)
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Tautomerization exo syn product(tetrazine on surface)

Tautomerization endo anti product (tetrazine on surface)

Tautomerization endo syn product (tetrazine on surface)
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9. Density Functional Theory (DFT) for XPS Cls Calculation

Electronic core level calculations (ECC) were used to simulate core levels of C 1s
XPS spectra. All ECC were done with the GAUSSIANO09 program.” The effect of the
bulk substrate on Al-O—P bound monolayers was mimicked by attaching the organic
species to a Al (OH,),~ moiety. The geometries of the different systems were
optimized at the B3LYP/6-311G(d,p) level of theory. Natural bond orbital (NBO)
analysis (Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weinhold, F. NBO,
Version 3.1) was employed to obtain the core orbital energies. The simulated XPS
spectra  were used to facilitate the peak fitting procedure for overlapping

contributions in the experimental XPS data.

M1 NH
—Final
z —C-C
2
2 ~CP,CN
296 294 292 290 288 286 284 282
Binding Energy (eV)
Carbon Number 3-12 2,13
0=P-0
Functional group c-C C-P,C-N C’) |
(HO),AI~ Al(OH),
Binding Energy Theory (eV) 285 286.3 2

Figure S9.1. Core level Cls XPS spectra (left) for the amine terminated monolayer,
simulation based on DFT calculations of the Cls core level energies for the different
functional group binding energy shown in table (bottom), and [middle (Gaussview)
and right(ChemDraw)) structure of model compound used for the calculation of

binding energies.
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M2
—Final
o}
| o=
e P, C-0,C-N NH
[
€ —C=0-NH
296 294 292 290 288 286 284 282
Binding Energy (eV)
Carbon Number 3-12,22-28 el 2t 2 18
Functional group C-C C-P, C-0,C-N 0-C=0-NH O:‘;‘Q
Binding Energy Theory (eV) 285 2863 2011 (HO)AI" Al(OH),

Figure S9.2. Core level Cls XPS spectra (left) for the exo-norbornene termination
on amine monolayer, simulation based on DFT calculations of the Cls core level
energies for the different functional group binding energy shown in table (bottom),
and [middle (Gaussview) and right(ChemDraw)) structure of model compound used

for the calculation of binding energies.

" e
—Final R
\
—cc [¢]
‘E. ~-CP,CN, C-O O:<
§ NH
E ~—ArC=0-NH
296 294 292 290 288 286 284 282
Binding Energy (eV)
Carbon Number 3-12, 22-28 N33 18
Functional group c-C C-P, C-N, C-O ArC=0O-NH 0=P-o
0
Binding Energy Theory (¢V) 285 286.2 291.0 (HOpAI7  Al(OH),

Figure S9.3. Core level Cls XPS spectra (left) for the endo—norbornene termination
on amine monolayer, simulation based on DFT calculations of the Cls core level
energies for the different functional group binding energy shown in table (bottom),
and [middle (Gaussview) and right(ChemDraw)) structure of model compound used

for the calculation of binding energies.
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M4 A
—Final N
e N
0P, GO, CN, AC
.3 —N-C-N{Ar)
E NG {CH3) NH
T o O:'<
NH
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Binding Energy (eV)
Carbon Number 3-12, 34 2,21-27 28 31 18
Functional group c-C C-P, C-O, C-N, Ar-C N-C-N(Ar) N-C-N (CH3) N-CO-N
Binding Energy O:OP\OI
Theory (eV) 285.0 286.2 287.8 288.5 290.2 (HO),AI"™  Al(OH),

Figure S9.4. Core level Cls XPS spectra (left) for the tetrazine termination on
amine monolayer, simulation based on DFT calculations of the Cls core level energies
for the different functional group binding energy shown in table (bottom), and
[middle (Gaussview) and right (ChemDraw)) structure of model compound used for

the calculation of binding energies.

M5
—Final
-—C-C
'é' ~C-P, C-N, Ar-C
A —C-0, Ar-C,
= ~=0-C=0-Ar
0-C=0-N
—CF3
296 294 292 290 288 286 284
Binding Energy (eV)
3-12,23 .25, 2,13,22,24,27- 21,34, 37, 45-46,
Carbon Number 28,33 26, 35-36, 38-39 48-49 29,32, 40, 43, 47 42 18 56
Functional group c-C C-P, C-N, Ar-C C-0,Ar-C, C-N=N, C-O 0-C=0-Ar 0-C=0-N CF3
Binding Energy OT;‘LQ
Theory (eV) 285.0 286.1 286.8 287.6 291.1 201.2 29048 (HopAl” MO

Figure S9.5. Core level Cls XPS spectra (left) for the IEDDA cycloadduct for
endo—norbornene termination on amine monolayer, simulation based on DFT
calculations of the Cls core level energies for the different functional group binding
energy shown in table (bottom), and [middle (Gaussview) and right (ChemDraw))

structure of model compound used for the calculation of binding energies.
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Figure S9.6. Core level Cls XPS spectra (left) for the IEDDA cycloadduct for ezo—
norbornene termination on amine monolayer, simulation based on DFT calculations
of the Cls core level energies for the different functional group binding energy shown
in table (bottom), and [middle (Gaussview) and right (ChemDraw)) structure of

model compound used for the calculation of binding energies.
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Binding Energy Theory (¢V)  285.0 286.0 286.6 2875 2902 2011 2946 popa” AOM:

Figure S9.7. Core level Cls XPS spectra (left) for the IEDDA cycloadduct for
endo—norbornene termination on amine monolayer, simulation based on DFT
calculations of the Cls core level energies for the different functional group binding
energy shown in table (bottom), and [middle (Gaussview) and right (ChemDraw))

structure of model compound used for the calculation of binding energies.
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M8

Intensity

296 294 292 290 288 286 284 282
Binding Energy (eV)

2, 13,2324, 26-27, 32 21-22, 25, 40,

Carbon Number 312, 48 30, 4546, 49 44,47 2831 18 n 36
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Functional group C-C C-P & C-N, Ar-C C-CF3 C-N=N N-C=0-N ArC=0-0 CF3 o
Binding Energy & PaoHy,
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Figure S9.8. Core level Cls XPS spectra (left) for the IEDDA cycloadduct for ezo—
norbornene termination on amine monolayer, simulation based on DFT calculations
of the Cls core level energies for the different functional group binding energy shown
in table (bottom), and [middle (Gaussview) and right(ChemDraw)) structure of

model compound used for the calculation of binding energies.
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Appendix 4

Ultrathin Covalently Bound Organic Layers on
Mica: Formation of Atomically Flat Bio—

functionalizable Surfaces

For full Supporting Information including Cartesian coordinates look at
online ESI available in Angewandte Chemie International website at

anie201701301—sup—0001—misc information.pdf
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4.1. Methods

Materials. Unless otherwise specified, all chemicals were used as received without
further purification. Muscovite mica surfaces (Grade V-1, 12 mm diameter x 0.15
mm thick) were purchased from SPI supplies. 2,3-dihydroxy benzoic acid (DHBA),
N-Boc—1,6-hexanediamine, trifluoroacetic acid (TFA), 1H-imidazole-1-sulfonyl
azide-HCI salt, copper sulphate pentahydrate, 1,1'—carbonyldiimidazole, 2,3—
dihydroxyl benzylamine hydrobromide, sodium periodate, 2,2'-—azino-bis(3-
ethylbenzothiazoline-6-sulfonic ~ acid) diammonium salt (ABTS®), Fe(IIl)-
protoporphyrin IX chloride, hydrogen peroxide, potassium carbonate, PBS buffer,
ethyl acetate, methanol, hexane, acetone, dichloromethane (DCM) and 2-propanol
were purchased from Sigma—Aldrich. For rinsing, solution preparation and contact
angle measurements, Milli-Q water (resistivity 18.3 M€ cm) was used.
Oligonucleotides were purchased from Integrated DNA Technologies (IDT), Belgium.
Static Water Contact Angle (SCA) Measurements. The wettability of the
modified surfaces was determined by automated static water contact angle
measurements with a Kriiss DSA 100 goniometer (volume of the drop of deionized
water was 3.0 uLi). The reported values are the average of at least six droplets, and
the relative error is less than + 1°.

X-ray Photoelectron Spectroscopy (XPS) Measurements. The XPS analysis
of surfaces was performed using a JPS-9200 photoelectron spectrometer (JEOL,
Japan). Survey and narrow scan spectra were obtained under UHV conditions using
monochromatic Al Ko X-ray radiation at 12 kV and 20 mA, and an analyser pass
energy of 50 eV for wide scans and 10 eV for narrow scans. The emitted electrons
were collected at 10° from the surface normal (take—off angle relative to the surface
normal 10°). All XPS spectra were evaluated by using Casa XPS software (version
2.3.15). Survey spectra were corrected with linear background before fitting, whereas
high-resolution spectra were corrected with linear background. Atomic area ratios

were determined after a baseline correction and normalizing the peak area ratios by



the corresponding atomic sensitivity factors (1.00 for Cls, 1.80 for Nls, 2.93 for Ols,
4.43 for Fls, 1.18 for P2s and 0.75 for Al2s, 5.03 for Br3p, 2.27 for K2s).
DART-HRMS Measurements. Analysis of the modified mica surfaces were
performed using a DART-SVP ion source (Ion—Sense, Saugus, MA, USA) coupled to
a Q-Exactive orbitrap high-resolution mass spectrometer (Thermo Fisher Scientific,
San Jose, CA), mounted on a motorized rail travelling at 0.2 mm/s. Thermo
Scientific Xcalibur software (V2.1.0.1139) was used for data acquisition and
processing. The measurements were performed in negative mode at 450 °C using a
scan range of m/z 180.0 — 345.0, a mass resolution of 70,000 (FWHM) at a scan rate
of 1 Hz. The ion trap was tuned with 0.1 mg/mL methanol solution of quinine (m/z
323.41 in negative mode) and optimized. The DART source was positioned 6.1 ¢cm on
the horizontal scale, 7 cm on the vertical scale with an angle of 45°, such that it is
around 1 mm above the surface (Fig. S1). The distance from the surface to the
ceramic tube is minimized by placing them at the edge of the moving rail so that
maximum of the p-CF, benzoate ion and p-C,F, benzoate ions (m/z 189.016 and
339.0062, respectively) would enter the MS.

Atomic Force Microscopy (AFM) Imaging. AFM imaging was performed under
air using a Digital Instruments NanoScope V Multimode Scanning Probe Microscopy
with a noncontact silicon nitride cantilever with a stiffness of 0.58 N/m (Veeco
Metrology, CA) at a scan speed of 1 um/s, in the Scan—assist imaging mode. Images
were flattened with a third—order flattening procedure using Nanoscope Analysis
software (v1.5).

Preparation of modified mica samples [M;—M,]. Mica samples were washed
with copious amounts of acetone, methanol and dichloromethane and dried under a
stream of nitrogen gas. Samples were then left undisturbed for 16 h in 5 mM solution
of 1 in PBS buffer (pH 7.4) in sealed vials under nitrogen atmosphere. Both sides of

the mica were found to be identically modified without preference. Multiple samples



(up to 25) could be simultaneously modified in this manner. The samples were

sonicated in water for 15 min after the modification and stored for future

applications.
CF3COOO@
% HaN
NH 2
0
HO OH
’
S 1) 5 mM Milli-Q Water NH
. 24 h, N, atm
Freshly clfeaned Mica 2) Sonication, 15 min Q_<\0
surtaces Milli-Q water O O
M, 3) Extensive washing N/
———
M,

Scheme 1. Attachment of surface anchor 1 to a freshly cleaned mica sample.

4.1.1 Preparation of azide-terminated surface. M, samples were stirred with a
50 mM solution of 1H-imidazole-1-sulfonyl azide-HCI salt, CuSO,.5H,0 and K,CO,
in water for 2 h, followed by sonication in water for 15 min, to afford azide—
terminated samples M,. The samples were stored under nitrogen atmosphere for

further use.

H,N N3

(1) 50 mM 1H-imidazole-1-sulfonyl
azide-HCI salt
CuS0,.5H,0, K,CO3, H,0,2 h

NH NH
Q’—<\O (2) Sonication in water, 15 min 9—60

o)
O\ lo 0\ /
— —_—
M, M,
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Scheme 2. Conversion of amine-terminated surface anchor 1 to azide-terminated
layers.

4.1.2 Interfacial SPAAC on azide-terminated surface. Azide-terminated
samples M, were stirred 16 h with endo-BCN-C,F, MS tag, 2, in DCE solvent at 22
°C, followed by sonication in dichloromethane for 15 min. The samples were dried
under a stream of nitrogen and used for XPS and DART-HRMS measurements. The
blue tag connected by aromatic ester linkage with endo-BCN, 2, is used to determine

the yield on the surface of the SPAAC reaction independently by XPS (F1s signal at

C4Fy
T
(0]

J..'

686.0 eV) and DART-HRMS (m/z 339.0062).

H N
C4Fg

4
N
H o« bcm, 16h
(1) 3mM |@/ 0
H 2
H Q N
o

N3

N H
: (0] (2) Sonication in DCM, 5 min
0O O
N/ 0\ /0
— ——
MZ M3

Scheme 3. Interfacial SPAAC reaction between an azide-terminated mica surface
and endo-BCN 2 in solution.

4.1.3 Preparation of endo—-BCN terminated surfaces Amine-terminated mica
was activated using 1,1’-carbonyldiimidazole (50 mM) in water for 1 h. The activated

surfaces were linked with endo-BCN-OH, 3, via carbamate linkage.



H-N
2 (1) CDI, 1h, H,0 HN

) H oH
| , DCM, 1h
O'H 3

>

NH NH
(3) Sonication, DCM, 15 min
0] (0]
O O
A 0\ /0
e — e ———
M1 M4

Scheme 4. Preparation of endo-BCN-terminated layers on mica.

4.1.4 Interfacial SPAAC on endo-BCN-terminated surface. Freshly
prepared endo-BCN-terminated samples were stirred 16 h with 3 mM azide-
terminated counterpart in dichloromethane solution. The azide moiety was coupled
with fluorinated tag wvia aromatic ester bond, which allowed for independent
verification of surface yield by XPS (F1s signal at 686.0 eV) and DART-HRMS (m/z

189.016).

CF,
(1) 3mMm Ns/\/oh/@DCM, 16 h
o)

4

NH - NH
: o (2) Sonication in DCM, 15 min Q_«O

(o] 0 O O
\ 7/ \ /
\_—_/ ~ -]
M4 M5

Scheme 5. Interfacial SPAAC reaction between endo-BCN—terminated surfaces and

azide counterpart 4 in solution.
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4.1.5 Interfacial SPOCQ reaction on mica. Amine terminated mica surfaces M,
were activated by CDI coupling as described earlier and stirred with 23—
dihydroxybenzylamine hydrobromide, to afford catechol terminated layers. These
were oxidized to 1,2-dihydroxy quinones by oxidation with aqueous 50 mM NalO,
solution in 30 min. The samples were washed with copious amounts of water followed
by sonication for 15 min in methanol. The resulting surfaces were then stirred with 2
to get the SPOCQ cycloaddition product in 4 h with excellent surface yields. Blank
measurements were carried out rigorously to ensure no false positives resulting from

physisorption and to prove the orthogonality of the reaction.

H
(0}
O_Q

o] (1) 50mM DCE, t, 4h
NH

(1) 50 mM CDI, H,0, rt, 1h |

(2) 50 mM 2,3-dihydroxy
benzylamine.HBr, MeOH, rt, 4 h
—)
> NH (2) Sonication

NH
(3) 50 mM NaIO4, HZO in MeOH, 15min H
0 (4) Washing with water 5
o o) Sonication in MeOH, 15min o

(o]
\\}‘_{/ O\ / O\ p
M, M M

Scheme 6. Interfacial SPOCQ reaction between surfacial 1,2-quinones [Mg] and
endo-BCN counterpart, 2, in solution.

4.1.6 Proof that sonication techniques are adequate to remove physisorbed
moieties. To ensure that all signals are entirely due to covalently bound moieties
alone, all surfaces were sonicated in corresponding solvents for 15 min. A stepwise
control experiment was carried out in which endo-BCN-terminated surfaces M, was
reacted with azide terminated counterpart with MS tag 4 (m/z 189.016) followed by

sonication in dichloromethane for 15 min. These surfaces were subsequently stirred in
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endo-BCN with MS tag 2 (m/z 339.0062) and sonicated again. The surfaces were
subject to DART-HRMS to see if any MS-tag 2 could be detected, which would only
be possible if any residual azide remained physisorbed on the surface after the
sonication process. Since no trace of MS tag 2 could be detected, (Figure S6) we
concluded that the sonication time and solvent chosen is adequate to remove

physisorbed moieties.

o. A"
\},o H \},0 H
HN

(1) React with (1) Stir with BCN-MS tag 2 _Samples subject to

azido-MS tag 4 DART-HRMS to detect

- if MS-tag 2 t
(2) Sonication frany ag <1s presen

(2) Sonication

DCM, 15 min DCM, 15 min
NH NH
Q o >T< so
O O O O
N/ \ /
———— C—
s4 S5

Scheme 7. Control experiment designed to detect if sonication time and solvent is

adequate enough to remove all traces of physisorbed moieties after the modification.
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4.1.7 Formation of DNA minicircles. M, surfaces were activated through CDI
coupling as described earlier. Activated samples were stirred overnight in 100 pM
aqueous solution of D1. The samples were sonicated for 10 min in water to remove
physisorbed DNA molecules. Subsequent hybridization was performed with 10 pM
aqueous solution of D2-D9 overnight (16 h). The samples were carefully sonicated in
water and immediately used for AFM analysis.

4.1.8 Formation of EAD2 DNAzyme and oxidative activity on mica. M,
surfaces were activated through CDI coupling as described earlier. Activated samples
were stirred overnight in 100 1M aqueous solution of EAD2. This was followed by
formation of Heme-G quadruplex by stirring the samples in a 10 mM solution of
Fe(IIT)-protoporphyrin IX chloride (Tris-HCl, pH 8) containing 10 mM KCI for 1 h.
Samples were washed with water and sonicated before use. Peroxidation reaction was
carried out at 25 °C in 100 pM PBS (pH 6.0) with 5 ptM ABTS diammonium salt and
5 1M H,0,. The modified mica samples were placed in a sealed vial and solutions of
ABTS* and the H,O, were mixed on a mechanical stirred. Formation of the oxidized
product (ABTS °) was monitored by UV-Vis analysis (200-500 nm).of the solution at
different time points (5, 15, 30 and 60 min). Blank experiments were carried out to

ensure the catalytic activity was due to the DNAzymes.



4.2. Chemical Synthesis

4.2.1 General Remarks. Unless stated otherwise, solvents and dry solvents like
dichloromethane, methanol and isopropanol were purchased from Sigma—Aldrich.
Unless stated otherwise all of these chemicals were used without further purification.
4.2.2. Reaction Handling. Unless stated otherwise all non—aqueous reactions were
performed in dried glassware under an atmosphere of argon. All flasks were equipped
with rubber septa and reactants were handled using standard Schlenk techniques.
Temperatures above the room temperature refer to oil bath temperatures which were
controlled by a thermostat. Reactions were magnetically stirred.

4.2.3. TH-NMR spectra were recorded at room temperature on a Bruker AVB-400
spectrometer with 'H operating frequency of 400 MHz. Unless stated otherwise all
spectra were recorded at room temperature in CDCl, and all chemical shifts are given
in & units relative to the residual CHCI; (central line of singlet: &; = 7.27 ppm).
Analyses followed first order and the following abbreviations were used throughout: s
= singlet, br. s. = broad singlet, d = doublet, t = triplet, q = quartet, quin =
quintet, sxt = sextet, sept = spt, dd = doublet of doublet, dt = doublet of triplet, m
= multiplet, mc = centered multiplet. Coupling constants (J) are given in Hertz
(Hz).

4.2.4. 13C-NMR spectra were recorded at room temperature on a Bruker AVB-
400 spectrometer with "“C operating frequency of 101 MHz. Unless stated otherwise
all spectra were recorded at room temperature in CDCl; and all chemical shifts are
given in & units relative to the CDCI, (central line of triplet: 5. = 77.0 ppm). The
following abbreviation was used throughout: s = singlet, d = doublet, dd = doublet
of doublet. If no coupling constants are given, the multiplicity refers to the 'H-

decoupled spectra.
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4.2.5. Synthesis of Surface Anchor 1.
OH

HO\©/COOH + H2N/\/\/\/NHBOC

(a) DIC, DMAP, DMF, rt, 4h, 70%
(b) 5% TFA in DCM, rt, 6h, 95%

HO OH

2,3-Dihydroxybenzoic acid (500 mg, 3.24 mmol) was weighed and suspended in 3 mL
anhydrous DMF followed by addition of DIC (0.5 mL, 3.50 mmol), triethylamine (1
mL, 7.13 mmol) and DMAP (39 mg, 0.32 mmol). This was followed by addition of
N-Boc 1,6-diaminohexane (902 mg, 3.5 mmol) and allowed to react for 3 h at room
temperature, under Ar atmosphere. The reaction was monitored by TLC until
completion. The solvent was removed under reduced pressure and the resultant
residue was purified by column chromatography (EtOAc: Heptane 50:50 v/v) as a
colorless oil, (yield: 0.798 g, 70%) and immediately used. '"H NMR (400 MHz, CDCl,)
5 7.03 (dd, J = 7.9, 1.3 Hz, 1H), 7.01(dd, J = 7.8, 1.3 Hz, 1H), 6.73 (t, J = 8.0 Hz,
1H), 4.62 (t, J = 6.2 Hz, 1H), 3.42 (q, J = 6.6 Hz, 1H), 3.13 (q, J = 6.6 Hz, 1H), 1.60
(d, J = 6.9 Hz, 1H), 1.46 (d, J = 6.8 Hz, 1H), 1.44 (s, 6H), 1.36 (dd, J = 5.3, 3.2 Hz,
1H).

Boc-deprotection was performed immediately using 5% TFA in DCM (3mL) for 4h.
The solvent was removed under vacuum and the residue was washed with HPLC
grade hexane to yield a brown solid (yield: 0.788 g, 95%). '"H NMR (400 MHz, D,O)
5 7.12 (d, J = 8.0 Hz, 1H), 6.98 (d, J = 7.9 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 3.29
(t, J = 7.0 Hz, 2H), 2.89 (t, J = 7.6 Hz, 2H), 1.65 — 1.41 (m, 3H), 1.32 (p, J = 3.5
Hz, 4H); “C NMR (101 MHz, D,0) & 170.15, 147.50, 144.85, 119.69, 119.55, 118.82,

116.73, 39.76, 39.59, 28.38, 26.85, 25.84, 25.47.
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4.2.6 Synthesis of 2—azidoethanol from 2—-bromoethanol.
NaN3, Hzo

g ~OH U A~ OH
16h, rt, N,

Sodium azide (15.6 g, 0.24 mol) was dissolved in 100mL milliQ water, followed by the
addition of 5.67 mL of 2-bromoethanol (10 g, 0.08 mol). The mixture was heated at
80 °C overnight under N, flow, during which the color changed from yellow to
orange. The product was extracted four times with 75 mL diethyl ether. The
combined organic fractions were dried and evaporated under reduced pressure. The
product was obtained as a clear oil. Yield: 54 %. The 'H-NMR spectrum was in
accordance with literature values (Giorgio et al. Molecular Pharmaceutics 2013, 10
(3), 975-978). '"H-NMR (400 MHz, CDCl,) & 3.75 (m, 2H), 3.42 (t, J = 5.0 Hz, 2H),

2.66 (s, 1H).

4.2.7. Synthesis of 2—azidoethyl 4—(trifluoromethyl)benzoate (4).

CF3 CFs
DCC/ DMAP o
OH +HO N
Ny > rt, 16h N3

o) o

4—(Trifluoromethyl)benzoic acid (13.0 g, 68.8 mmol) was transferred to a three-
necked round bottom flask (100 mL) dicyclohexylcarbodiimide (DCC) (13.60 g, 66.02
mmol) and 4-dimethylaminopyridine (DMAP) (4.00 g, 33.33 mmol) dissolved in 100
mL DCM were added to the flask. The reaction mixture was stirred for 30 min before
adding 2-azidoethanol (6.66 g, 65.55 mmol). The final reaction mixture was left
stirring overnight at room temperature. The reaction mixture was then filtered and
evaporated under reduced pressure, forming a yellow oil. The crude product was
purified by column chromatography 10:90 ethyl acetate : hexane as solvent. Yield:
35%. '"H-NMR (400 Hz, CDCl,) 5 8.19 (d, J = 8.4 Hz, 2H), 7.74 (d, J = 8.0 Hz, 2H),
4.54 (t, J = 5.2 Hz, 2H), 3.63 (t, J = 5.2 Hz, 2H). "C-NMR (101 Hz, CDCl,) 5

165.02, 135.27, 132.74, 130.15, 127.64, 125.47, 64.09, 49.85.
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4.3. Supplementary Figures
Supplementary Figure S1. Height profile of bare mica (M) showing roughness of

0.1 + 0.01 nm across six random profiles drawn across the surface.
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Supplementary Figure S2. Thickness of covalently bound layers of 1 as estimated

across a hole on the surface of modified mica M,.
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Supplementary Figure S3. Height profile of M, mica surface showing a roughness

of 0.45 + 0.1 nm across six random profiles drawn across the surface.
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Supplementary Figure S4. DART-HRMS extracted ion chronogram (EIC) (mass
window m/z 339.0052-339.0072) of MS tag 4 (th. mass 339.0062) of two MS scans of

SPAAC-modified mica.
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Supplementary Figure S5. DART-HRMS extracted ion chronogram (EIC) (mass
window m/z 189.0150-189.0170) of MS tag 2 (th. mass 189.0160) of SPAAC-

modified mica M.
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Supplementary Figure S6. Cross—over control experiment: DART-HRMS showing
no trace of MS tag 2 (m/z 339.0062), which would have resulted if any physisorbed

azide remained on the surface after sonication.
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Supplementary Figure S7. 2D-height AFM image of DNA anchor D1 on mica.

Height
Supplementary Figure S8. Height profile of mica modified with DNA mini—circles
showing roughness of 0.9 £+ 0.2 nm across six random profiles drawn across the

surface.
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Supplementary Figure S9. Height image of bare mica, surface anchor—modified

mica and mica with DNA minicircles (2D and 3D models).
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8.0 nm

-10.0 nm

Bare mica Catechol Mica with DNA
modified mica minicircles

Supplementary Figure S10. 3D in—phase image of different minicircles which

show consistent internal diameter in agreement with theoretical value.

Supplementary Figure S11. In—phase images of bare mica, surface anchor

modified mica and mica with immobilized DNA mini—circles (2D and 3D image).
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Catechol Mica with DNA
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Bare mica

Supplementary Figure S12. Profile across 2D AFM image of different mini—circles
which show consistent internal diameter in agreement with theoretical value of 18

nm.
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Supplementary Figure S13. 2D-height AFM profile image of single DNA mini—

circle with six random lines drawn across it showing a consistent height of 4 nm.

[Ralel - Ll i

Sowcd Pased 00 Soacta Fragumocy 000 /o
Specl AN Anplade 1 i TempcralFieg BI0H:

Supplementary Figure S14. 3D-height AFM image of incomplete DNA

minicircles on mica obtained at lower concentration (100-fold dilution).
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25.0 nm

Supplementary Figure S15. 3D-height AFM image other DNA minicircles

obtained at lower concentration (100-fold dilution).

58 fmnm
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Height
Supplementary Figure S16. 2D-height AFM image and profile of control

experiment for DNA minicircles.
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Supplementary Figure S17. DART-HRMS extracted ion chronogram (EIC)
(mass window m/z 339.0052-339.0072) of MS tag 2 (th. mass 339.0062) of nine scans

of SPAAC-modified mica.
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4.4. Supplementary XPS Spectra

S4.1 XPS Wide scan of bare mica (M,).

O1s

e
Cls
M\ WM\ K 2s Si2p Al 2p
L L L I 1 L L I Ll | Ll I L L L I 1 |
1000 800 600 400 200 0
Binding Energy (eV)
S4.2 XPS Wide scan of modified mica by 1 (M,).
Name Pos. FWHM Area At%
O1ls O01s 531.00 2.770 36567.00 36.34
C1s 285.00 3.232 10730.00 31.24
N1s 400.00 3.751 2824.00 4.57
NH Si2p 102.00 2.534 3622.00 12.91
2 Al 2p 7400 2424 2346.00 1272
K2s 377.00 3.388 1732.00 222

| |
1000 800 600

|
400
Binding Energy (eV)

Experimental ratio (C/N) = 31.24/4.57 = 6.8

Theoretical ratio (C/N) = 13/2 = 6.5
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S4.3 C1s XPS narrow scan of M,—modified mica.

| | | |
290 288 286 284 282
Binding Energy (eV)

S4.4 XPS wide scan of azide—terminated surface.
]
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S4.5 XPS N1s narrow scan of azide—terminated surface.

N3
% 84.07%
H

QN
O
o O
\ 7/

e —

15.93 %

] | | !
408 405 402 399 396
Binding Energy (eV)

Th. ratio between middle azide N and other kinds of N = 1/3 (assuming 100%
conversion of every amine termination with bottom o—amide linker N atom intact).
Obtained ratio = 15.93/84.07 = 0.19

% yield= 0.19/ 0.33 = 57.5 = ~60
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S4.6 XPS Wide Scan of SPAAC on azide—terminated surface and
calculation of surface yield.

(/)]

-
C4Fo O Name Pos. FWHM Area At%
F1s 686.00 3.323 6854.23 49.15
O\Fo N1s 398.00 2716 2881.76 50.85

| ! | |
1000 800 600 400 200 0
Binding Energy (eV)

As inferred from the N1s narrow scan of azide—terminated surface, only 60% of the
surfacial amines were converted to azides which are capable of further reaction with
solution BCN counterpart.

% N capable of reaction = 50.85*%0.60 = 31.02

Experimental ratio (F/N) = 49.05/31.02 = 1.51

Theoretical ratio (F/N) =9/3 =3

% yield = (1.51/3.0) * 100 = 52
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S4.7 XPS Cl1s narrow scans of SPAAC cycloadduct (M,) with azide
initially on the surface (M,).

O
“CF,- Aliphatic C
K2p,,
-CF,
K2
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Binding Energy (eV)

278



S4.8 XPS N1s narrow scans of SPAAC cycloadduct (M,) with azide

initially on the surface (M,).

Amide,
Triazole

7]
-
=z

Initial number of N1s (M,) = 2

|
402 400 398
Binding Energy (eV)

After 60% Azide conversion (M,)= 1+ 0.4 + (3*0.60) = 3.2

After 51% SPAAC (M,;): Total number of N1s = 1 + 0.4 + (3*0.60) = 3.2.
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S4.9 XPS C1s Narrow Scan of BCN immobilized on mica surface.

| | |
290 288 286 284 282
Binding Energy (eV)

S4.10 XPS wide scan of the inverse SPAAC cycloadduct with BCN (M)

immobilized on mica surface.

[

0 -
Ok@ O Name Pos. FWHM Area At%h
F1s 688.00 2.663 4658.00 33.60
CF, N1s 400.00 3.509 3740.00 66.40

C1s

iZ
==
F1s

| | | |
1000 800 600 400 200 0
Binding Energy (eV)

Theoretical ratio (F/N) = 3/5 = 0.6

% yield =(0.5/0.6) * 100 = 83.3
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S4.11 XPS N1s narrow scans of the inverse SPAAC cycloadduct (M)
with BCN initially on the surface (M,).
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Initial number of N1s (M,) = 2
After 83% SPAAC (Mj;): Total number of N1s = 2 + (0.83%3) = 4.49
S4.12 XPS Cl1s narrow scans of the inverse SPAAC cycloadduct (M)

with BCN initially on the surface (M,).
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S4.13 XPS wide scan of quinone—terminated surface.
D

o S Name Pos. FWHM Area At%
Q N1s 400.00 3.264 2524.44 12.69
0

C1s 285.00 2947 9651.11 87.31

NH
HN

0
9._
§N H

ok

o
\ /
e

W »

| |
1000 800 600 400 200 0
Binding Energy (eV)

Experimental ratio (C/N) = 87.31/12.69 = 6.9
Theoretical ratio (C/N) =21 /3 =7

% yield quinone on surface =100
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S4.14 XPS wide scan of SPOCQ cycloadduct with BCN immobilized on

mica surface (M;).

Hy - Name Pos. FWHM Area At%
o kh O F1s 686.00 2731 9118.00 73.05
C4F9‘@’( / N1s 398.00 2488 1366.50 26.95
o= ~/0
(o)
0]
Y-NH o
HN -
o

| | | |
1000 800 600 400 200 0
Binding Energy (eV)

Experimental ratio (F/N) = 73.05/26.95 = 2.71
Theoretical ratio (FF/N) =9/3 = 3.0

% yield quinone on surface = 90.3
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S4.15 XPS Cl1s narrow scan of SPOCQ cycloadduct (M,) on surface.
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296 292 288 284
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S4.16 XPS N1s narrow scan of SPOCQ cycloadduct (M,) on surface.
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S4.17 Wide scan XPS spectra of EAD2 immobilized on mica surface
(inset: Fe2p narrow spectra of the EAD2-based hGQ DNAzyme—

functionalized mica).
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S4.18 XPS C1s narrow scan of EAD2 DNA immobilized on surface.

C1s
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Binding Energy (eV)
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4.5. Supplementary Tables

Supplementary Table S1. Control experiments to show importance of each
modular part of surface anchor 1, thus showing the synergy between them in

achieving covalent modification of mica.

SCA Data
Type of modification SCA (°) after 1h SCA Picture
Bare Mica (M,) <15 -
M, 55
(24h)
Neutralized <15
Catechol-C,-amine -NH,* necessary condition -
HO i COOH <15
\©’ -NH,* necessary condition
HO NH,* 25
:@f\’ cr Amide necessary condition
HO
HO NH3+ <15
HO Br Amide necessary condition
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Supplementary Table S2. Different DNA sequences immobilized on mica

surface.

DNA Sequence
D1 5'-ATAATTACTA /5iUniAmM/CATGTCTGCG-3'
D2 5'-AGAGATTTTTATATATTTTTCGCAGACATG

ATAGTAATTATTAGAGATTTTTATAT-3'

D3 5'-AAAATATATAAAAATCTCTA-3'
D4 5'-AAAAATATATAAAAA-3
D5 5'-ATTTTTTAGAGATTTTTATATATTTTT

TAGAGATTTTTATATATTTTTTAGAGATT-3'

D6 5'-ATAAAAATCTCTAAAAAATATATAAAAAT
CTCTAAAAAATATATAAAAATCTCTAA-3'

D7 5'-“TTTATATATTTTTTAGAGATTTTTATATA

TTTTTTAGAGATTTTTATATATTTTTT-3'

D8 5'-CTCTAAAAAATATATAAAAATCTCTAAAA
AATATATAAAAATCTCTAAAAAATAT-3'

GQ-anchor 5'-/5AmMC12/GCGGAGGCG-3'

GQ—Wire 5'-GCGGAGGCG-3'

EAD2 5'-/5AmMC12/CTGGGAGGGAGGGAGGGA-3'
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6. DFT (B3LYP/6-311+G(d,p)) simulations for XPS Cls narrow scan

assignments.

Tetbdkidi LLL2

6.1 DFT simulation of XPS Cls narrow scan of M, surface.

C16ENE-Glass
Name Pos  FWHM LSh Am  tdez
Cls 280152 14756 Q3D B30 QO
N O mm % GO s ks
RS R ER S8 2
——Final . NH,
7 ——Test
=
E —(-NH2, C=0-NH-C
B E NH
“ o
3 ©  O.g0my,
Si(OH)3
1
230 282
t Binding Energy [eV)
T X X T = £
. [—
VP P
1.4-6,13-15 16,12 2,3
Groups
rest C-NH2, C=0-NH-C 0-C=C-0 C=0
Theory 7 2 2 1
(285.0) (286.1) (287.0) (288.6)
Expt 7.5 19 1.7 0.9
(285.0) (286.2) (287.3) (288.6)
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6.2 DFT simulation of XPS Cls narrow scan of M,.

B B CT asoiee 198 cigh e 8w
Cu lmeme Lew gl e 13
3 Gl e Luw fag ner ue N3
.
o
>
= B
W 3
c
Y
L
£
: (HO)381" 'Si(OH); =
1
295 293 279
+ Binding Energy (eV)
b o+ LA 2 A
‘Binding Energy V)
e
1.5-14 4. 15 2.3
Groups
C-C C-N3, C-C=0 0-C=C-0 Cc=0
Theory 8 2 2 1
(285.0) (285.6) (287.8) (288.9)
Expt 82 1.9 19 0.9
(285.0) (286.2) (287.4) (288.9)
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6.3 DFT simulation of XPS C1ls narrow scan

of M3.
2ndblockid: 11, 1,2
»
B
—Final ‘ch;x: 13?3547 TE?;' rEL%m 9{«\7:13 {:;\Jz‘:
Cls 2879233 14395 GLBO) 1365%4 97 =
_rest Cls Hﬁi}fﬁ’] ]Z}OOE GLEO) 7—11?27 1517
Cls 2889547 15242 GLBO) 1365% 979
—0-C=C-0, ¢-0-0=C o
-
1 —ArC=0-NH ot
w F
e —ArC=0-0 o
£ —CF2 8 i
—CF3

o
=
z \;
zz

(HO),SI ™ “Si{OH),

297 294 291 288

285 282 ] _‘
Binding Energy (eV) '
. . T T
I T R R P
29-40, 27, 28, 23 41 3 11,43, 44 45
(Gl 0-C=C-0, C-0-
c-Cc o=C ArC=0-NH ArC=0-0 CF2 CF3
Theory 25 3 1 1 3 1
(285.0) (287.0) (287.6) @89.1) @2.1) (2943)
Expt 196 45 29 29
(285.0) (286.5) (288.0) (288.9)
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6.4 DFT simulation of XPS Cls narrow scan of M,.

102
BCN on mica surface (54)
14]
e F inial e =
> 12
e
'G e (-C —-C=0
G
10
‘E e ()-C=(C-0) @ T
= s |
e HH-C=0-0- 8_| ;:%
o
\
11—
6]
206 294 292 200 288 286 284 282 280 4"—M,
H H T T I T T T I T T T I T T T I T T T T
Blndlng Energy (EV) 290 288 286 284 282

Binding Energy (eV)

30, 31 29, 32-33 17, 24,12 2.3

0
Groups C-NH-C=0-0-C
(CEC c-C C=0-NH-C 0-C=C-0 C=0-NH NH-C=0-0-
Theory 2 15 3 2 1 1
(283.8) (285.0) (286.3) (287.2) (288.8) (289.2)
Expt 16.5 41 2.0 13
(285.0) (2864) (287.9) (289.0)
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6.5 DFT simulation of XPS Cls narrow scan of M,.

Intensity

| —Final

—rest

—0-C=C-0, C=0-N-C, C=0,N3-C-C-0-C=0

| —Ar-C=0-
—0-C=0-N
—crF3

10t

Yeme
Cls 2850183
Cl 2865183
Cl: 2838183
Cls 280183

(HO)sSi"

1294 292 290 288 286 284 282 ’

Binding Energy (eV)

FWHM LSh  Am  %dm
16116 GLGO) 36120 6248
13215 GLGO) 2933 18.7% =
15310 GLGD) 19918 938 o :
13310 GLGD) 19818 833

BintingEazey (V)

1.4-14,22 31, 4146 2.3.15. 16, 37.38 16 19. 40

Groups

Theory

Expt

cc
25
(285.0)

216
(285.0)

0-C=C-0, C=0-N-C,
C=0.N3-C-C-0-C=0
6
(287.0)

6.6
(286.5)

Ar-C=0- 0-C=0-N CF3
1 2 1
(287.7) (280.9) (293.4)
31 31
(288.0) (288.8)
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6.6 DFT simulation of XPS Cls narrow scan of M,.

Istblockid: 1,1, 1,1
2

Nems  Pos  FWHM LSk
Final Cls 2850070 13860 GLGO) 1233895 55.86
Ccl 2879787 11781 GLGO) 123380 559 a
1 Cli 26327 LT GLGD 7278 3296 =
rest Cls 2887988 11781 GLG0) 123390 559
«==0-C=C-0, C=0-NH-C, C-NH-C=0-NH-C, 2ArC=0 o
e NH-C=0-NH
> e Ar-C=0-Nh 10 o
)
‘» $-NH
c HN
[
—
£ 2
6.
9
(HO)Si
294 292 290 288 286 284 282
Binding E (eV) 1 9
nain ner e l
g Energy L X
T .
Bincing Ensrey (V)
siens
25-26 2,3,10, 15, 20, 23, 24, 17 29
Groups 0-C=C-0, C=0-NH-C,
C-NH-C=0-NH-C,
rest 2ArC=0 NH-C=0-NH Ar-C=0-Nh
Theory 12 7 il 1l
(285.0) (286.7) (287.6) (288.2)
Expt 11.7 6.9 11 11
(285.0) (286.3) (288.0) (288.8)
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6.7 DFT simulation of XPS Cls narrow scan of M..

dbleckid: L1 L2

~TFinal
—C-C R
—C-C C-N

ch

—(=0-0-C, (=0, C=0-NH
——NHC=0NH
—C=0-0
——CF2
—CF3

Intensity
=

1294 292 290 288 286 284 282 (HO),Si"

Binding Energy (eV) R

Groups
CFz CF3
Theory 28 5 4 1 1 1 1
(285.0) (286.3) (287.1) (288.0) (288.6) (281.6) (283.7)
Exzpt 274 4.8 36 13 16 - -

(285.0) (286 0) (287.0) (288.3) (289.3)
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