2’4 UNIVERSITY OF

& LIVERPOOL

Stiff stilbene as a mechanochemical force
probe for fundamental studies and small
molecule manipulation

By Robert T. O’Neill



Thesis submitted in accordance with the requirements of the

University of Liverpool for the degree of Doctor of Philosophy.

Declaration

Except for sectionsin which | indicate the work was completed by a
collaboratorthe thesisistheresult of my own work. The material
containedinthisthesis has not been presented, noris currently being
presented, either wholly or in part for any other degree of qualification.

Robert T. O’Neill

The research was carried out in the Department of Chemistry at the

University of Liverpool.



Preface

Mechanochemistry is a field within chemistry akin to photo— or electrochemistry that
attempts to understand and exploit chemical phenomena that occur as a direct result of
mechanical motion. The term mechanochemistry is applied to describe the rearrangement of
chemical bonds driven by the dissipation of molecular strain caused by mechanochemical
motion. 3% Apparently disparate phenomena fall into this definition such as the synthetic
transformations that occur when a steel ballimpacts solid chemicals,® the scission of polymers
during strong hydrodynamic flows,> the failure of an overstretched elastic band? and the

behaviour of some motor proteins.’

In recent decades as the field matured three distinctareas emerged, each with their preferred
techniqgues and goals which | will term; biomechanochemistry, small molecule
mechanochemistry and synthetic polymer mechanochemistry. The broad goals of
biomechanochemistry are to understand how organisms harness force to achieve tasks with
intricate molecular machinery yet minimize the damaging effects excessive mechanical force
can cause to cells, ultimately vyielding new medical interventions that target
mechanochemical processes.810 Small molecule mechanochemistry is concerned with how
chemical reactions can be induced in small molecules by subjecting them to sudden impact
from a milling ball or grinding.**> Finally, polymer mechanochemistry aims to exploit our
knowledge of mechanochemical reactivity to design new materials with novel responses to
force, which requires identifying new reactions that are sensitive to force.'®18 Polymer
mechanochemistry is practically explored by both directly stretching a polymer containing the
potential reactive moiety, which in its current form can only establish force—accelerated
reactivity, and using small macrocycles designed as models of polymer mechanochemistry
which allow force to be applied to a small reacting fragment. The latter method allows
mechanosensitive reactions that are accelerated, inhibited or unaffected by force to be

studied.19-23

In the introduction to this thesis (chapter 1), which has been adapted in large part from
reviews in Nature Reviews Chemistry>, Synlett?* and a book chapter?® that | co—authored
during my PhD, | aim to provide a rigorous conceptual framework surrounding
mechanochemical concepts key to understanding the projects presented. As stiff stilbene
plays a key role in three of the projects its properties and previous uses in chemistry are also

discussed in the introduction.

Four projects are presented after the introduction. Chapter two establishes novel

fundamental insight into a previous inscrutable aspect of polymer physics, the conformation



of polymer chains during chain scission in rapid solvent flows. This chapter was adapted from
a paper currently under review with Nature Chemistry for which | am the first author, and
was presented by me at the STEM for Britain science competition held in the UK Houses of
Parliament and at the 2021 Pacifichem conference. In it, we present a new experimental
approach that allowed testing of existing models of polymer chain conformation leading to
chain scission and demonstrated their inability to reproduce the exacting data. Breaking from
the convention of the field that assumes changes in chain conformation occur much faster
than mechanochemical reactions, we then present our model that allows the unfolding of the
polymer chain and mechanochemical reactions to occur on a similar time scale and therefore

compete. This model is the only one that reproduces all data within experimental error.

Chapter three describes my use of quantum chemical calculations to rationalize the
experimental work conducted by our collaborators at Duke University, namely the reduction
in activation energy of stiff stilbene E->Z isomerisation upon complexation of a metal centre
to 2,2’-bis(diphenylphosphino)biphenyl incorporated into a macrocycle with stilbene. The
work is the first to describe a model of a tractable example of synthetic allosteric kinetic
control. This section was adapted from a draft paper in preparation for its upcoming

submission to JACS.

Chapter four describes my attempts to use force to influence the pKy of N,N—dimethyl-2,2"—
diamine—[1,1'-biphenyl] (DABP) by controlling its ability to form an intramolecular H-bond.
In the first project of chapter four, | attempted to apply tensile force to a DABP analogue
(DABP3) by embedding itin a polymer network to produce a material whose pKy, depends on
the force it experiences. In the second project, | attempt to apply both compressive and
tensile forces to DABP; by incorporating it into a macrocycle containing stiff stilbene to
produce a photo—-responsive base with superior properties to those reported previously.
Despite producing target materials in both projects the interruption of the pandemic (during
which key specimens deteriorated) and problems in measurements have prevented achieving

these goals.

An additional publication in JACS?® in which | played a minor part is not discussed here.



Table of content

Contents

PIOIACE .. e e e e e e e e e e e e e e e e e e e e e e e e e aaaaaeaaeaaaans 3

Tabl@ Of CONTENT...ceiiiiiiiiiitite e e e e e e e e e e e e e e e e e e e e e e e ns 5

Abbreviations and CONVENTIONS .. ...uuuuiiiiiiiiiiiiiitiiiii bbb aaeseseanas 7

1.  Introduction to MechanoChemistry ......cccuuiiiiiiiii i e e e 8
Polymer MechanoCheMISTIY ....... et e et e e e et e e e e et e e eaaans 8
The fOre fOrMaliSM.....ciiiiiiiiii ettt s te e e b et e seeaaabababababanaees 8
Experimental techniques in polymer mechanochemistry.........cccccoveiiiiiiiiiiiiii i, 12
Using small molecules as models of mechanochemistry ...........cccooiiiiiiiiiiiii i, 13
The synthesis of stiff stilbene and its Macrocycles..........oovvvviiiiiiiiiiiiiiiiieeeeeeeeeeeee e 17

Insights not possible from studies of polymer mechanochemistry: Experimental demonstration of

force being a length—invariant measure of kinetically significant strain .............cccocoooiiiiil 18
Powder MeChanOCNEMISTIY ......cvviiiiiie e e e e e e e et e e e e e e ee et e e e e eeeerasbaneaeaaens 20
2. Experimental quantitation of molecular conditions responsible for flow—-induced polymer
(0 T=Yol s P g Vool o<1 0 oY I 4 Y2 U 23
ADSEIACE et e e e e e e e e e e e e s e e e e e e e e e e rreeeeeas 23
2T T =4 Lo ¥ o[ PSRt 23
RESUIES ..ttt ettt ettt e 25
(oo 1Y 7 g T=Y e [ T = o TS SSRPIN 25
Yol l o LT AW o 1= 1 01=] o TP 28
Force—dependent activation free energiesfrom DFT calculations. ...........ccceeeiiiiiiiiiiiiiiciiieeee, 30
Molecular models of flow—induced mechanochemMistry........ccocoeiiiiiiiiiiiiiiicier e, 31
The reported Molecular MOEIS. ... ...ocuueiiiieii e e 32
A dynamic model that reproduces all measurements quantitatively. .........ccccoooooieiiiiiiinninnnnn... 34
DESCUSSION ...ttt e ettt e et e et e et e e ettt e e ettt s e e eeea e e e eena s e e eeba s eeee s s eeeensaeeenanaeeennassaeennanaaees 36
CONCIUSIONS e 39
SUPPOING INfOIrMATION....cciie e e et e e et e e ettt e e e et e e aaaeeeeeaans 40
Y111 T T U PP PP PPP PP 40
General procedure for synthesis and characterization of polystyrenes 1c—4c and lo-5o:............ 45
Determination of the extinction COBTIITENTS. ......uuuueiii e 47
SONICAtION EXPEITMENTS. ...ttt e e e e e e e e e e e r e e e e r e e erenanes 48
DFT CalCUIQTIONS. ..ttt e e n e 52
Y/ [Tol el wlo] o] Foll s o o [= | T2 =S 53

The relationship between microscopic conditions and measured bulk compositions of sonicated
Y01 104 e 1SS 53



Parameterization Of the MOGEIS........veuiinii ettt ettt e et e et e e et eeeesnees 58

Overstretched-chain model: time-independent force distributions............cccceeveeiiiiiiiiiiennnnnn, 58
Overstretched-chain model: time-independent loading rate distribution................ccceeeieennnil. 63
Overstretched-segment MOUEN........couu i e e e 64
DIV EoF: g 1ol o g Voo [T FOrS P UPUPPN 68

3.  The mechanochemistry of functionalised biphenyls: exploring mechanosensitive torsion angles
to force E>Z alkene isomerisation and reversibly release protons......ccveeeeeeeeeeicciiieeeeeeeeeeeeeeeenne 78
Preface to remMaining CRAPTEIS .ovviiiii i et e e e ettt e e e e e e ee et b e e e eeeserasbaaeaeaaaes 78
Chapter 3: Allosteric control of olefin isomerization kinetics and its mechanochemical model. ......... 82
TaTdgeTe 1N Toti]'o] o BRSSP TP T TR 82
RESUIES ...ttt ettt ettt e e ettt e et e e e e e ettt ee e e e e e e s e bt bbeeteeeeeeeeeaabbbbeeeeeeeeeaanraae 83
COMCIUSION et e e e e e e e e e e e e e e e e e e e as 90
(@1 T o1 T RPNt 91
The mechanochemistry of N,N,N’,N'—tetra methyl-2,2'—diamine—[1,1'-biphenyl] .......cccoeeeerrririnnnin. 91
Ahydrogel with @ mechanoSenSItiVe PKp...iiuuue i e 94
IV} o 1T PRSP 95
RESUIES +etteeeee ittt ettt e e e e ettt e e e e ettt et e e e e e s s bbb et et e e e e e s b b bbb ee e e e e e e e e e e bbb eeeeeeeeeeaaanrrreeeeeas 96
DY ol U Yo o I PP PPPPPTTP 97
AV oo =Y 11T o= PSR 99
(O] o)uloc] NelolaY dge] Mol o] [Viu ol a N o] = ISR 102
(@fe] 0] o 10 L =1 o] 0 1T OO PRI 102
IV} a1 U 106
Y=l gl LTSS P PP PUPPPRPPPPP 109
Synthetic DENAVIOUN OF DABP ... .. e e et e e e et e e e et eaeaaaaas 109
Determination of a suitable pH indicator for diamine biphenyl ..., 112
DL IV Y dTeTa o) =T o [N TP PP PPPPPPPPPPPRPPPPPR 113
SYNThEsiS Of MONOMEY CA-17 .....niiieeeeceie et e e e e e e e e e e st e e e e e e eeeeaaans 115
LG I o1 =] oF- 1 =14 (o] s TP PP 119
Matlab COde fOr MOE ... ..eueiiiiiiiiiiiiietee s 120
Determination of optimum T, ValUe.......coeiiiiiiiiiiiccie e e e eeeee e 120
o (Lo E o) i oY o I 1 N RN 121
Synthesis of $S,22 MaCrOCYCIE ....ciieeeeeeeeeee e 122



Abbreviations and conventions

DABP (diamine biphenyl) — N,N,N’,N’—tetra methyl-2,2’—diamine—[1,1'-biphenyl]

DABP. — analogues of DABP incorporated into a polymer or macrocycle.

SS— Stiff Stilbene

CDCIls — Deuterated chloroform

EtOAc — Ethyl Acetate

PS — Polystyrene

THF — Tetrahydrofuran

DFT— Density—Functional Theory

DP — Degree of Polymerisation

HPLC — High—Performance Liquid Chromatography

Prep GPC — Preparative Gel Permeation Chromatography
MMD — Molar Mass Distribution

SEC — Size Exclusion Chromatography

SMFS — Single Molecule Force Spectroscopy

NMR— Nuclear Magnetic Resonance

HSQC — Heteronuclear Single Quantum Coherence
RDP — Reaction distribution probability.

sRDP — Reaction distribution probability during tstretch
tstretch— The time the chain is overstretched.
Atstretch— The time the chain experiences forces > 2.5 nN
ks — Rate of chain segment growth

kd— Rate of chain segment drift.

Compounds labels are assigned according to their chapter number and the order they appear

e.g.cy-X where y is the chapter number and X starts from 1 in eachchapter. To avoid potential

confusion chapters 2 and 3 retain the naming system used in the paper as originally drafted,

any compounds added for adaption to this thesis are labelled as described above. Molecules

that have a colloquial name used as standard in the literature e.g. stilbene, stiff stilbene etc.

do not receive a label.



1. Introduction to Mechanochemistry

Polymer mechanochemistry
Polymer mechanochemistry studies how stretching a polymer chain changes the kinetic

and/or thermodynamic stabilities of its constituent monomers, and how to exploit such
changes to improve existing and create new materials, devices and processes and to advance
our fundamental understanding of chemical reactivity. Mechanochemical phenomena are
ubiquitous wherever polymers are used. Simply stretching an elastic band can break some of
its C—C and C-S bonds in microseconds. These bond scissions are mechanochemical because
they do not occur unless the band is stretched or “mechanically loaded”. Just like an elastic
band, undisturbed polymer chains making the band, or the covalent bonds making these

chains do not spontaneously break at room temperature.

A primary objective of contemporary mechanochemistry is to develop a quantitative
conceptual framework within which to describe and predict the complex sequence of physical
processes that translate the macroscopic (or mechanical) motion, such as that responsible for
stretching an elastic band, into the up—to 10'%—fold acceleration of chemical reactions of its
constituent monomers, such as homolysis of a covalent bond. A coherent framework (a
logically organised collection of equations and concepts that form a hierarchy capable of
explaining the simplest interactions of individual chains up to the most complex polymeric
solids) that captures all the distinct forms of mechanochemical reactions does not currently
exist, however the effects of force (and indeed the concept of the ‘force formalism’) have
been best developed in the context of polymer mechanochemistry. This is most likely because
polymers’ shape — chains made of many repeating small molecules — means that unlike the

small molecules themselves they have a single prominent axis that is easily strained. 2>

The force formalism
Qualitatively, the known manifestations of polymer mechanochemistry are rationalized as the

effect of molecular strain on chemical reactivity, by analogy with many known small strained
molecules that are more reactive than their strain—free analogues. This qualitative approach
has been spectacularly productive during the first decade of contemporary polymer
mechanochemistry, enabling the identification of over 50 unimolecular reactions which are
accelerated in stretched polymer chains. The decreasing pace of the discovery of new such
reactions suggests a limit of this qualitative view in guiding even empirical mechanochemistry
research and illustrates the need for quantitative models to fulfil the potential of polymer
mechanochemistry to yield new polymeric materials and new insights into chemical

reactivity.



Molecular strain being a purely qualitative concept, its effect on reaction kinetics has long
been discussedinterms of strainenergy, defined as the enthalpy (or free energy) of formation
of the strained molecule relative to its (often hypothetical) strain free analogue. The
acceleration of a reaction due to the relief of molecular strain is estimated from the fraction
of this ‘ground—state’ strain energy released in the transition state. This approach is useful
becausethe fraction is approximately constant for reactions of the same type sincethey share

similar changes in molecular geometry moving along the reaction coordinate.

The extensive (i.e., size—dependent) nature of energy makes this approach entirely unsuitable
for describing mechanochemical kinetics. The strain energy of a stretched macromolecule
increases rapidly with its size, whereas the kinetic stability of a reactive sitein sucha chainis
independent of the chain size. For example, when two stretched macromolecules of different
lengths but identical monomer composition fracture at an identical rate, the fraction of the
‘ground—state’ strain energy released in the transition stateis larger for the shorter chain than
the longer chain chains, and the difference increases very rapidly with the difference in
length. In other words, the strain energy of a stretched chain does not allow the kinetic

stabilities of its constituent monomers to be predicted.

As a result, the modern approach to mechanochemical kinetics replaces strain energy with its
gradient (or restoring force), which offers several advantages but also poses numerous
technical and conceptual difficulties. First, force is an intensive (size—independent) property
and intheory, can be used to describe quantitatively dynamics across the range of the length
scales underlying mechanochemistry. For example, the stress tensor quantifying the
macroscopic load acting on a material could be expressed in terms of restoring forces of its
constituent polymer chains or chain segments separated by cross—links. Each single—chain
force can then be related to the force experienced by each of the (strained) monomers
comprising the stretched chain. If a general relationship between the force of a strained
reactive site and its reactivity exists and is known, it becomes possible, at leastin theory, to
express the kinetic and thermodynamic stability of an average monomer in a strained bulk

material in terms of a quantifier of the macroscopic load (e.g., stress tensor).

Second, the directional (vectoral) nature of force allows force—based kinetic models to
accommodate the expectation that stretching a molecule along different axes should affect
its kinetic stability differently and that for each axis, stretching should have a different effect

from compression.

Although an empirical relationship between force and a reaction rate was stated long ago,

and since then reformulated in the language of at least one theory of chemical kinetics, such



models don’t relate the properties of force (an energy gradient) to the molecular changes it
induces. Treating the key variable of mechanochemical kinetics as an abstract quantity
precludes systematic improvements of these models or analysis of their limitations and hence
of their accuracy, predictive capacities and limits of applicability. Empirical models continue
to be widely used, and yield numbers that may offer a means of systematizing measurements
from single—molecule force experiments. Yet, they do not appear to have enhanced our ability
to design new mechanochemical reactions or rationalize the existing phenomena beyond

what a qualitative, molecular—strain view offers.

A non—empirical approach to force—based formulation of mechanochemical kinetics
originates in a specific physical model of a reacting polymer chain, which takes advantage of
the localised nature of covalent reactions in polymer mechanochemistry, i.e., they involve
rearrangement of a few bonds within a polymer segment of <1 nm. The molecular geometry
of the reactive site, however, is determined by interactions among billions of atoms
comprising the rest of the polymer chain and its surroundings that stretch the chain.
Acceleration of some reactions in stretched macromolecular chains may result from partial
structural relaxation of distorted bond torsion, angles and possibly distances (collectively
known as molecular coordinates) away from the reactive site. This suggests that the
intractably many “degrees of freedom” accounting for mechanochemical reactivity fall into
two distinct categories: a minority that must be treated explicitly and quantum—mechanically
because their electronic structure changes during the reaction and the majority that can be
treated collectively because they are either unaffected by the reaction or are affected in a

very particular and limited way amenable to a simple description.

Since the number of atoms involved in most chemical reactions is much fewer than the total
making up a polymer, we can greatly simplify our task by considering separately the small
reacting fragment and the rest of the polymer (whichis unchanged chemically but potentially
undergoes relaxation of bond angles andlengths). The atoms that undergo electronic changes
during the chemical reactions require quantum chemical interpretation. The rest of the
molecule that is bridged to this reacting section can be usefully approximated as a
compressed harmonic spring (Figure 1). Unlike a stretched molecule on its own, this hybrid
construct can exist in “stationary states” (nuclear configurations in internal mechanical
equilibrium), which means that its reaction rate can be estimated from the energy difference
of two such states using the transition state theory. Just like in a free reacting molecule, this
energy difference arises from the changes in chemical bonding, molecular geometry and
electronic structure of the molecular segment that constitutes the reaction. Unlike a free

molecule, it has a contribution from the compressed spring, because the spring changes its
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length (and hence its strain energy) to remain in mechanical equilibrium with the new
molecular geometry. For a very soft spring, this contribution is simply a product of the
restoring force of the spring and the difference in its extension between the rate—limiting

transition and reactant states.

Spring relaxes by Aq ~

Aq
Reactant - » Transition state

Compressed
spring
Energy change
from
QM calulations
on constrained
reactants

E(-f) React-Ts

=== Force free
= Under force

AG*changeso Aq™* F +E(f)

React-Ts

AG*

Reaction coordinate

Figure 1 — Mechanochemical reactions can be simplified by treating separately the reacting fragment and the
rest of the molecule. Cartoon representation of a reactant stretched by a compressed harmonic spring, the
energy of the spring is coupled to the reactant geometry. In this example when the reactant forms a transition
state the spring relaxes because the transition state is larger than the reactant by Aq. Quantum chemical

calculations on the stationary states of this spring/molecule system accurately predict changes in AG* with force.
Although the practical implementation of this model poses a number of questions (e.g.,
what’s the minimum length of the chain segment below which the model no longer
represents the reacting chain?), it defines the physical basis of both the force and how it
affects the activation energy. It shows that force is always associated with a specific internal
coordinate of a chain (e.g., internuclear distance) and is the gradient of strain energy of the
whole system (stretched macromolecule and its surroundings) with respect to changes in this
coordinate. Force reflects the contribution of changes in the strain energy of non-reactive
degrees of freedom to the activation barrier. Importantly, the model shows that the same
reactive site stretched to the same restoring force manifests the same reactivity regardless of
the physical mechanism responsible for generating this force. Some of these mechanisms,
elaborated below, include constraining the chain end—to—end distance as in single—molecule
force experiments, the cumulative effect of interactions of multiple backbone atoms with a

surrounding solvent inan elongational flow and properly designed macrocycles.
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The model above explains the sharp contrast between the utility of force in mechanochemical
kinetics and its limited ability to quantify kinetically significant molecular strain in many non—
polymeric strained molecules. The very large aspect ratio of macromolecules creates a
molecular axis along which dimensional changes affect the molecular strain energy of a
stretched macromolecule particularly strongly. As a result, variations in strain energy due to
even complex changes in molecular geometry associated with a localized reaction are
approximated with useful accuracy from the energy gradient along this single axis (i.e.,
restoring force). In contrast, the vast majority of organic strained molecules lack such a
privileged molecular axis. The model thus provides a quantitative reference point to estimate
how accurately a restoring force of a strained molecule captures its kinetically significant

strain.

In conventional chemical kinetics, only the energy of the transition state relative to that of
the reactant is needed to estimate the reaction rate. In mechanochemical kinetics, estimating
the rate of a stretched reactant requires two additional quantities: the restoring force of a
molecular coordinate of the reactant (e.g., aninternuclear distance), f, and the change in this
coordinate between the reactant and the transition state, Ag. The product of these two
quantities determines if the reaction is accelerated, inhibited or unaffected by stretching.
Computations indicate that in an overstretched oligomer multiple internal coordinates,
defined by different pairs of backbone atoms, manifest comparable fAq values even when
their individual components (f and Aq) are different. This partial invariance of fAq to the
specific choice of the reference coordinate enables force/extension curves of micron—long
polymer chains to be extrapolated from the mechanochemical behaviour of nm-long

oligomers.

Experimental techniques in polymer mechanochemistry
Verifying, refining and improving models of polymer mechanochemistry requires

experimental tools to measure the rates and products of diverse reactions as a function of
the force experienced by the reactive site. Such tools do not yet exist. The existing techniques
either allow modest control over the force stretching a single polymer chain, or spectroscopic
characterization of the products of mechanochemical reactions but not both. Only reactions
accelerated in stretched chains are detectable and quantitation of reaction kinetics requires

several assumptions of unknown validity.

For example, single molecule force spectroscopy (SMFS) is the most conceptually simple
technique used in mechanochemistry, it allows a single macromolecule to be stretched and
its length to be measured as a function of the applied force, analogous to stretching one end

of a string that is tethered at the other end. Because only the applied force and chain

12



extension are measured, a change in the shape of the force/extension curve is the only
indication of a reaction occurring in a stretched chain. Consequently, only reactions that
either fracture the chain or increase its contour length by many times the magnitude of
thermal fluctuations are detectable. Conversely, sonication of polymer solutions provides a
means of transiently stretching multiple chains at a time, at the expense of eliminating any
means of quantifying, much less controlling, the stretching force, stretching rate, and
duration of stretching. While spectroscopic analysis of sonicated solutions allows
determination of the reaction products and estimate of the rate at which they appear, these
rates do not reflect the microscopic reaction probabilities (as they normally do in chemical
kinetics). Instead, they represent a complex convolution of multiple microscopic probabilities,
including that for a chain to become trapped in the elongational flow and for a stretched chain
to react before the flow disappears. As a result, molecular interpretations of sonication
experiments have been largely impossible to date (see chapter 2 for an attempt as resolving
this). Reactions in melts and bulk solids under load are even less tractable. Consequently,
these techniques vyield a view of polymer mechanochemistry that is not simply qualitative,

but exclusive of any but a very particular mechanochemical response.
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Figure 2 —Sonication and SMFS are the two most common techniques in polymer mechanochemistry. Cartoon
representations of a) a SMFS experiment. The reactant group (blue) embedded in the polymer backbone
experienced force when the tip AFM tip is moved away from the glass slide anchoring the polymer and B) the
stretching of a polymer chain in a sonicated solution when a bubble (left) collapses, dragging nearby

macromolecules towards it at a rate that falls off sharply with distance.

Using small molecules as models of mechanochemistry

The existing technical limitations of single molecule force spectroscopy and ultra—sonication
elevate the role of model studies for gaining fundamental insights into covalent
mechanochemical reactivity. Models of mechanochemistry distort a monomer as if it were
part of a stretched polymer without using macromolecules, the magnitude of the strain is
controlled by molecular design rather than macroscopic motion. The primary advantage of

this approach is that non—polymeric reactants are amenable to much more detailed
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characterization, both experimental and computational, than is currently possible for
polymers. This strategy is not limited to a particular type of mechanochemical response,
making it suitable for discovering reactions that are inhibited or unaffected in a stretched
macromolecule, in addition to those that are accelerated. Both systematic mechanistic
studies of mechanochemical reactivity and careful benchmarking of quantum-chemical
methods of mechanochemistry become possible. The primary limitation of this approach is
that the magnitude of molecular strain imposed through molecular design is likely smaller
than that accessible by stretching a polymer chain. For example, a molecular architecture in
which one part of a molecule (force probe) strains another part (substrate) enough to affect
a C—C bond homolysis at a detectable rate, as is readily achievable by stretching a polymer,
may not exist or be synthetically inaccessible because the bond making up the force probe

would become similarly unstable.

Early students of polymer mechanochemistry considered the ability to reproduce some of the
unique reactivity of stretched chains somewhat fantastical. The view probably reflected the
gap between the attributes of known strained molecules and those needed to reproduce the
strain of a monomer of a stretched macromolecule in a non—polymeric molecule. First, the
majority of strained organic molecules manifest compressive strain, as evidenced, for
example, by the contraction of bond angles in most known strained molecules, relative to
their strain—free analogues, whereas polymer mechanochemistry reflects tensile molecular
strain. Second, the reliance on small rings and steric repulsion also means that no molecular

fragment is strained predominantly along a single molecular axis.

Systematic model studies of polymer mechanochemistry require molecular architectures that
not just reproduce the molecular strain experienced by a monomer of a stretched
macromolecule but allow this strain to be generated rapidly, varied systematically and
estimated accurately. First, systematic variation of the imposed strain over a reasonably large
range (e.g., equivalent to ~1 nN) is essential to understand the contribution of competing
reaction mechanisms, particularly mechanisms not accessible in strain—free reactants, to the
unique reactivity of stretched macromolecules. Second, to enable studies of reactions
strongly accelerated by tensile load the design must allow the molecules to be switched
rapidly from a strain—free to a strained geometry for which the reactive site may exist on only
a millisecond time scale. An additional, key advantage of such a design is that the strain—free
isomer serves as a reference of strain—free reactivity, which is particularly important for a
method that requires distinct, if related, compounds to vary imposed strain. These
requirements contrast with the often heroic synthetic efforts required to produce many

known strained molecules, which rarely have strain—free analogues. Third, to enable a
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comprehensive understanding of the diversity of chemical responses to tensile load,
molecular architectures that are compatible with diverse reactive moieties and chemical

reactions are required.

These requirements are sufficiently exacting that only one molecular architecture has been
reported so far that satisfies them, based on macrocycles of stiff stilbene, in which the
monomer whose mechanochemistry is studied is incorporated into a molecular moiety
(‘linker’) connecting the C6/C6’ atoms (Figure 3). Z-> E isomerization of stiff stilbene increases
this C6—C6’ separation, thus stretching the monomer—containing linker. Analogous to how a
steel rod connected at both ends with a tether that is shorter than the rod generates a
restoring force in the tether, a molecular linker short enough to prevent E stiff stilbene from
adopting its preferred planar geometry with the maximum separation of the C6, C6’ atoms,
experiences a tensile load in macrocycles of the E isomer. Varying the length of this linker
yields a series of macrocycles, across which the force exerted on the monomer in the E

isomers can be incremented by ~50 pN up to ~750 pN.

Strained tether generates
restoring force

N

Strain free reference reaction Strain mimics restoring force
experience by a monomer
in a stretched polymer

Tether relaxed, no restoring force

Figure 3— Macrocycles containing stiff stilbene can apply a tensile force to small reactive sites. Notice that the
linker is depicted to be relaxed in Z stilbene but stretched in E, reflecting the shorter C6°...C6 distance in Z vs E

stilbene.

In addition to the large difference in molecular dimensions of the two isomers of stiff stilbene,
its advantages for applications as a molecular force probe include the high strain—free
activation free energy of thermal isomerization and its fast and efficient photoisomerisation,
which allows strained molecules to be generated rapidly and in high enough concentrations
for reaction monitoring. The alkyl rings of stiff stilbene prevent strain relief via rotation
available to other stilbene and azo analogues, thereby maximizing the molecular strain
achievable in a macrocycle. Photoisomerisation in stilbenes proceeds via two mechanisms:
the simultaneous rotation of the double bond and the adjacent single bond of the ‘hula—twist’
mechanism means that only a single vinyl proton rotates out of the plane (Figure 4). The ‘one—

bond twist’ mechanism requires rotation around the isomerizing C=C bond, with concomitant
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out—of—plane displacement of one Ph ring, whose motion during isomerization traces the
surface of a cone.?”28 Which mechanism is favoured depends on the stilbene structure and
the surrounding environment. For example, the hula—twist path is favoured by stilbenes in
restricted environments2® thanks to its low volume of activation, but is blocked by the fused
five membered rings of stiff stilbene. In addition to photoisomerisation, Z stilbene is
susceptible to photochemical ring closing to dihydrophenanthrene, whose spontaneous
aerobic oxidation produces phenanthrene. This cyclization is impossible in stiff stilbene,

making it better suited for applications in supramolecular chemistry?°.

stilbene
1 e
2
5 |
) O
180° 90° ~3° ~0° 180°
1:'One bond flip": out-of-plane rotation around the central bond 2: 'Hula-twist': in-plane inversion of a single atom

Figure 4 — The two mechanisms of thermal Z-E isomerisation in stilbene. Path 2 is precluded by linking vinyl and
aromatic C atoms, as in stiff stilbene, resulting in markedly different isomerisation properties.

The relative kinetics of three reactions determines if a specific mechanochemical
transformation is suitable for quantitative study by molecular force probes: the formation of
the strained macrocycles containing strained but unreacted monomer (imposing force) and
relaxation of this macrocycle either by the reaction of this monomer (mechanochemistry) or
by isomerization of strained E stiff stilbene to its Z congener (unproductive path).3° The
simplest case is when the mechanochemical reaction is considerably slower than the Z>E
photoisomerisation but considerably faster than the unproductive E->Zrelaxation. Depending
on the rate of the substrate reaction, the strained macrocycle containing the unreacted
monomer may be isolable and fully characterisable spectroscopically. At the other extreme
of relative rate constants, the unproductive relaxation by thermal E->Zisomerization is faster
than the kinetics of the mechanochemical reaction, and the latter can be quantified
accurately only if a steady state concentration of the strained E macrocycle is maintained high
enough by continuous photoisomerisation of the Z macrocycle to allow the mechanochemical
product to accumulate at a detectable rate. This strategy alsorequires that E/Z isomerizations

not be accompanied by any side reactions.3°

The quantum vyield of Z=>E photoisomerisation decreases and thermal E>Z relaxation is
accelerated as the strain of the £ macrocycle, and therefore the magnitude of the tensile force
exerted by E stiff stilbene on the strap, increases.3! Consequently, the kinetics of imposing a

large force on the reactive site becomes increasingly unfavourable. The situation is not unique
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to molecular force probes: the largest force accessible in SMF experiments is often limited by

detachment of the macromolecule from the tip or the surface.

The synthesis of stiff stilbene and its macrocycles
Three strategies for efficient macrocyclization of Zstiff stilbenes all require McMurry coupling

to form the stilbene alkene from two ketones. McMurry coupling proceeds via a low—valent
titanium species generated insitu from TiCls and Zn. The large thermodynamic driving force
of the reaction is the formation of TiO2 which has allowed many highly strained systems to be
synthesised. This attribute of McMurry coupling makes it particularly valuable as it remains

suitable for targets that are sterically crowded or strained.?432

The methods differ in the stage that the mechanophore is cyclised with the stiff stilbene,
which is captured by their names “plug—in”, “join—up” or “build—around”. Scheme 1 shows
the general approach with selected examples. The firstcombines Z stiff stilbene diols with the
reactive site. Its advantage is generality: once a diverse collection of Z stiff stilbene diols is
synthesized, multiple sets of macrocycles containing different reactive sites become readily
accessible. Its disadvantage is the need for careful optimization of macrocyclization
conditions by sequential Sn2 displacement. This method has been applied to monomers that
are not compatible with McMurry coupling, such as phosphate esters and siloxanes. In the
“build—around” approach the formation of Z stiff stilbene also yields the macrocycle,
benefiting from the known capacity of McMurry coupling to yield large strain—free
macrocycles. Consequently, macrocycles of different sizes are accessible under similar
conditions. The “join up” approach is only applicable to atoms that can be easily joined
together once attached to a preformed stilbene structure, as such it has been used only for
the preparation of disulphide macrocycles whose disulphide link forms upon reduction of two

SH units (Scheme 1).%°
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Scheme 1 — The three established methods for synthesising stilbene macrocycles with examples. ‘Build-around’

was used on cyclobutene containing macrocycle and ‘plug-in” appropriate for synthesising a phosphate ester.
Only a disulphide has been made via the ‘join-up’ method.
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Syntheses of strained E macrocycles exploits the efficient photoisomerisation of Z stiff
stilbene under irradiation at ~400 nm. Because the absorption spectrum of Z stiff stilbenes is
bathochromically shifted relative to the E isomer, photostationary states enriched with E
macrocycles are readily accessible.?0 In all but the shortest macrocycles (in which A and B in
Scheme 1 contribute only 3 bonds eachto the linker length), E isomers were sufficiently stable
to be isolated and studied independently of the Z analogues.? However, since the
determination of force—dependent kinetics requires the difference in the apparent activation
free energy of the two isomers, AAGH, rather than the absolute values, kinetic measurements
on photostationary mixtures are preferred because such competition experiments usually
yield more accurate estimates of AAG* than those obtained from the difference of activation

energies measurement individually.

Insights not possible from studies of polymer mechanochemistry: Experimental
demonstration of force being a length—invariant measure of kinetically significant
strain

The concept of force (or more precisely, restoring molecular force) is central for quantitative
discussions of polymer mechanochemistry because it is a size—independent quantifier of
kinetically—relevant molecular strain. In other words, knowing the restoring force of a
monomer in a stretched macromolecule is thought to enable accurate predictions of the
monomer’s kinetic and thermodynamic stabilities regardless of the length of the chain or the
physical mechanism that maintains the chain inits unfavourable stretched geometry. Yet, no
fundamental law of physics requires force to underlay such a quantitative relationship
between molecular strain and changes in chemical reactivity. This fact necessitates

experimental demonstration that force accurately quantifies the portion of molecular strain
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that affects a molecule’s stability at any scale from <1 nm (monomer) to >10 um (polymer

chain) and potentially longer.

This demonstration was provided by studies of force—accelerated isomerization of cis—1,2—
disubstituted dibromocyclopropanes (DBC) to allyl bromides using molecular force probes.?!
The rates of this isomerization were measured in a series of increasingly large stiff—stilbene
macrocycles across which the restoring force of stretched DBC inthe E isomer was calculated
to increase from 0 to 400 pN. The force—dependent activation free energy, AG*(f), derived
from these measurements matched closely AG*(f) calculated quantum chemically by applying

a tensile force to the C terminus of the DBC moiety. 33

This AG*(f) was then used to predict the ensemble—average single—chain micromechanics of
a polymer of DBC up to 1.5 nN, which was previously measured by SMFS.3* This prediction
relied on 2 key assumptions. First, each monomer was assumed to react independently of any
other monomer in the chain (i.e., mechanochemical isomerization was non—cooperative).
Second, at the range of applied forces where mechanochemical isomerization occurs at a
detectable rate (>1 nN), the force experienced by each monomer of a chain approximately
equals the force applied at the ends of a 1 nm—long chain, which is the only force estimated
in SMFS. Both assumptions were validated by calculating AG*(f) of conformational ensembles
of homologous series of increasingly long oligomers of DBC and extrapolating the results to
the size—independent limit using previously derived theoretical>> and computational3®
approaches. Interestingly, these calculations also suggested that at applied force <1 nN a
polymer chain is a poor transmitter of applied force, i.e., the fraction of the applied force
experienced by each monomer (mechanochemical coupling coefficient3?) is <1. This finding
means that molecular interpretation of mechanochemical features of force/extension curves
that occur at <1 nN (e.g., isomerization of spiropyranes32)is even more challenging than that
of reactions occurring at higher forces because the force experienced by the reacting

monomers cannot be approximated reliably from knowledge of the applied force.

The agreement between the measured and predicted force/extension curves for the polymer
of DBC (Figure 5) confirms that force, when properly defined, accurately captures the effect
of stretching a reactive site on the kinetic and thermodynamic stabilities of this site,
regardless of what physical process causes the stretching (e.g., compressed E stiff stilbene in
macrocycles, a compressed virtual spring in DFT calculations or the directional motion of a
macroscopic object in SMFS), or the length—scale at which the force is applied (from <1 nmin
direct calculations of AG*(f) to 2 nm in macrocycles to 1 um in SMFS). Because molecular
restoring force can only be defined with respect to an internal coordinate of the distorted

molecule, the predictive capacity of the force formalism depends on proper selection of this
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coordinate. When this criterion is satisfied, force enables quantitative discussions of strain—
induced chemistry over at leasta 10% fold variation in length scales and 10! - fold range of

reaction half-life.

125

Extension (nm)

85

1.5
Force (nN)

Figure 5 — Restoring force dictates monomer reactivity regardless of how it was generated. The measured force
extension curve of a dibromocyclopropane polymer (black dots), the predicted curve derived from extrapolation
of the force/AG” relation measured in stiff stilbene macrocycles(blue) and the predicted curved derived from

AG(f) calculated by DFT (magenta). Yellow shading indicates the estimated difference between ensemble and
single—chain behaviour. Adapted from 21 with permission.

Without diminishing the validity of the preceding paragraph, the excellent agreement in
Figure 5 may be somewhat fortuitous. At the time of this work, the magnitude of the variation
of the applied force at which individual monomers react (“transition force”), which reflects
the stochastic nature of SMFS, and its dependence on the length of the stretched segment
were unknown and each measured force/extension curved was assumed to approximate the
ensemble behaviour, which was predicted from measured and computed AG*(f). Later
studies, in which the applied force corresponding to the mechanochemical isomerization of
each individual monomer was measured for a range of polymer chains,3° demonstrated
unexpectedly large variation in the “transition force” for otherwise identical monomers.
Extrapolating from these later findings, the measured force/extension curves in Figure 5 may
deviate by up to 150 pN (yellow shaded region) from the ensemble—average curve of the same

chain.

Powder mechanochemistry
Powder mechanochemistry refers to processes designed to change the chemical

compositions of powders (polymers, small organic, metal-organic/inorganic compounds and
extended solids) by ball milling or grinding. It has developed over the last few decades into
such an active area of chemical research that the total number of mechanochemical ball
milling/grinding reactions, even when limited to small organic covalent transformations, is

too large to compile exhaustively. Contemporary powder mechanochemistry is far less
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amenable to conceptual systematisation than polymer mechanochemistry because of both
the sheer number and variety of known powder mechanochemical reactions, which far
exceeds that of polymer mechanochemistry.?%4* Most major reaction types have been
successfully conducted mechanochemically, with the notable exception of Sn1 reactions
whose reliance on solvent stabilisation has apparently hindered attempts thus far.*> The
reason for the abundance of known reactions in powder mechanochemistry compared to
polymer mechanochemistry, is its practical simplicity, as well as the financial and
environmental incentives for conducting reactions without solvents*®. While stretching
polymers requires advanced equipment for both set—up and analysis, grinding or milling
powders does not*’. The use of liquid, ionic and polymer additives also vastly expands the

number of accessible products from that available via neat grinding.#2:484°

However, the ease of experimental set—up does not translate into an easily tractable process.
Unlike in polymer mechanochemistry in which the conceptually simple SMFS experiment is in
close analogy to what is possible gquantum computationally, no such computational
equivalent exists for powders. Instead we are left to postulate the mechanisms by analogy
and reaction outcome. Plausible suggestions include that; the ball impact either distorts
reactants themselves into a more reactive strained geometry,> generates local hot spots,° or
produces aninsitu liquid phase containing high concentrations of each reactant unattainable
in solution.”® The extent to which each influences reaction outcomes probably varies

depending on the exact set—up — especially the nature of the reactants.

The role of direct reactant distortion appears to be supported by the behaviour of polymers
which tend to homolyze when milled as they do when they are stretched in SMFS. For small
molecules, undergoing bimolecular reactions the role of geometric distortions is less intuitive.
The rapid rate of relaxation from distorted to relaxed geometry combined with the
requirement for the molecules to be in close proximity in an exacting orientation to undergo
bimolecular reactions appears to limit the opportunity for any ball-induced distortion to
influence the reaction to a few scenarios, for example when two reactants were already in
close contact upon ball impact. The role of local hotspots appears unlikely based on the type
of temperature changes associated with inorganic mechanochemical alloying (which is well
accepted to proceed by local hot spots®?) not matching that observed during small molecule
ball milling reactions.>3 The role of insitu eutectic mixtures is supported by the study of 19
covalent reactions which all formed liquid phases as a prerequisite to reaction, (as monitored
by insitu powder X ray diffraction), however the sample size is relatively small and some

exceptions to this rule have been reported. °!
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Intuitively powder mechanochemistry is perceived as quite distinct from solution phase
chemistry but asides from the few, well publicised ‘impossible molecules’*9 (Figure 6) most
small molecule transformation are conserved between solution and ball milling (although
potentially via a distinct mechanism). However the behaviour of solid polymers under force
is distinct from those in solution as evidenced by the difference in product produced when a
polymer is milled vs sonicated.>* This is attributable to solids featuring a high concentration
of chains that diffuse slowly. Reactions in both scenarios are dominated by chain fracture,
usually to give macroradicals. In solution, these macroradicals convert into stable chains by
reactions with the solvent or small-molecule radicals derived from solvent sonolysis. In milled
polymers, the macroradicals are considerably more persistent, thanks to inhibited
recombination and the absence of a solvent. Conversely, the high concentration of chains
favours macroradical—chain reactions that require minimal diffusion, including H—atom
abstraction from adjacent chains and polymer grafting through addition to sp?— hybridized C

atoms of unsaturated polymers
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Figure 6 — Powder mechanochemistry enables isolation of previously inaccessible structures. Examples of
reactions that have been successfully conducted only in the solid phase using ball milling.
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2. Experimental quantitation of molecular conditions responsible for flow—
induced polymer mechanochemistry.

Robert T. O’Neill, Roman Boulatov
Department of Chemistry, University of Liverpool, Liverpool, L69 7ZD.

Abstract

Fragmentation of macromolecular solutes in rapid flows is of considerable fundamental and
practical significance. The sequence of molecular events preceding chain fracture is poorly
understood, because such events cannot be visualized directly but must be inferred from
changes in the bulk composition of the flowing solution. Here we describe how analysis of
same—chain competition between fracture of a polystyrene chain and isomerization of a
chromophore embedded in its backbone yields detailed characterization of the distribution
of molecular conditions experienced by mechanochemically reacting chains in sonicated
solutions. We find that the overstretched chain segment grows and drifts along the backbone
on the same timescale as, and in competition with, the mechanochemical reactions. As a
result, only 20—30% of the backbone of the average fragmenting chainis strained at any time,
with both the maximum force and the maximum reaction probability located away from the
chain centre. Our method is applicable to any flow fast enough to effect polymer

mechanochemistry.
Background

In a stationary solution polymer chains exist as coils whose end—to—end distances are many
times shorter than their contour lengths.>> When a polymer solution flows rapidly near a
surface>®>7 oris sonicated,?°%>? the average end—to—end distances of some chains increase.
This elongation may occur by chain uncoiling or by overstretching, or both, depending on the
parameters of the flow field and the residence time of the chain init. The flow destabilizes
chain conformers with short end—to—end distances, producing a partially uncoiled chain in
which a contiguous segment of the backbone adopts the longest strain—free
conformation.®%:61 A sufficiently fast flow can stretch this uncoiled segment beyond its strain—
free length primarily by distortions of angles between backbone bonds. This overstretching is
responsible for flow—induced mechanochemistry, such as chain fracture.%2 In many practical

polymer solution flows, chain fracture is a major, usually deleterious process.%3:64

In the laboratory, optimizing flow field parameters to suppress chain fracture enabled
detailed studies of uncoiling, albeitto less than full extension, without the complications from

chain overstretching.®® Uncoiling is comparatively slow and yields large changes in chain
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shape, making it amenable to direct visualization under optimal conditions or to detailed
simulation, if not yet at the atomistic level. Mechanochemistry—inducing overstretching likely
occurs faster, changes chain dimensions by less and requires atomistic quantum—chemical
treatment that is difficult to approximate empirically. As a result, uncoiling dynamics,
particularly in steady flows, is much better understood®® than the molecular events and chain
geometries responsible for flow—induced mechanochemistry.®> At present, chain fracture or
another mechanochemical reaction is the only indication that a dissolved chain has

overstretched.

Macroscopic kinetics of flow—induced fracture of simple homopolymers, such as
polystyrenes, PEGs, and acrylates, and its dependence on such experimental control
parameters as chain length and concentration, flow rate and geometry, solution viscosity, and
Reynolds number have been studied extensively in diverse flows.%36¢ These dependences,
however, are difficult to interpret molecularly.®” Experimentally, the measurable changes in
the mass distribution of a polymer experiencing flow—induced chain fracture may be
dominated by unwanted and uncontrollable aspects of practically achievable flow fields, such
as turbulence near walls of cross—slot flow cells, shock waves in sonicated solutions or flow
instabilities that limit the residence time of a chain at a stagnation point.®879 Conceptually,
they reflect a complex convolution of the probabilities of dissolved chains to become
(partially) overstretched and of these chains to fracture before the local fluid strain rate
decreases below a threshold needed to maintain the required strained molecular geometry.
Existing experimental designs do not allow the constituent probabilities, and the attendant
molecular conditions, to be estimated. As a result, little consensus exists on even the key
molecular events that precede chain fracture, including the fraction of the chain that uncoils,
how fast the chain is stretched and how the molecular strain, the corresponding forces, and

the mechanochemical reactivity are distributed along the backbone as the chain is stretched.

Unlike the macroscopic kinetics of chain fracture, changes in the solution composition
resulting from competition between two or more mechanochemical reactions within the
same overstretched backbone reflect only molecular reaction probabilities. The latter can
be calculated as a function of the force on the reacting moieties by established quantum—
chemical methods.”173 Consequently, the force, the distributions of molecular geometries of
the reacting chains and the underlying molecular parameters responsible for flow—induced
mechanochemistry become directly quantifiable from experiment. Implementation of this
approach has been precluded by the difficulty of designing polymers that enable
unambiguous differentiation between products of intra— and intermolecular competition.
For example, sonicating solutions of polymers of dihalocyclopropanes’#7> and macrocyclic

cyclobutanes’®77 both reduces the average size of the chains, signifying chain fracture, and
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isomerizes individual monomers. However, in neither case could the fraction of isomerized
monomers in the fractured and intact chains be quantified, making it impossible to establish
how often, if ever, the two reactions occur inthe same chain. The high dispersity of such
“multimechanophore” polymers’8 further limits their utility for elucidating the molecular
processes and conditions responsible for flow—induced mechanochemistry. As such the idea
of mid-chain selectivity (i.e., chains in elongational flows react primarily or exclusively at
chain centre) has not been tested systematically.

Here we describe detailed measurements and analysis of competition between fracture of a
polystyrene chain and isomerization of a chromophore embedded in its backbone in a dilute
sonicated solution. Our data suggests that the overstretched segment grows, drifts along the
backbone and reacts all on comparable timescales and that the observed mechanochemistry
reflects complex averaging of distinct microscopic reaction probabilities of chains partitioning
among very different local environments. We characterized these conditions as the chain—
size—dependent distributions of the lengths of the overstretched segments, their positions
along the backbones, the time the chains remain overstretched, and the maximum forces
they experience during this time. Contrary to a common belief, only ~20-30% of the average
fragmenting chain is sufficiently strained to manifest observable mechanochemistry, with the
maximum force located away from the chain centre. Because our approach exploits kinetic
destabilization of any overstretched backbone regardless of the physical mechanism
responsible for overstretching, itis applicable to any flows that cause mechanochemistry. Our
choice of sonication for the first demonstration of our approach is motivated both by the
particularly limited understanding of molecular conditions in such solutions and by the

importance of sonication in contemporary experimental polymer mechanochemistry.

Results

Polymer design.
This study used 9 polystyrenes (PS) with the average strain—free contour lengths, L, from 60

to 530 nm, containing a single Z—stiff stilbene (Z-SS) moiety per chain either atits centre (1c—
4c) or up to (0.30+0.03)L away from the centre (lo—50, Figure 7a). The choice of stiff stilbene
as our photochromic mechanophore derives from it meeting several exacting requirements
that maximize the insight possible from this study. First its two isomers have prominent
differences in their extinction coefficients with the most distinctive regions of the UwVis
spectra shifted far away from that of polystyrene, making it detectable even when
outnumbered by styrene monomers by 3 orders of magnitude. Second both Z and E are highly
thermally stable making the ratio of Z and E isomer present in a dark sonicated solution
dependent only on the force the molecules experience. Third an analogue of stilbene

containing two dibromo—terminated arms positioned to exert a tensile force on the stilbene
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alkene when each arm is stretched (c2-7) can be synthesized in high Z purity. The isomer
selective synthesis is achieved via an intramolecular McMurry coupling of two indanones in
c2-4 with a molecular strap short enough to exclude access to the transition state that yields

the E isomer.

We synthesized the 9 polymers by reacting dibromo—terminated Z-SS (c2-7) with either
excess CO2H—terminated low—dispersity PS to yield 1c—4c or with an equimolar mixture of two
polystyrenes of different sizes to yield, after size—exclusion chromatography (SEC), polymers
with stiff stilbene located off centre (10—50). Analysis of the reaction products by SEC
confirmed the expected distributions of chain masses. Deconvolution of the absorption
spectrum of 1c-50 into the contributions of PS, Z-SS and E-SS chromophores using
independently measured reference spectra (SI, Figure 20) confirmed a single SS moiety per
chain, 83—90% of which being the Zisomer (Table S1).

Synthesizing 1c-50 by coupling pairs of macromolecules instead of by conventional
polymerization from a bifunctional initiator’?-80 enabled both precise control over the location
of stiff stilbene along the backbone and accurate determination of the distribution of these
locations in the resulting polymers (Figure 7b and SI Figure 19). We calculated the latter
distributions by assuming that 1c—50 were formed by statistical combinations of pairs of the
precursor chains, whose molar mass distributions (MMD) we measured independently. The
good agreement between the measured and simulated MMDs (example in Figure 7c and
Figure 21) validates the calculated distributions of stiff stilbene locations. In each polymer,
the location of SS varies little from chain to chain: between 72 and 85% of chains in each
sample contain SS within 0.05L of the sample—average value, where L is the contour length.
For comparison, in a conventionally prepared polymer, the probability of finding the

bifunctional initiator within any segment of 0.1L is <20%.7°
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Figure 7 — The polymers used in the study. (a) synthesis, chemical structures and summary of key sample—
average parameters: L is the strain—free contour length; () signifies number averaging and MFDss is mean

fractional displacement of SS from the closest chain terminus; the deviation of MFDss of 1¢c—4c from 0.5 reflects
finite widths of the distributions of SS locations. See S| Figure 18 for further details. (b) The fraction of chains of
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1c, 1o, 20 and 50 that contain stiff stilbene at the specified fractional distance from a terminus. Calculated
distributions in 2c—4c, 30 and 4o are very similar to those of 1c, 1o and 2o, respectively and are shown in Figure
19 in Sl together with the corresponding cumulative distributions. (c) measured and calculated MMDs of 20 and
the measured MMDs of the corresponding precursors. See S| Figure 19 for all other polymers. The discrete
distributions in (b—c) have the bin size of 0.01L (b) and 100 Da (c).



Sonication experiments.

We sonicated 1c—50 as THF solutions of 1 mg/mL concentration under standard protocol’®
(see also the SI for experimental details), and quantified their compositions by SEC. We
determined the fraction of the Z and E isomers of stiff stilbene for each mass fraction by
deconvoluting its absorption spectrum at 300 — 400 nm into those of the two isomers (SI
Figure 20). The total amount of SS in sonicated solutions remained constant, confirming that

sonication did not destroy SS.

Sonication changed the unimodal MMD of the intact polymer (darkest blue line in Figure 8)
to a bimodal distribution with the maximum of the newly formed component at “M/2 (Mp is
the mass of the most abundant chain in the intact sample; My = 64.4 kDa for 3o illustrated in
Figure 8a), indicative of chain fracture. Simultaneously, the high and largely mass—
independent fraction of Z=SS, yz of the intact sample gradually decreased and became
strongly mass—dependent (Figure 8 shows results for 30, all other polymer data shown in
methods section Figure 21). The monotonic reduction of yz of chains with mass >0.8M,
reveals isomerization of Z-SS in intact chains, i.e., without chain fracture; whereas the
presence of Z=SS in the products of chain fracture (yz> 0 of chains with mass below 0.7My)
means that some Z-SS survive chain fracture without isomerizing. Chains that undergo
fracture—coupled Z-SS isomerizations are responsible for yz values at (0.35-0.7)Mp being
lower than yzat >0.8Mp for any sonication time. A drop in yz at <0.3Mp (and the shoulder at
the same masses in the MMDs) result from the slow fracture of chains of (0.35—0.7)M,, which

are themselves products of fracture of intact chains.
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Figure 8 —Summary of sonication experiments. (a) MMDs and (b) the fraction of Z-SS containing chains among
all SS—containing chains of the same mass, yz as a function of the chain mass, of a sonicated solution of 30; log—
log plots of (c) the measured unimolecular rate constants for fragmentation of 1c-50, ks, as a function of the
chain mass, and (d) unimolecular rate constants for isomerization of intact chains, ki, as a function of the
corresponding ks. Only a fraction of the measured rate constants is plotted for clarity. The solid lines in (c—d) are
quadratic least-squares fits of (c) log(ks) vs. log(mass) and (d) log(ki) vs. log(ks) for 1c¢—4c only (upper curve); lower
curves in (d) are vertically shifted upper curve to best match the measured values for 1o, 30 and 50 (middle
curve), or 20 and 4o (lower curve). The uncertainty ranges of all rate constants are tabulated in the
supplementary data file, suppdata.mat. For each sample, yzvalues are reliably quantifiable over a shorter range
of chain masses than the mass fractions so that the datain (b) covers a shorter range of chain masses thanin (a)
and the data in (d) covers a shorter range of ks than in (c). See Figure 21 in Sl for MMDs, yz of 1c-5o0.

The depletion of chains with masses >0.8M, manifested unimolecular kinetics (example
shown in Sl Figure 23). The corresponding bulk rate constants, kf, increased as a power of the
chain mass (Figure 8c) with kr of smaller chains being more sensitive to mass, m, than larger
chains, e.g., ks c m3-2 for 22 kDa vs. kf oc m2- for 280 kDa. The scaling is independent of the

location of SS along the backbone and identical to chains without SS. The kinetics of Z—E
isomerization inintact chains was also unimolecular and the corresponding rate constants, ki,
scale as a power of kr (Figure 8d). The ki/ks ratio estimates mechanochemical selectivity,” i.e.,
the capacityto achieve desired (usually site—selective) chemistry without (usually deleterious)
non—selective chain fracture. This selectivity decreases both with the chain size and the

fractional displacement of SS from the chain centre. For example, 1.7 chains of 1c of 22 kDa
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isomerize without fragmentation for each fractured chain, but only 0.28 chains of 4c (280
kDa) do. Displacing SS from the chain centre by 0.3L reduces this number 5—fold in a 53 kDa
chain (20) and 7—fold in a 160 kDa chain (40). These trends cannot be explained by simple
changes in the number of scissile backbone bonds per SS, suggesting a complex dependence
of local conditions on chain mass. As expected, sonication of polymers containing Z-SS at a

chain terminus yielded no detectable amount of £-SS either inintact or fractured chains.

Force—dependent activation free energies from DFT calculations.

To enable molecular interpretation of the experimental data, we used a previously reported
and experimentally validated method?33377 to calculate the free energies of activation, AG?,
of two reactions — homolysis of the central C—C bond in H(CH2CHPh)4sCHs (a polystyrene
model) and isomerization of Z—(6,6—bismethoxy stiff stilbene) — as a function of stretching
force applied across the terminal wmeC~Cwe distances (Figure 9). As previously demonstrated>*
at practically relevant forces the RH2C—CH(Ph)R bond is most dissociatively labile among the
backbone bond types present in our polymers (Figure 7 and methods section Figure 22).
AG*(f) for C—C bond homolysis starts at 0.5 nN because the transition state does not exist at
lower force, which is common for bond homolysis, and AG*(f) for isomerization terminates at
5.8 nN when homolysis of the A-C—C(sp?) bond of the cyclopentane ring of SS becomes faster
than C=C bond isomerization. This homolysis does not fracture the chain but would probably
irreversibly bleach the SS chromophore.3° The absence of such bleaching in our experiments
suggests that few SS moieties experience force >5.8 nN long enough for this reaction to be

important.
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Figure 9—- Summary of the DFT calculations. (a) the activation free energies of fragmentation and isomerization
as a function of tensile force, AG*. The dashed line indicates AG* corresponding to 1t = 1 us, which is the
approximate timescale of cavitation bubble collapse in a liquid irradiated with 20 kHz ultrasound.’? AG* for
fracture of a chain with n bonds all under the same force is reduced, relative to that of the single bond, by RTIn(n).
(b) overlays of the geometries of Z—(6,6—bismethoxy stiff stilbene) (red) and the isomerization TS (blue) without
force and coupled to 3.5 nN: note the much larger difference of the meC~Cmedistance between the Z isomer and
its TS at 0 nN compared to 3.5 nN (() signify Boltzmann—averaging over 3 conformers comprising each strain—
free state; at 3.5 nN each state contains a single conformer). This difference is usually the primary determinant
of the AG* vs. f slope.® Tensile force distorts Z stiff stilbenes primarily by bending each indanone moiety,
accompanied by only modest increase in the a-C—C=C—Car torsion of the isomerizing C=C bond to 39° (from 11° at
0 nN). The black arrows represent applied force vectors. All calculations were at uBMK/6-31+G(d) in vacuum.

The origin of the nearly force—independent AG* for Z-SS—E-SS isomerization at>2 nN is the
greater compliance of the Z isomer compared to the TS along the pulling axis. As the force
increases, the Zisomer distorts more than the TS, making their geometries increasingly similar
(Figure 9b). This reduces how much the constrained distance elongates during the formation
of the TS, thus reducing differential stabilization of the TS by tensile force. The monotonically
decreasing with force difference between the isomerization and fragmentation rates favors
kinetic competition between the two reactions, making Z stiff stilbene a particularly suitable

probe of molecular environments responsible for mechanochemical chain fracture.

Molecular models of flow—induced mechanochemistry.
Below we first demonstrate that the two common molecular models of flow—induced

mechanochemistry cannot be parameterized to reproduce the observed evolution of MMDs
and yz. We then show that relaxing the key assumption underlying all such models, that the
chain geometry is static on the timescale of mechanochemical reactions, allows all measured
data to be reproduced accurately. All models below assume that (a) each model parameter is
independent of the presence or the location of SS and either changes with chain size
monotonically or is chain—size—independent; and (b) observed mechanochemistry may reflect
averaging over diverse molecular conditions, each requiring a separate combination of model

parameters. We illustrate the performance of each model qualitatively, by comparing MMD
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and yz at a single sonication time (40 min) for a single sample (3c) with the respective model
predictions (Figure 10a—b), and quantitatively using proxies of the dispersity of the mass
distribution of the products of chain fracture and the extent of fracture—coupled
isomerization of Z-SS, averaged over all sonication times across the full set of 1¢c—50 samples
(Figure 10c—d).

The reported molecular models.

The simplestand most common model assumes that flow—induced mechanochemistry occurs
only in fully uncoiled chains,’#8! whose backbone bonds experience force that decreases
quadratically with the fractional distance from the chain centre, where the force is highest
(fmax), to O at the termini. We tested two implementations of this “overstretched—chain”
model: in one, the force on each monomer changes instantaneously from 0 to a time—
independent value defined by the parabolic force profile with fmax; in the other the force on
each monomer increases with time at a constant rate, v, whose value decreases quadratically
away from chain centre. In both implementations, we assumed that all forces disappear
instantaneously after chain fracture (which greatly simplifies the problem and is well
grounded in empirical observations of subsequent rather than simultaneous Mp/2 and Mp/4
chain production) and calculated the probabilities of each monomer to dissociate orisomerize
as a function of the time the chain is overstretched (tstretch) for chains with between 100 and
3000 monomers using AG*(f) in Figure 9a. The unique distributions of molecular reaction
probabilities thus produced characterize stoichiometries of mechanochemical chain fracture
and isomerization (e.g., SI Egs. 4-5) under diverse combinations of model parameters (tstretch
and fmax or Umax). We converted each pair of fragmentation and isomerization distributions to
MMDs and yz by adapting a previously reported procedure>* (see the S| for details). We
repeated these steps iteratively to find functional dependences of tstretch, fmax and Umax on

chain size that most closely reproduced experimental MMDs and yz.

Both implementations of the overstretched—chain model performed poorly, considerably
underestimating the dispersity of the fragmentation products (Figure 10a,c and Sl Figure 26
& Figure 27), over the whole range of tstretch and fmax Or Umax tested. Larger fmax Or Umax, and
shorter tstretch improved the agreement between simulated and measured yz especially for
1c—4c, thanks to the steeply decreasing with force difference between the activation barriers
of isomerization and chain fracture. Consequently, aphysically short tstretch of ~1 ns (Figure 25)

yielded yzclosest to the experiment.
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Figure 10 - lllustrative comparisons of experiments with predictions of the molecular models. (a—b)
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remaining mass fractionof the reactant chains, . The experimental values are at 40 min of sonication.
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prod
the mass of the most abundant reactant chain in the original sample). Ratios >1 correspond to the

simulation yielding too uniform fragmentation products (underestimating D,.q4). (d) difference
between simulated and measured y; of chains with masses of 0.45M,-0.55M, at the same ,
averaged overall experimentally characterized valuesof {, for 1c-50. Negative differences correspond
to simulations underestimating the extent of fracture—coupled isomerization.

Several reported models allow fracture of partially uncoiled chains, with the overstretched
segment fixed either at chain centre,283 or at several locations distributed along the
chain.”’®84 The latter allows broader mass—distributions of the fragmentation products than
the former or the overstretched—chain model.?84 To make this overstretched—segment model
as flexible as possible, we assumed that fracturing chains of each size make up an ensemble
of geometries, characterized by unique combinations of the length of the overstretched
segment, los; its position along the backbone; its fmax and the maximum time these conditions
persist, tstretch. We also assumed that the relative positions of the overstretched segment are
distributed normally around the chain centre with chain—size—dependent variance % and that

los, fmax and tstretch depend both on the chain size and the segment position (e.g., egs. 14-16 in
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Sl). Using the procedure described above we established that differences between simulated
and measured MMDs were weakly sensitive to fmax and tstretch, increased with /os, and varied
non—monotonically with o. Conversely, the model required incompatible sets of parameters
to reproduce experimental yz depending on the SS location: tstretch>10 Us, fmax <5.4 nN and
10s<0.3 for 20/40, but tstretch<20 ns, fmax>5.8 NN and /0s>0.6 for 1c—4c despite the overlapping
chain masses of these samples. As a result, the overstretched—segment model can be
parameterized to reproduce measured MMDs but not yz (Figure 10a,c and Sl Figure 25, Figure
26 & Figure 27), illustrating that studying chain fracture alone yields too limited data for

characterizing the molecular conditions of flow—induced mechanochemistry.

The common assumption that forces of every backbone bond of a fragmenting chain are
correlated (the overstretched—chain model) fails to reproduce observed MMDs because it
vastly underestimates the relative mechanochemical lability of bonds away from the chain
centre. Assuming that only a segment of the fragmenting chain is overstretched allows the
fraction of chains fracturing by scission of a particular backbone bond to be determined by
the probability of this bond falling within the overstretched segment, not by its force relative
to that of the central bond. Yet, this also causes the relative isomerisation propensity of off—
centre Z-SS to decrease too steeply with the distance to the chain centre compared to
experiment. For example, measured isomerization rate constants for 20 (average SS position
at 0.2L) is only 5 times less than that for 2c (centred SS), whereas the equivalent ratio in the
overstretched—segment model is <0.004. Thus, neither set of models is consistent with our
data.

A dynamic model that reproduces all measurements quantitatively.
All reported approaches to modeling flow—induced mechanochemistry postulate that a

mechanochemical reaction (e.g., chain fracture) occurs instantaneously once a certain chain
geometry (or force) is reached. As shown above this assumption is inconsistent with our
experiments. We sought a simple empirical model to testif allowing the chain geometry and
the chain survival probability to change at comparable rates would accurately reproduce the
experimental results. Because chains often uncoil from a terminus, %8> we assumed that an
overstretched segment also originates at a terminus, grows according to Eq. 1 (where L is the
chain contour length and ks is the rate constant of segment growth) while also drifting
towards the chain centre with the rate constant k4 (Eq. 2, where d is the distance from the
centre of the overstretched segment to the closest terminus). Eq. 1 is designed to
approximate known uncoiling dynamics. Our model retains the quadratic dependence of fmax
on los (Eq. 3), but with a time—dependent proportionality constant to accommodate the
rapidly increasing fluid strain rates generated by imploding cavitation bubbles,! and derives
the distribution of forces within the overstretched segment by representing each backbone

bond as a harmonic spring connecting two massless spheres that act as frictional drag centres
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in a 1D flow field of uniform fluid strain rate.®°

Aps =1 —e7kst Eq.1
d = 0.5 — 0.5e~ (kstka)t Eq.2
fmax = (@ + ,Bt)/losz Eq.3

The same parameterization approach used for the reported models yielded distributions of
chain—size dependent ks, k¢, o, [ and tstretch parameters (Figure 30) that reproduce
experimental MMDs, yzand ki/ks ratios across the full range of chain masses and SS locations
(Figure 10 blue, and SI Figure 32) to within the experimental uncertainty. This large
improvement over the overstretched—segment model, which has a comparable number of
adjustable parameters, has two major causes. First, an overstretched segment whose fmax
increases while it drifts towards the chain centre strains more monomers, if some only
transiently, than comprise the segment at the time of chain fracture. Because Z—SS isomerizes
on the sub—ps timescale at lower force (>2.5 nN, Figure 9a) than the C-C bond homolyzes
(>5.2 nN), this effectively decouples the distributions of the fragmentation and isomerization
probabilities. Second, eqgs. 1-3 produce a much more diverse set of distributions of
microscopic reaction probabilities than the reported models. The more diverse the
microscopic distributions that contribute to sample—average behaviour (Figure 11a—b), the
closer the simulated and experimental MMDs and yz become, suggesting that a complex
combination of molecular conditions (strain rate, straining time, conformation preceding the

strain etc) is likely responsible for the observed mechanochemistry.
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The key parameters in the model (tstretch, ks, kd) are not physically related although they do
correlate empirically for any set of parameters that reproduce our data. This is because tsirecth
is related to a physical parameter (the chain breaks or the flow field becomes too weak to
trap the polymer and releases it, which is a finite time by definition since we don’t consider
the behavior of the polymer outside of the stretching event), whereas there are no outside
requirements for ks and kq to be >0. During parametrization however only values of ks and kg

>0 reproduce the data and it happens to occur in a way that appears to correlate ks/d to tstrecth.

Discussion
A sample—average distribution of reaction probabilities along the chain backbone (Figure

11a—b) describes the macroscopic stoichiometry of the corresponding mechanochemical

reaction (e.g., Egs. 5—6 in Sl). These distributions are sums of molecular reaction probabilities
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corresponding to unique combinations of conditions experienced by individual chains,
weighted by the probability of each condition to occur. In 1c-50, three sample—average
distributions control observed MMDs and yz. First, the distribution of fragmentation
probabilities (Figure 11a) defines the relative contribution of each backbone bond to fracture
of a chain (partially) overstretched by the flow. The broader the distribution, the more chains
fragment by dissociation of backbone bonds away from the chain centre and the greater the
dispersity of the fragmented sample. Second, the distribution of probabilities of
fragmentation—coupled isomerization (Figure 11b) describes the likelihood of Z-SS at each
location along the backbone to isomerize immediately prior to chain fracture. Third, the
distribution of probabilities of fragmentation—independent isomerization (SI Figure 24c)
applies to Z-SS isomerization in partially—overstretched chains that fail to fracture before the

load dissipates (e.g., ~60% of chains of 1c meet this definition).

We find that only asymmetric distributions of reaction probabilities with maxima off chain
centre (Figure 11a—b) reproduce measured mass—dependent yz The result challenges the
idea of “mid—chain selectivity”7°:8086-88 of flow—induced mechanochemistry Instead, under
the standard sonication conditions studied here, the probability of an overstretched
polystyrene chain to fragment by homolysis of any of the central 5% of its backbone bonds is
only 13-20%, depending on chain size. Our simulations suggest that lower—barrier non—
scissile reactions of “multimechanophore”’® polymers follow the same pattern: in an average
chain of hypothetical poly—(Z-SS), only 21-23% of SS that isomerize before chain fracture
would be centrally located. This suggests at best moderate localization of flow—induced
mechanochemistry along the polymer chain. Confining labile reactive moieties close to the
chain centre vyields apparent “mid—chain” selectivity.82°1 For example, hypothetical
polystyrene containing a single labile scissile backbone bond whose distribution follows that
of SS in 1c—4c (Figure 7b) and has AG*(f) of an anthracene/maleimide adduct dissociation®?
would fragment by dissociation of this labile bond 68 — 98% of the time, depending on chain
size; with 57-74% of the fragmentations being localized within the central 5% of the

backbone.

Our analysis suggests that the asymmetric reaction probability distributions can only be
produced by an overstretched segment that grows and drifts toward the chain centre on a
timescale comparable with the mechanochemical reactions, with two implications. First, at
any moment only 20—-30% of the average chain is strained enough to manifest detectable
mechanochemistry. Simultaneously and somewhat counterintuitively, the fractional length of
the backbone where a non—scissile mechanochemical reaction is kinetically competitive with
chain fracture can exceed ~0.6, depending on the difference between AG*(f) of the scissile

and non-scissile reactions. This conclusion is consistent with the high yield of productive
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mechanochemical remodeling per chain fracture of certain multi—-mechanophore

polymers’®23 and suggests how to control this yield systematically.

The observed MMDs and y: reflect the evolution of the overstretched segment from the
moment its fmax reaches ~2.5 nN, which is the minimum force for detectable isomerization of
Z-SS in a sonicated solution, to the moment when the chain fractures or the flow weakens
enough (Figure 35). During this period, Atstretch, which averages ~1 ps (Figure 11d), the length
of the overstretched segment, /os, the distance between its centre and the chain terminus, d,
and fmax increase monotonically. This broadens the reaction—probability distributions and
shifts their maxima towards chain centre, while lowering the fraction of the chains which
isomerize without fracture relative to those that fracture from close to infinity at Atstrech <0.1

ps to ~0 for Atstrech >2.5 ps. As a result, simulated MMDs and yzare quite sensitive to Atstretch.

The probability of the average chain to fracture by tstretch varies from 43% for chains with 250
monomers to 76% for 2000 monomers. For the surviving chains, tstretch Mmay be limited by the
complete implosion of the cavitation bubble. In a 20 kHz acoustic field a bubble would
implode within <20 ps, but only the final stages of the implosion likely generate flow strain
rates high enough to overstretch a detectable fraction of the dissolved chains in the vicinity
of the bubble.!23 The decreasing survival probability with chain length is primarily due to the
longer overstretched segments in longer chains, which increases the number of backbone
bonds that are sufficiently destabilized kinetically to contribute to chain fracture, thus

reducing the chain survival probability at constant force (Figure 36d).

The ~1.5—fold higher fraction of the chains of 2000 monomers that fracture within tstretch
compared to those of 250 monomers contrasts with the ~260—fold difference of the
measured bulk fragmentation rate constants, kf, for the same chains (Figure 8c). This suggests
that bulk kinetics reflects primarily the probability of a chain becoming overstretched rather
than the probability of an overstretched chain to fracture. Why a larger fraction of longer
chains in a sonicated solution are overstretched at any moment compared to shorter chains,
whose concentration is higher remains to be understood. Yet, this finding also challenges
another common,®* if occasionally criticized,>367.7495 belief that the bulk fragmentation
kinetics reflects molecular conditions (the extent to which the chainis strecthed and for how
long) due to force experienced by individual fragmenting chains. In other words, a physical
process must account for the majority of the difference between bulk fragmentation rates
between large and small polymers because once the polymers become mechanochemically

active there is only a small dependance of fragmentation probability on chain length.

38



Conclusions
We demonstrated on an example of a sonicated solution that analysis of same—chain

competition between mechanochemical fracture of a polymer chain and isomerization of a
chromophore embedded in its backbone enables detailed characterization of the molecular
conditions underlying flow—induced mechanochemistry. Under studied conditions the length
of the chain segment that is strained enough to manifest mechanochemistry, its location
along the chain and its force all change on the same timescale and in competition with the
decreasing chain survival probability. This competition displaces the location of the highest
mechanochemical reactivity away from the chain centre, makes bulk mechanochemical
selectivity rather than bulk fragmentation rates the indicator of the molecular conditions
experienced by individual reacting chains, and yields appreciable chain fracture at forces
spaning a ~1 nN range. We suggest that by lowering the lengthscale at which the chain
behaviour in the flow can be probed experimentally from ~1 um of the optical methods to
~10 nm of our approach offers important opportunities for fundamental studies and practical
exploitations of polymer rheology and mechanochemistry. For example, our method makes
accessible experimental data for rigorous testing of microscopic rheological models of
polymer solutions®® and to design mechanochemical reactions to control this rheology.®’
Detailed knowledge of the molecular conditions responsible for mechanochemistry in
sonicated solution would resolve continued controversies about the effects of chain topology
on flow—induced mechanochemistry;®8101 enable mechanistic studies of complex
mechanochemical reactions’®°1 and cascades,??1%2 and allow sonicated solutions to be used

as tractable models of mechanochemistry of polymer solids and melts.16,103-106
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Supporting information

Below are key aspects of the Sl for the upcoming paperrelatedto the preceding chapter. Once the
paperis publisheditis bestto consultits correspondingSl as it contains more detail and more up to
date explanations.
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Scheme S2-Synthesis of polymers 1c—4c and 10-5o.

2,2—-dimethylpropane-1,3—-diyl bis(2—bromoacetate) (c2-3)

The synthesis followed the reported procedure®” with minor modifications. To a solution of
butane—1,4—diol (0.50 g, 5.5 mmol, 1 equiv.) in 50 mL CH2Cl, was added bromoacetyl bromide
(1.0 mL, 2.35 g, 11.5 mmol, 2.1 equiv.) and K2CO3 (3.0 g, 22 mmol, 4 equiv.). The mixture was
stirred at room temperature overnight before quenching with H20 (50 mL). The organic layer
was separated and washed with H20 (2 x 25 ml), aqueous K>CO3z (25 mL) and brine (25 mL)
before drying over MgSOas. The solvent was removed under reduced pressure yielding the
expected product (1.8 g, 5.5 mmol, 98%). 1H NMR (CDCls, 500 MHz, 298 K) 4.01 (m, 4H), 3.85
(s, 4'H NMR matches that reported previously.1?”
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2,2-dimethylpropane-1,3—diyl bis(2—((3—ox0-2,3-dihydro—1H-inden—-5-yl)oxy)acetate)
(c2-4)
To a solution of butane—1,4—di—(2—bromoacetate) (3.10 g, 9.3 mmol, 1 equiv.) in MeCN (30
mL) was added 6—hydroxyindanone (2.77 g, 18.7 mmol, 2 equiv.) and K2CO3 (5.16 g, 37.3
mmol, 4 equiv.), the resulting mixture was stirred at room temperature overnight. The
solution was then diluted with CH2Cl (50 mL) and washed with H,0 (25 mL) and brine (25 mL)
before drying over MgSQOa4. The solvent was removed under reduced pressure to afford the
product as an off white solid (4.0 g, 8.57 mmol, 92%). 'H NMR (CDCls, 500 MHz, 298 K) 7.39
(d, 2H), 7.25 (dd, 2H), 7.13 (2H, d), 4.68 (s, 4H), 3.86 (s, 4H), 3.06 (t, 4H), 2.70 (t, 4H), 0.90 (m,
6H). 13C NMR (CDCl3, 100 MHz, 298 K) 206.8, 168.5, 157.7, 149.0, 138.4, 127.9, 124.4, 105.9,
69.7, 65.3, 37.1, 34.8,25.3, 21.7.
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Figure 12-'H NMR spectrum of c2-4 in CDCl3.
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Figure 13-13C NMR spectrum of c2-4 in CDCl.

(2)-Stiff stilbene—6,6'-2,2—dimethylpropane-1,3-diyl(oxy—ether) (c2-5)

The synthesis followed the reported procedure®” with minor modifications. To a stirred
suspension of zinc powder (3.64 g,55 mmol, 13 equiv.) in dry THF (70 mL), TiCl4(2.87 mL, 4.88
g, 25.7 mmol, 6 equiv.) was added over 2 min at 0 °C. The resulting slurry was heated at reflux
for 1.5 h, and pyridine (2.0 mL) was added. A THF solution (50 mL) of c2-4 (2.0 g, 4.3 mmol, 1
equiv.) was added over a 5 h period by dropping funnel to the refluxing reaction mixture. The
reflux was continued for 0.5 h after the addition was complete. Upon cooling to room
temperature, the reaction mixture was quenched with dilute HCI (50 mL), stirred for 10 min
and filtered. The THF was removed under reduced pressure and the aqueous layer was
extracted with CH2Cl; (3 x 15 ml). The combined organic phase was washed with H20 (20 mL)
and brine (20 mL) before drying over MgSOa4. The solvent was removed under reduced
pressure to afford the product which was used without further purification (0.80 g, 4.3 mmol,
43%). 'H NMR (CDCl3, 500 MHz, 298 K) 7.67 (d, 2H), 7.18 (dd, 2H), 6.77 (d, 2H), 4.69 (s, 4H),
4.04 (t, 4H), 3.06 (t, 4H) 2.92 (t, 4H), 2.83 (m, 4H), 0.86 (s, 6H).*"H NMR matches that reported

previously.107

Stiff stilbene-6,6’—diacetic acid (c2-6)

The macrocycle ¢2-5 (0.30 g, 0.69 mmol, 1 equiv.) was dissolved in EtOH (10 mL) with NaOH
(0.22 g, 5.5 mmol, 8 equiv.) and refluxed for 3 h. After cooling, the solvent was removed under
reduced pressure and the crude product dissolved into H20 (100 mL) and acidified to pH 3

using conc. HCI. The solution was extracted with EtOAc (5 x 15 mL), these combined organic
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extracts were dried over MgSOs and the solvent was removed under reduced pressure,
yielding the pure product (0.24 g, 0.63 mmol, 91%). 'H NMR (DMSO—-ds , 500 MHz, 298 K).
7.43 (d, 2H, Hind), 7.23 (d, 2H, Hing), 6.78 (dd, 2H, Hing), 4.61 (s, 4H, Hz) 13C NMR (DMSO—ds ,
100 MHz, 298 K). 170.4, 156.3, 141.1, 140.9, 135.2, 126.0, 114.2, 109.3, 65.0, 35.0, 29.3.
HRMS—-ESI (m/z) [M—H]~ Calculated for C22H1906 : 379.1182 Found 379.1176.
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Figure 14—'H NMR spectrum of c2-6 in DMSO—ds.
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Figure 15-13C NMR spectrum of c2-6 in DMSO—ds.
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Stiff stilbene—6,6’-di—actyl-3—bromopropyl (c2-7)

€2-6 (150 mg, 0.39 mmol, 1 equiv.) was dissolved in CH2Cl, (20 mL) with DMAP (24 mg, 0.19
mmol, 0.5 equiv.) and 3—bromopropan—1-ol (110 mg, 0.78 mmol, 2 equiv.). DIC (0.105 g, 0.83
mmol, 2.1 equiv.) was added at 0 °C before stirring overnight. The reaction was filtered
through cotton wool and the solvent was removed under reduced pressure. The crude
product was dissolved in EtOAc (10 mL), cooled in the freezer for 20 min and filtered again
before washing with HCI (1 M, 3 x 10 mL). The organic layer was dried over MgSO4 and filtered,
the solvent was removed under reduced pressure to afford crude product, which was purified
by automated column chromatography (4 g silica, CH2Cl2:EtOAc, 99:1), the first fraction
contained the pure product (191 mg, 0.308 mmol, 78%). 1H NMR (CDCl3, 500 MHz, 298 K) 7.56
(d, 2H, Hind), 7.19 (d, 2H, Hing), 6.77(dd, 2H, Hind), 4.62 (s, 4H, Hs), 4.29 (t, 4H, He), 3.33 (t, 4H,
Ha) 2.92 (t, 4H, H1), 2.80 (m, 4H, H2), 2.13 (p, 4H, Hs). 3C NMR (CDCl3, 100 MHz, 298 K). 169.1
(C11) 156.4 (Cs), 142.0(C3/8), 141.8 (C3/s), 135.6 (Cq), 126.0 (Ca/s/6), 114.9 (Caysss), 109.5 (Caysys),
65.9 (C10), 63.0 (C14), 35.5 (C1/2), 31.6 (C13), 30.0 (C1/2),29.3 (C12) HRMS—-ESI (m/z) [M+Na]*
Calculated for C28H3006Br2Na*: 645.0286 Found 645.0284.
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Figure 16—'H spectrum of c2-7 in CDCls.
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Figure 17—13C NMR spectrum of c2-7 in CDCls.

General procedure for synthesis and characterization of polystyrenes 1c—4c and 1o—
50:

In a glove box ¢2-7 (1 equiv) was added to a solution containing K2CO3 (10 equiv.) and either
a single nominal mass monocarboxy terminated polystyrene or two different masses (2.1
equiv. and 1 equiv. each respectively) in anhydrous DMF (1.5 — 2 mL). The solution was stirred
for 1 — 5 days depending on the mass of polymer (higher mass polymers require longer to
react). When SEC analysis indicated a sufficient conversion the mixture was removed from
the glovebox and poured into a 1:1 mix of H,O/EtOAc (20 mL) at ~40 °C which was separated
and the aqueous phase washed with ~40 °C EtOAC (2 x 10 mL). The combined organic phase
was washed with H20 (5 x 10 mL) before drying over MgS0O4. The volume was reduced to ~8
mL and the solution was subjected in 1 mL batches to prep GPC. Each GPC fraction of 1 mL
was analysed by SEC and fractions of similarmass distributions were combined. The combined
fractions were analysed by SEC (Figure 18), the isolated yields were 5—-20% for reactions using
2 precursor PSCO2H and ~40% for single PSCO2H precursor reactions. All polymers had 1 stiff
stilbene moiety per chain and Z-SS fraction (yz) of ~90% (Table 1).
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Figure 18 — Characterization of the polymers used in this study. (a—) Size—exclusion chromatograms of 4c, 50,
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normalized absorption spectra of all polymers before sonication; (e) an example of deconvoluted absorption

spectrum of 1c at Mp.
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Table 1— Summary of the key characteristics of 1¢-50. SS/chain is the average number of stiff stilbene moiety
per polymer chain. yzis the fraction of these moieties that are Z isomers.

1c 2c 3c 4c 1o 20 30 40 50
M,, kDa | 24.9 49.4 90.9 | 227 37.1 57.0 63.8 139 161
M,, kDa | 24.7 48.9 88.6 223 36.5 55.9 61.9 136 156
b 1.008 1.010 1.026 | 1.016 1.016 1.020 1.031 1.021 1.016
SS/chain | 1.04+0. 1.0620 | 0.96% | 1.02+0. | 0.99+0. | 1.01+0. | 1.03+0. | 1.00+0. | 0.97+0.
04 .04 0.02 02 03 03 04 01 03
Xz 0.90+0. 0.87+0 | 0.85t | 0.83+0. | 0.86x0. | 0.88+0. | 0.90+0. | 0.87+0. | 0.87+0.
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Figure 19 — Results of simulation of the formation of 1c-50 by pairwise coupling of precursor chains. (a) chain
fractions with SS within the 1% segment of the chain centreed at the x value. (b) cumulative distributions of SS
along chain backbones. (c) Measured (dots) and calculated (black lines) MMDs of the polymers used in this study.
(d) measured MMDs of precursor polystyrenes, PSCO2H. Areas under each curve is 1 (MMDs of larger polymers
have smaller peak intensities because they are spread over a larger number of chains). The bin sizes are 0.01 (b),
100Da (c-d).

e LA

Determination of the extinction coefficients

The extinction coefficients of Z-SS and PSCO2H at 240 — 400 nm were determined by the
conventional method using samples of known concentrations in unstabilised THF. The

extinction coefficients of E-SS, €e(A), were derived by fitting a sequence of time—lapsed
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spectra of a 4.8x10™ M solution of Z stiff stilbene in anhydrous THF irradiated with a 365 nm
diode (FWHH =7 nm) to Eq. 4, where A(A,t) is the measured absorbance of the solution at
wavelength A and irradiation time t, A(A,0) is the absorbance of the starting solution at the
same wavelength; ki, k2 (the rate constants of photochemical Z—E and E—Z isomerization at
the used photon flux) and €g(A) were the fitting parameters. The fitting was performed using
the Isgnonlin function of Matlab. The absorption spectra of PSCO2H at ambient pressure and
at the pressure of the PDA detector of the Acquity were indistinguishable, whereas those of
Z and E SS were bathochromically shifted by 1.7 and 2.3 nm, respectively, without detectable

change in the shape or the extinction coefficients.

AQD (g5 — ;D) (1 — e~Varkat)g,
AQ,0) key + ke

+e;,(D) (Eq.4)

x10*

polystyrene
Z-SS
E-SS

N
o

N
T

-
T

ext. coeff. (cm2/mole or 0.1cm2/kg)
o &

0 | . ! . . L —~—
240 260 280 300 320 340 360 380 400

wavelength (nm)

Figure 20 — Wavelength—dependent extinction coefficients of polystyrene (in cm?/kg) and the two
isomers of stiff stilbene (in cm?/mole). Measured in THF at 30 °C and ~1500 psi (the pressure of the
PDA detector); the values for polystyrene are divided by 10 to fit on the same scale.

Sonication experiments

All sonications were performed on THF solutions of polymers at 1 mg/mL concentration. The
two—horn configuration of our sonicator allowed us to sonicate two samples of the same
polymer simultaneously. Each cylindrical cell had 3 narrow arms and formed a gas—tight seal
with a collar attached to the horn. Each cell contained 5 mL of the solution, a PTFE—coated
thermocouple for temperature monitoring threaded through one side—arm, and N>
inlet/outlet PTFE tubings threaded through another. The third side—arm was reserved for
periodically sampling the sonicated solution by withdrawing 50 ulL aliquots for SEC analysis.
Routine measurements were performed at total absorbed acoustic power of 14.6+0.48 W, as
measured separately. This power was delivered using the 20% amplitude setting in the pulse
mode (1 s on/1 s off).
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that the solutions were analyzed.
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DFT calculations
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Figure 22 — Plausible reactions that may compete with homolysis of C-C bond in PS. (a) Calculated
force-dependent activation free energies, AG* forhomolysis of the highlighted bonds in polymer used
in this study. AG” forthe primary C-C bonds of the backbone is in black. (b) Semilogarithmic plot of the
ratio of the probability of mechanochemical fracture of an overstretched chain of the structure shown
in the inset ((n)=124, (m)=125) by homolysis of the primary C-C bond to that by dissociation of any
otherbond. The distribution of SS in the chain was assumed to follow thatin 1c and the distribution of
forcealong the backbone bonds was assumed to be parabolic with the maximum value corresponding
to thex axis. To illustrate, the graph shows that, forexample, an overstretchedchain of DP = 250 with
a parabolicforce distribution and f ..« = 5.5 nN is ~120 times more likely to fracture by dissociation of
a C-C bond of the styrene repeat unit than by dissociation of any other backbone bond. Note that
homolysis of the endocyclic bond of cyclopentane of SS (magenta) doesn’t yield chain fracture but is
expected to destroy the SS chromophore. The lack of experimental bleaching of SS in sonicated
solutions suggests thatthis reaction is negligible in our polymers.

0 = 0 —
0.1
0.1
g 0.2
-—
802}
_= —
- 5 = D3
E] N
E P
o 0.3 ?, 0.4
g Ry
E] b=
E o os
5 o4} chainmass (kDa) chain mass (kDa)
£ o 22 d o 22
E’ o 24 06 24
26 26
051 o 2 o 28
P30 o7 30
32 32
0.6 * 0.8 - - *
0 100 200 300 400 500 600 0 100 200 300 400 500 600
sonication time (min) sonication time (min)

Figure 23 - The depletion of chains with masses >0.8M, manifested unimolecular kinetics.
Semilogarithmic plots used to estimate rate constants for fragmentation of intact chains in 1c (left
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column) and isomerization of Z stiff stilbene in intact 1c chains (right column). Solid lines are linear
LSFs. All other polymers (2c-50) follow the same pattern.

Microscopic modelling

The relationship between microscopic conditions and measured bulk compositions of
sonicated solutions.
We used a three-step procedure to convert the model parameters of an overstretched chain

to the set of time-dependent MMDs and yz for direct comparison with experiment. First, for
each unique set of model parameters we calculated the restoring force of each monomer of
a chain of desired DP. For the time-invariant implementation of the overstretched-chain
model and the overstretched-segment model these force distributions were time-
independent. For the constant-loading-rate implementation of the overstretched chain
model and the dynamic model, the force distributions change with stretching time, tstretch, and
were calculated for each timestep of the simulation once fmax reached 2.5 nN (at lower fmax,
Z/E isomerization of stiff stilbene is too slow to be observable making the underlying force
distribution experimentally inaccessible). In each case, this procedure generated an nxm
matrix, where n is the number of time steps in our simulations and m is the number of
monomers in the chain whose behaviour in the flow is being simulated (for stretched-

segment model, m is the number of monomers inthe stretched segment only).

Second, we converted the force distribution along an overstretched backbone at each
timestep to the corresponding distributions of reaction probabilities (RPDs), Ptrag(i, m, tn) and
Piso+frag(i, m, tn): Psrag(i, m, tn) is the probability that the fracture of the overstretched backbone
of m monomers by time tn occurs by dissociation of its it" monomer; Pisosfrag(i, m, tn) is the
probability that a backbone of m monomers that fractured by time t, would have undergone
Z—E isomerization prior to fracture if its it" monomer contained SS (for Piso+frag(i, m, tn) the
location of chain fracture is irrelevant). Equivalently, Pfag(i, m, tn) defines the stoichiometric
coefficient of the fracture reaction of a backbone with m monomers at time tn (e.g., Pfrag(i,
a+b, tn)=viin egs. 4-5), whereas Piso+frag does the same for fragmentation reaction of Z-SS
containing chains only (eq. 4, e.g., Pisosfrag(a, a+b, tn)= Pisosfrag(b, a+b, tn)= wab). The
stoichiometric coefficients of a microscopic mechanochemical reaction of an overstretched
backbone depend on the reaction extent if the force experienced by individual reactive sites
changes on the reaction timescale, which is true for 2 out of 4 models studied. Additionally,
we calculated the ratio of the probability of a Z-SS containing chain to isomerize but not
fracture, to its probability to fracture by stretching time tn, p(m, Pss, ta), where Pss is the

distribution of SS locations along the reacting chain.
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Ptrag(i, M, tn), Piso+frag(i, m, tn) and p(m, Pss, tn) are defined mathematically by egs. S6-8, where

o kirag(i, m, tn) and kiso(i, m, tn) are microscopic unimolecular rate constants attime t, for
monomer j to dissociate or to isomerize (if it's SS), respectively, calculated from the
force of this monomer at t, using AG*(f) presented in the previous section.

e Siso(i, m, tn) is the probability that Z-SS at the it monomer survives up to time tn, and
Strag(i, m, ta) is the probability that the overstretched segment does NOT fracture by
dissociation of it monomer up to time t, (eq. S9).

e PSS(i) is the probability that at tn=0, the i*" monomer of the chain was Z-SS.

e Atjis the size of the jt timestep in our simulation; in general the timesteps we used
decreased with t to compensate for increasing k with increasing force so that At; =
0.002/k[24*(t;), where kiso (;) is the largest isomerization rate constant at time t;
except at stretching times when the minimum of Pg¢(i)S;, (i, m, t) decreased below
0.2, in which case the smallest At; from either At; = 0. 02/kl’§‘(§”‘(tj), or At; =

0.002/kfrey (t]) was used.

./

Pfrag (l» m, tn)

n

1
T1- Strag(im,ty)

k ,m, t;
frag(l m tJ) Atjkfrag(i'm' tj)Sfrag(i'm' tf—l)

Mk km,t;
Zk : frag( - ]) ' probability thatthe chain fractures
\ relativeprobability of i at monomer i during time step j

(Eq.6)

j=

monomer being the site of chain
fracture during timestep j

N

Piso+frag (i,m,ty)
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|
T1- 12 1Sfrag(l m,t )Z Sm(i'm't') Atjl_[kfrag(i’m, tj)SfTag(i’m, tjl)/i o

|
e
Jj=1 \probablllty of monomer i=1

i toisomerize by timet; probability that the chain fractures
in intact chain at any monomer during time step j
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(T Srag (i m, ) (Z1 1 Pss (D (1 = Siso (i m, 1))

m, g ty) = : Eq.8
p( SS n) 1_H‘l{r=115frag(l’m’tn) ( q )
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InEq. 821 Sfrag (i, m,t,,) is the probability that the overstretched backbone of m monomers
survives up to stretching time tp; its value asymptotically approaches 0 as t increases. For
time-invariant force distributions, the fragmentation probabilities of individual monomers,
Prag(i, m, t), follow a similar pattern of an asymptotic increase with t, to the value dependent
on DP, i and the force distribution but is always <<1 (because an overstretched chain can
break by homolysis of many backbone bonds). For time-dependent force distributions, Psrag(j,
m, t) would broadly mirror changes in the force distribution and may depend on time non-
monotonically, despite the total probability of chain fracture increasing to unity. Conversely,
Piso+frag(i, m, t) can either be O (if PSS(/)=0), or increase monotonically with t to a maximum
value of 1 corresponding to no Z-SS at monomer j surviving chain fracture. Finally, for a chain
of any DP, regardless of how the force and Z-SS are distributed along it p(m, Pss, t) decreases
with t from close to infinity at stretching times that are too short for chains to fragment at
any appreciable extent ([T%; Sgqq (i, m,t) =1) to O at long stretching times when the

fragmentation probability of the chain approaches 1, even if some Z-SS survive fragmentation.

Third, we developed a general approach of converting reaction probability distributions
(RPDs), regardless of how they were derived, to time-dependent compositions of the
sonicated solutions. RPDs, exemplified by Eqgs. 6-7, define product selectivities of
mechanochemical reactions happening in sonicated solutions but not the rates of changes in
the bulk compositions (i.e., they are stoichiometric coefficients of the bulk reactions, e.g., Egs.
4-5) because Eqgs. 6-9 only apply to overstretched chains, whereas the bulk rates measured
experimentally also include probabilities of each chain to become overstretched. The latter,
which necessitates macroscopic modeling of a sonicated solution, was not the goal of the
current study. Consequently, to convert RPDs to time-depended bulk compositions for
comparison with experiment we used experimentally measured bulk fragmentation rate as

described below.

The macroscopic kinetics of SS isomerization in intact chains and of chain fracture are
independent (i.e., mathematically, the measured bulk rate constant of fragmentation is
unaffected by the measured bulk rate constant of isomerization in intact chains; at the
microscopic level the two reactions result from the same physical process, which explains why
the two sets of macroscopic rate constants are empirically correlated, Fig. 2d). Consequently,

our simulations of the bulk compositions of sonicated solutions treated SS isomerization in
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intact chains differently from chain fracture (with or without isomerization). The time-
dependent fraction of intact chains containing E-SS was determined analytically using the rate

constants defined by Eq. 10:
kiso'(m, Pgs) = k' (m){p(m, Pgs)) (Eq.10)

Where kffit(m) is the unimolecular bulk rate constant for depletion of a chain of DP = m
obtained by fitting the experimental kf vs. mass correlations (Fig. 2c, main text), () signify
sample-averaging over all sets of microscopic parameters that contribute to the

mechanochemical reactivity of chains of the same mass and SS distribution.

Conversely, modeling the evolution of mass-dependent fractions of Z-SS, yz requires
numerical propagation of a system of coupled linear differential equations for Eq. 4-5 (and
the equivalent fragmentation of SS-free fragments). Because each reaction yields multiple
products and each component is generated by multiple reactions, the overall kinetics cannot

be expressed as close-form integrals.

The number of chains of each DP that fracture over a finite timestep Atis determined by a set
of kifi{(DP) constants (represented below as an (DPmax-1)x1 vector, K, such that K(j)=k/(j+1),
DPmax is the DP of the largest chainin the intact sample). The product mixtures generated by
depletion of these chains are described by Egs. 4-5 (plus the fragmentation of SS-free chains),
with each equation’s contribution determined by the fraction of the corresponding reactant
chain in the reactant mix consumed during At. Consequently, our modeling of the bulk
composition of sonication solutions of polymers 1c-4c and 1o-50 required systematic
application of Egs. 4-5 to every component of the sonicated mixture at every timestep of the
simulation. The stoichiometric coefficients in Eqgs. 4-5 are defined by suitably averaged
distributions of microscopic reaction probabilities along the overstretched segment/chain for
each component of the reaction mixture. Whereas fragmentation and fragmentation—
coupled isomerization RPDs are independent of the bulk composition of the solution,
isomerisation/fragmentation selectivities, p, depend on the distribution of Z-SS in the intact
chains, which changes with sonication time. Within the dynamic model, the sample-average
selectivity (p) for 1c decreases by 7% across the sonication timescale, which is too little to
affect the accuracy of the simulated yz; 1c has the largest ki/ks ratio, so for all other samples,
the error is even smaller. The Matlab code for converting an arbitrary set of mass-dependent
distributions of microscopic reaction probabilities along chains into bulk compositions using

this approach is provided below.
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If only the evolution of the mass distribution is of interest, it can be simulated much more
efficiently using Eq. 11 which describes the number of chains of each DP in a sonicated

solution at time step i+1, CDi+1:
CD;;; = [P(CD;(2:DP,,4,) © K)At; 0] — [0; CD;(2: DP,py) © (1 — KAL)] (Eq.11)

Where CDi is an mmaxx1 vector of the number of chains with DP from 1 to DPmax (DPmax is the
largest chain of the intact sonicated sample), P is an (m-1)x(m-1) upper triangular matrix of
the normalized sample-average distributions of fragmentation probabilities along the
backbone of chains with DP from 2 to DPmax(eq. S6); At is the timestep of the simulation (such
that K(DPmax)At <0.002, although larger timesteps can be used to reduce the computation
time at the expense of accuracy of compositions) and ° is the element-wise (Hadamard)
multiplication. Note that Z{:Zl P(i, j) = 2 for any j because each chain fracture produces two
chains; as a result, the number of chains in the solution grows during sonication (the mass
balance is preserved because smaller chains have fewer monomers, i.e., (1: DPmax)CDi =

constant for any i)

0ifi>]

P@j) = {<meg<i,j)> ifi<)

J
(s11)  and Z P(i,)) =2 (Eq.12)

i=1
Expressing observed changes in the composition of a sonicated solution in terms of sample-
averaged distributions of weighted-sums of microscopic reaction probabilities along the
polymer backbone (sRPDs) instead of the microscopic parameters that control chain
overstretching offers both conceptual and practical advantages. An example of the former is
decoupling of the experimental timescales from the timescales at which individual
overstretched chains react. An example of the latter is the computational efficiency which
exploits the fact that for any model of chain overstretching considered here, generating an
sRPD from any combination of model parameters is orders of magnitude less computationally
intensive than converting an sRPD to the bulk composition at any sonication time. Thus, if the
sRPDs corresponding to the measured bulk compositions are known, finding model

parameters that would generate such sRPDs is fairly simple.

Whereas generating MMDs and mass-dependent yz from any pair of
fragmentation/isomerization sRPDs is conceptually and technically straightforward (if
computationally demanding), the inverse transformation of experimental MMDs and yz to
the wunderlying sRPDs remains unknown. Consequently, the greatest challenge in
parameterizing a model is to guess the underlying sRPDs, confirm that they indeed reproduce
the experimental results and then identify model parameters that reproduce these RPDs as

closely as the model allows.
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Parameterization of the models
A parameterized model has at least a single set of model parameters that reproduces the
observed changes in MMDs and yz as closely as the model allows, while satisfying 3 general

criteria:

1. A model parameter can either be chain-size invariant or change with chain-size
monotonically; the dependence on the position along the chain backbone, if it exists,
should be unimodal (i.e., to display no more than a single maximum or minimum,
which need not coincide with the chain centre).

2. All chains of the same size experience the same microscopic conditions, regardless of
the presence of SS or its location.

3. The observed macroscopic response likely reflects a complex combination of
microscopic conditions, requiring a weighted-average of multiple sets of model

parameters for chain of eachsize.

Overstretched-chain model: time-independent force distributions.

In the standard model every monomer of an overstretched chain is under force, which is at
the maximum at the chain centre, fmax, and decreases to 0 at the chain termini quadratically
with the fractional distances from the chain centre. The reactivity of the overstretched chain
is governed by two model parameters: fmax and how long the chain is maintained in the
overstretched state, tstretch. Consequently, we calculated matrixes Pfrag(DP) and Piso+frag(DP) of
time-dependent distributions of microscopic reaction probabilities (Egs. 6-7 define individual
elements of these matrixes) corresponding to fmax 0f 4.8, 5.2,5.5, 5.6, 5.7,5.8, 5.9 and 6.0 nN
for chains of DP =100, 250, 500, 750, 1250, and 2000 (a total of 48 fmax/DP combinations). For
each such combination the longest stretching time, tmax, was chose to be 5 us or the time
needed to reduce the survival probability of the chain against fragmentation to 0.001,
whichever time is shorter. For each DP we identified pairs of fmax/t parameters that produced
unique combinations of the pairs of fragmentation/isomerization reaction probability
distributions (RPDs). We considered any two RPDs of the same type (fragmentation or
isomerization) distinct if their FWHH varied by at least 0.01DP, rounded to the closest integer
(all distributions are centreed in this model). The reason is that identical RPDs yield identical
simulated MMDs and yz, regardless of the underlying model parameters. For each unique pair
of fragmentation/isomerization RPDs we also calculated isomerization/fragmentation
selectivities, p(DP, Pss), for three generic Pss distributions (PCss, P°lss, P°2ss), obtained by
averaging SS distributions in 1c-4c (PSss), in 10/30 (P°lss) and in 20/40 (P°%ss). Some identical

RPD pairs yielded slightly different p(DP, Pss) values: the maximum variation was 6% for the
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centred SS distribution and 3.5% for off-centre distributions, which we ignored in initial

parameterization.

In theory, the simplest strategy of parameterizing a model is to fit measured yz of each 1c-4c,
1lo-50 individually and then use suitable regression of the resulting [fmax, tstretch] pairs with
respect to chain DP to define parameters that satisfy the 3 criteria above. This approach is
however unsuitable for the standard model because such [fmax, tstretch] pairs are so sensitive
to the location of SS in the sample (Figure 19a-b) that fitting them to a single DP-dependence

yields much poorer agreement with the experiment that aniterative 4 step procedure:

1. Estimate chain-size dependence of fmax and tstretch that best fits the experimental data.

2. Convert these estimated fmax(DP) and tstretch(DP) correlations to corresponding RPDs
and systematically adjust these RPDs to reproduce experimental yz with the minimal
total residual (fragmentation RPDs were largely insensitive to fmax and tstretch, making
MMDs useless for model parameterization).

3. Identify the pairs of [fmax, tstretch] values corresponding to the optimized RPDs and fit
them to single fmax(DP) and tstretch(DP) functions.

4. Calculate the final set of RPDs corresponding to these functions.

We estimated size-dependence of fmaxand tstretch by first simulating measured yz for 1c-3c,
20-40 under the assumption that within each sample, the mechanochemical reactivity was
independent of the chain size and thus captured by a single pair of
fragmentation/isomerization RPDs of the DP of 250 (1c), 500 (2c, 20), 750 (3c, 30) and 1250
(40) using the appropriate Pss distributions (Pss for 1c-3c, P°%ss for 30 and P°%ssfor 20/40). We
simulated each yz for every RPD of the corresponding DP whose p(DP, P¢ss) values were below
2.2, 1, 0.7 and 0.6 for DP = 250, 500, 750 and 1250; the reason for this cutoff was that at
higher p values, Z/E isomerization in intact chains with centrally-positioned SS was
unacceptably fast. In addition, for every RPD with p(DP, P¢ss) below we alsocalculated yz using
K™ (DP, Pgg) defined by Eq. 13 (instead of Eq. 10, which underestimated the rate of
isomerization of intact chains for p(DP, P¢ss) below the above thresholds), where &(DP) is a
fitting parameter that gives the desired rate of isomerization of intact chains. Eq. 13 describes
a scenario of the bulk macroscopic response arising from at least two subpopulations of
chains of each DP, one in which a fraction of the overstretched chains fractures by the time
the load dissipates, and the other in which some overstretched chain isomerise, but none
fractures. The former accounts for &(DP) fraction of the mechanochemically reacting chains
and is characterised by microscopic parameters fmax and tsiretch and microscopic
isomerisation/fragmentation selectivity of p. The latter accounts for 1-§(DP) fraction of the

reacting chains and corresponds to any combination of fmax and t for which
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177, Sfrag G, DP,t) = 0.9999 but ¥, Pss()(1— Sis, (i, DP, 1)) < 0.9. Because an infinite
number of fmax/t combinations satisfy these conditions, the values of fmax/t for the

isomerization-only subpopulations cannot be specified.

ki (DP, Pgs) = k) ”(013)( (DP, Pss)+ (1+ p(DP, Pss)) (E(D B 1)) (Eq.13)

Second, we calculated the norms of the residuals between each calculated yz and its
corresponding measured Yz, scaled by the corresponding DP. From this dataset we estimated
the likely monotonic dependences of fmax, tstretch and & on DP that best reproduce the
experimental data within the standard model, while complying with the 3 criteria articulated
above. Third, we converted these dependences to RPDs at DP = 100, 250, 500, 750, 1250,
2000 and 3000, which served as the initial-guess RPDs for subsequent LSFs of multiple sets of
experimental yz simultaneously. Note that although all RPDs are initially calculated as
functions of the number of monomers from a chain terminus (the i variable in Egs. 6-7), for
all simulations of the experimental data that assume chain-size dependent reactivities, all
RPDs are expressed in terms of fractional distances. A pair of such fractional—distance RPDs
for 2 chains of different DPs can be used to estimate RPDs of a chain of any intermediate DP

by interpolation.

We further optimized these monotonically DP-dependent isomerization RPDs by
simultaneous non-linear LSF to a combination of experimental yz using the ga function of
Matlab. In these optimizations each guess RPD, and the corresponding & guess were scaled
by a factor, which were varied systematically to minimize the total residual; the range within
each fitting scaling factor was allowed to vary was conditionally bound to ensure monotonic
DP-scaling of the optimizing RPDs. Fracture RPDs were assumed to be DP- independent, and
chains of each DP were assigned their own isomerization RPD, obtained by linearly
interpolating pairs of the optimizing isomerization RPDs (isomerization RPD for DP = 100 was
used for chains with DP<100). Isomerization RPDs for DPs up to 1250 were optimized against
experimental yz for 1c-3c + 10-30 starting with initial-guess RPDs at DP = 100, 250, 500, 750
and 1250, and using 10 fitting parameters (5 for RPDs and 5 for corresponding ). Next, we
used these converged isomerization RPDs and the corresponding & values, to optimize
isomerization RPDs at DP=1250-2200 by applying the same procedure to a set of experimental
Xz for 3c + 30-40, with initial-guess RPDs at DP = 1250 and 2000 (and the corresponding &
guesses) and 4 fitting parameters (two for RPDs at 1250 and 2000 and two for  at the same
DPs).RPDs and & at DP between 2200 and 3000 were assumed to scale with DP with the same
coefficients as those for optimized RPDs at DP 1250 and 2000. Breaking the full complement

of experimental yz was necessary to make LSFs computationally feasible: fitting the complete
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dataset of experimental yz simultaneously would have required at least 3 weeks of
continuous calculations with >600 Gb of RAM, a level of computational resources that was

not available to us.

We then found all [fmax, tstretch] combinations corresponding to the optimized RPDs at DP of
100, 250, 500, 750, 1250, 2000 and 3000 by interpolating the set of unique RPDs calculated
for the 48 fmax/DP combinations described in the opening paragraph of this section and
selecting for each DP a single [fmax, tstretch] pair that most closely followed a smooth monotonic
function on DP. The final set of pairs of [fmax, tstretcn] (Figure 24) was obtained by moving
averaging of interpolated fmax and tstretch to values at DPs from 100 to 3000 in increments of
50. The final set of RPDs (Figure 25) and the corresponding predicted MMDs and yz (Figure

26) were calculated from these smoothed [fmax, tstretch] pairs using the standard procedure.
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Figure 24 — DP-dependent parameters of the 2 reported models: overstretched-chain and time-

independent overstretchedsegment: (a) teeicn; (b) fmax (€) the fractionsof mechanochemically reacting

chains that experience the microscopic conditions shown, &(Eq. 13) (red) and (overstretched segment

only) fractionallength of the overstretched segment at the terminus (blue; the fractionallength of the
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overstretched segment centreed at the chain centre was 0.5 at all DPs) and; (d) for the overstretched
segmentonly: standard deviation of the Gaussian probability of each monomerto be at the centre of

the overstretched segment, o, Eqs. 14-16.
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Overstretched-chain model: time-independent loading rate distribution.
We calculated fragmentation and isomerization RPDs for chains with DP = 250, 500, 750,

1250, 2000, following the procedure described above for maximum loading rates, Umax, of 5,
2,1 mN/s, 0.05, 0.02, 0.01, 0.8, 0.5, 0.2, 0.1, 1, 2,3, 3.5, 4,4.5, 5,5.5 and 6 N/s until either

the total survival probabilities of each chain decreased to 0.001, or for 5 ps, whichever is

shorter. For all values of DP and umax, the loading rate of monomers away from the centre

decreased quadratically with the fractional distance between the monomer and the chain

centre. We then identified unique RPDs from this set and compared them to unique RPDs

calculated for the time-independent force distributions. The lack of any new RPDs in this set

suggested to us that the MMDs and yz calculated above represent the best achievable

agreement with the experiment for fully overstretched chains.
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Overstretched-segment model.
In this model, each reacting chain is characterized by at least 4 chain-size dependent

parameters: fmax, tstretch, DPos (the number of monomers in the overstretched segment) and o
(the standard deviation of the normal distribution of probabilities of each monomer to be at
the centre of the overstretched segment, Pcentre(i)). We approximated Pcentre(i) by a Gaussian
function because of its computational flexibility, which allowed diverse distributions, from
nearly uniform (a stretched segment is equally likely to be centred at any position along the
chain that is removed from the terminus by half the segment width) to nearly d-function (the
centre of the stretched segment coincides with the chain centre) to be generated and tested
by varying a single parameter (o). Within each overstretched segment, the force decreased

guadratically with the fractional distance from the segment centre to 0 at segment termini.

In this and the dynamic model discussed below, RPDs describing the reactivity of a single
randomly selected chain (microscopic RPDs, or uRPDs) are distinct from RPDs that underlie
the observed changes in the bulk composition (sample RPDs, or sRPDs). The latter are sums
of the former weighted by the probability of each uRPD to occur in the bulk sample. For
example, the relative sample-average probability of a dissolved chain of m monomers to
fragment by dissociation of its it" monomer (as opposed to by dissociation of any other
monomer), SPfrag(i,m), is given, in the simplest case of the length of the overstretched
segment, DPos, being independent of the location of this segment along the chain, by Eq. 14,
where UPfrag(i-j+ DPos/2, DPos) is the probability that the chain with an overstretched segment
of the length DPos centred at jth monomer fragments at the location i-j+ DPos/2 monomers
from the edge of the overstretched segment, which is it monomer of the whole chain (see

Egs. 6-7 for the mathematical definitions of uRPD elements, Px(i,m)).

m DP _(}._%)2
27 by, Prrag (i—j+52,DR,)e™ 7 -
SPprag(i,m) = —2 — (Eq.14)
mo (-3
) jDPas® 7

2

To parameterize this model, we fist calculated time-dependent microscopic fragmentation
and isomerization uRPDs for fmax of 5.2, 5.5, 5.6, 5.7, 5.8 nN for DPs between 25 and 1400
(corresponding to overstretched segments of 0.1, 0.2, 0.3, 0.4, 0.5 and 0.7 of the size of the
full chain with DP = 250, 500, 750, 1250, and 2000), for a total of 150 fmax/DP combinations.
Only URPDs corresponding to tstretch in the following limits were retained: the shortest tstretch
was when the total fragmentation survival probability of the segment reached 0.999

(127 Sfrag (i, DP, tin) = 0.999) and the longest was either 5 ps or satisfied the condition
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172, Srag (i, DP, g, ) = 0.001, whichever is shorter. For each DP, we selected all unique

pairs of fragmentation/isomerization RPDs, as defined above.

We generated the initial guess of DP dependences of the model parameters by fitting
observed MMDs under the assumption that each sample-specific set of observed MMDs can
be reproduced with a single DP-independent fragmentation sRDP. These sRDPs were
combinations of uRPDs (e.g., Egs. 14-16) corresponding to DPos of 25 — 175 for 1c; 50 — 350
for 10 and 2c; 75—525 for 20, 30 and 3c; 125 — 875 for 40; 200 — 1400 for 4c and 50. Because
simulating MMDs alone, using Eg. 10, is 100 — 10° times faster than simulating corres ponding
Xz for the same sample, and for each experimental sample we had to consider <50 unique
fragmentation URPDs (which includes all tested fractional segment lengths), we could test
three physical scenarios that define the relationships between microscopic and sample-
average RPDs. The first scenario postulated that the microscopic parameters (fmax, tstretch and
DPos) were independent of the location of the overstretched segment along the chain
backbone, i.e., each sSRPD was made of a single uRPD (Eq. 14). In the second, the microscopic
parameters (fmax, tstretch and DPos) varied linearly with the distance between the centre of the
overstretched segment and the chain centre; this dependence is defined by a pair of uRPDs,
corresponding to the overstretched segment at the terminus (P'™fag) and at the centre
(Peentreq e, eg. 15) and their length, DPos and DPos®®", In the third, the sample average
fragmentation probability distribution, sRPD represented two subpopulations of fragmenting
chains, with relative chain fraction of ¢ and 1-¢, each subpopulation being characterized by

its own location-independent uRPD, DPos and ¢ (Eqg. 16).
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For each set of experimental MMDs we parameterized Eqgs. 14-16 for all respective unique
URPDs (scenario 1), or all pairwise combinations of unique uRPDs (scenarios 2-3) by non-linear
LSFs. This yielded, for each experimental sample, a set of fragmentation sRPDs together with
their constituent microscopic parameters (single uRPD + & for scenario 1; a pair of uRPDs + ¢
for scenario 2 and a pair of uRPDs + &, ¢’ and ¢ for scenario 3), and a measure of how
accurately each sRPD reproduced the corresponding experimental MMDs (norms of the
residuals). For all fragmentation sRPDs with norms of residuals within 1.1 times that of the
respective minima we calculated corresponding isomerization sRPDs and sample-average
isomerization/fragmentation selectivities, (p).Because all these {p) were below experimental
ki/ks ratios (i.e., all SRPDs that best reproduced experimental MMDs also considerably
underestimated the measured rates of isomerization of intact chains) for each pair of
fragmentation/isomerization sRPD we performed non-linear LSF against experimental yz for
1c, 1o, 20, 3c and 30 to estimate corresponding & (Eq. 13), the fractional size of a
subpopulation of overstretched chains that contribute to isomerization of intact chains
without any contribution to chain fracture. These LSFs yielded norms of the residuals of the
corresponding isomerisation sRPDs. For samples 4c, 40-50, the analogous residuals were
calculated from simulated yz using experimental ki/ks ratios (Fig. 2, main text) to account for
the isomerization kinetics of intact chain, irrespective of the underlying isomerization RPDs
and their (p) values. The values of £ corresponding to these norms were obtained by Eq. 17,
where (ki/kf)exp is the experimental ki/ks ratio for each sample (4c, 40, or 50) at the

corresponding DP (2000 for 4c and 50 and 1250 for 40) and () signifies sample averaging.

-1
Gﬂ ~ (p(DP, Ps5))

exp

(p(DP,Pgs)) + 1

(&mp) = | +1]  (Eq.17)
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This procedure yielded a discretized set of correlations between norms of the residuals, sSRPDs
and the corresponding sample-averaged &. We used the same procedure described for the
overstretched chain model to estimate a sequence of monotonically DP-dependent sRPDs
and & that most accurately reproduce the whole complement of experimental yz sRPDs
obtained with the 2" scenario (microscopic conditions vary linearly with the location of the
overstretched segment along the chain backbone) gave the lowest estimated total norm of
residual. Consequently, all subsequent computations were limited to only these sRPDs. Again
using the procedure described above, we refined these DP-dependent isomerization sRPDs
and corresponding & by LSFs using the corresponding fragmentation sRPDs and o(DP)
estimated from the fit of MMDs.

The final set of sRPDs is shown in Figure 25, the corresponding time-lapsed MMDs and yz in
Figure 28 and DP-dependent model parameters (fmaxandtstretch forthe overstretched segment
at the terminus and at the centre; fractional length of the overstretched segment, DPos/DP,
at the terminus and the standard deviation of the Gaussian distribution of the probabilities of

each monomer to be at the centre of the overstretched segment, c) in Figure 24d.
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segment model.

Dynamic model.
In this model, each reacting chain is characterised by at least 5 chain-size dependent

parameters: tstretch, ks, kd, o and . The last4 parameters define the fractional length of the
overstretched segment at stretching time t, Aos; its fractional distance from a chain terminus
to its centre and its maximum force (Eqs. 18-S0, expressing fmax as a function of the fractional
length of the overstretched segment, instead of the absolute length as in the main text

simplifies computations by minimizing variations of a and 3 with DP).
Ados = (1 —e7kst)  (Eq.18)

1 — e~ Ukstk)t

8os = ——5—— (£q.19)

fmax = (a+ ﬁt)(l - e_kst)z (Eq.20)

The flexibility of the dynamic model offers an opportunity to identify true sRPDs that underlie
the observed mechanochemical selectivities. The attendant challenge is that the shapes of
these RPDs are not constrained as they are in the standard models. Because of the narrow
distribution of SS in individual polymer samples 1c-4¢ and 10-50, each sample reports on only
a portion of the isomerization sRPD. Consequently, we had to adopt a more complex iterative
approach to derive true sRPDs. In all these steps, sRPDs are expressedin terms of the distance

from the chainterminus at which the overstretched segment originates.

First, we selected, among all isomerisation sRPDs generated during parameterization of the
overstretched segment model described above the two sRPDs that most accurately

reproduced experimental yz for 1c and 20 (these have the largest difference in the most
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probable location of the SS), individually. We did the same for fragmentation sRPDs, which
we then averaged because the fragmentation RPDs in the standard models have weak chain-
size dependence. We ignored the fact that the sets of parameters of the overstretched
segment model that yielded the two bestisomerization sRPDs were different from the model-
parameter sets than underlay the two best fragmentation sRPDs, because we were only
interested in sample-average RPDs corresponding to experimental results, not the underlying

microscopic conditions.

Second, we used these isomerisation sRPDs as starting guesses for a non-linear LSF of a
combination of experimental yzsets for 1c-2cand 10-30 under the following assumptions: (a)
fragmentation sRPDs were chain-size invariant; (b) the isomerisation kinetics of intact chain
was determined by experimental ki/ks ratios (Fig. 2, main text), irrespective of the
corresponding sRPDs; (c) DP specific isomerisation sRPDs were determined by linear
interpolation of isomerization sRPDs at DP = 250 and DP = 750, which were the fitting
parameters to minimize the residual (isomerization sRPDs at DP <250 were DP-independent).
To allow desymmeterization of the initial-guess sRPDs, which was essential for improving the
agreement with experimental Yz, each isomerization sRPD was represented by 19
isomerization probabilities at fractional distance from a terminus of 0.05 to 0.95 in 0.05
increments, which were allowed to vary independently, albeit within conditional boundaries

to maintain a unimodal distribution.

The converged asymmetric isomerization sRPDs (which we call 1%t-generation true
isomerization sRPDs) yielded simulated yz in much better agreement with the experiment
than those obtained within the standard models. However, they also were incompatible with
the symmetric fragmentation sRPD used in these simulations, i.e., no combination of model

parameters could yieldthe employed fragmentation and isomerization sRPDs simultaneously.

Third, we identified fragmentation sRPDs that matched the 1°!-generation true isomerization
sRPDs atDP =250 and 750. We started by generating uRPDs for all combinations of the model
parameters drawn from the range: ks = [0.05, 0.55] us; o =[0, 1] uN; B =[0, 1] N/sin 0.1, 0.2
and 0.1 increments, respectively. The distribution of force within each overstretched segment
was determined by the ball-and—spring model with fmax located at the centre of the
overstretched segment at each timestep. For each set of [ks, a, B] LRPDs were calculated for
kd between 0 and 7.5 ps™ and the longest stretching time, tmax, of either 5 ps or that satisfied
the equality ]'[?fl Sfrag (i, DP, tyg,) = 0.001, whichever is shorter. However, in all
deconvolutions of estimated sRPDs, for each set of [ks, o, B] parameters we only used uRPDs
for combinations of kd and tstretch such that fmax was located at the distance from the terminus
of 25, 40, 55, 70, 85, 100 or 115 monomers (for chain with DP = 250), or 45, 95, 145, 195, 245,
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295 or 345 monomers (for DP = 750) and the total survival probability of the chain against
fragmentation, [17F, Sfrag (i, DP, t) of either 0.999, 0.01, or any value between 0.1 and 0.9 in
0.1 increment. This provided sufficient sampling of the full complement of uRPDs at all
physically meaningful values of [ks, o, B, kd, tstretch] without creating an intractably large
combinations of URPDs to test. We confirmed that linear interpolation of pairs of uRPDs
corresponding to fmax at the selected locations yielded usefully approximations of pRPDs
corresponding to fmax at all other fractional distances between 0.1 and 0.49. Unlike pRPDs

generated by the standard models, all those in the dynamic model were unique.

We fitted the 15t generation true isomerization sRPDs for each of the two DPs (250 and 750)
to weighted sums of up to 14 isomerization URPDs corresponding to each pairwise
combinations of [ks, o, B, tstretch] parameter sets. We then calculated the corresponding 1%
generation fragmentation sRPDs as sums of fragmentation pRPDs for the pair of microscopic
model parameters that most closely reproduced the 15t generation true isomerisation sRPDs,
assigning each fragmentation pRPD the same weight as that of the corresponding

isomerisation pRPD.

Fourth, we used this pair of the 15t generation fragmentation sRPDs to optimize the 2™
generation true fragmentation sRPDs at DP 100 — 1250 by non-linear LSF of experimental
MMDs of 1c-3c and 10-40 collectively (the number-averaged degrees of polymerization, DPy,
of these samples varied from 240 for 1c to 1300 for 40). We used sRPDs at DP = 100, 250, 500,
750 and 1250 as fitting variables. The initial guesses of the sRPDs at DP = 100, 500 and 1250
were generated from the 15t generation true fractional fragmentation sRPDs at DP = 250 and
750 (P}mg (1, 250) and P}mg(t,750)) by eq. 21, where 1 is the fractional distance from a

terminus and * signifies that the distribution is in terms of fractional rather than absolute

distances.

SPf1ag(4,750) — sPf,,(1,250)
500
+1.55P}q4(,250) (Eq.21)

SPfrag(L DP) = DP — 0.55P},4,(1, 750)

As above, each fragmentation sRPD contained 19 fragmentation probabilities for a total of 95
fitting parameters against ~17500 independent observables. The range within which each
fitting parameter could vary was constrained conditionally to ensure that each sRPD remained
unimodal and to avoid non-monotonic scaling of any part of sSRPDs on DP. sRPDs at DPs other
than those of the fitting sSRPDs were obtained by linearly interpolating the suitable pair of the
fitting sRPDs, except that the fragmentation sRPDs at DP<100 were assumed to equal sRPD

at DP = 100. All fragmentation sRPDs were renormalized to 1 at every iteration.
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Fifth, we fitted the 2"d generation true fragmentation sRPDs for DP = 250 and 750 to weighted
sums of up to 21 uRPDs (corresponding to all combinations of three sets of [ks, o, B, tstretch]
parameters) for ks = [0.05, 0.3] us?; a =[0, 1] uN; B = [0, 0.5] N/s in 0.05, 0.1 and 0.05
increments (for DP = 750 and 1250 ks was limited to 0.2 us™). For DP = 1250 we used 36 uRPDs,
with each [ks, o, B] combination contributing 12 uRPDs corresponding to fmax located at every

50t monomer up to 600" monomer.

We repeated step 4 with model-fitted fragmentation sRPDs at DP = 250, 750 and 1250 to fit
experimental MMDs of 4c, 40 and 50 collectively (experimental DP» from 1300 to 2250) using
sRPDs at DP = 2000 and 3000 as the fitting parameters (the inclusion of 40 in both sets of LSFs
ensured internal consistency). The initial guesses were generated by Eq. 21 but using sRPDs
at 750 and 1250, and each fitting SRPD was represented by 36 fragmentation probabilities at
fractional distances of 0 to 0.7 in 0.02 increments (sRPDs at fractional distances >0.7 were set
to 0). Using model-fitted sRPDs at DP = 250, 750 and 1250, instead of the equivalent sRPDs
generated directly in step 4, ensured stable convergence. We deconvoluted the converged
fragmentation sRPD at DP = 2000 to constituted pRDPs using the same procedure as for DP =
1250 described in the preceding paragraph.

Sixth, the final round of refinement of the true sRPDs was performed by fitting both MMDs
and yz simultaneously. We first refined sRPDs at DP = 100, 250, 500 and 750 by fitting MMDs
and yz of 1c-2c and 10-20, collectively. We then used the converged sRPDs at these DPs to fit
MMDs and yz of 3c and 3o, collectively to refine sRPDs at 1250. Finally, sSRPDs at DP = 2000
and 3000 were estimated from MMDs and yz of 40-50. In all LSFs, residuals of MMDs were
assigned a 50-times greater weight than residuals of yz because of the different dynamic
range of mass fractions (~¥103) and Z-SS fractions (0.5). Unlike previous LSFs of the
experimental data, the fitting parameters were not probabilities, but scaling factors of
individual probabilities of sRPDs at the “reference” DPs (a subset of 100, 250, 500, 750, 1250,
2000 and 3000, depending on the combination of experimental samples). These scaling
factors were constrained to [0.9, 1.1] for sRPDs at 250, 750, 1250; [0.85, 1.15] at 2000 and
[0.8, 1.15] for 100 and 3000, and were additionally constrained at individual iterations to
ensure unimodal distributions, monotonic DP-dependence of probabilities and isomerisation
probabilities not exceeding 1. The reference isomerisation sRDP at DP = 100 was the model-
fitted 2"d generation true isomerisation sRPD at DP = 250 multiplied by 1.12; that at DP = 500
was weighted average of model-fitted isomerization sRPDs at DP = 250 (0.65) and 750 (0.35);
and at DP = 3000 was obtained by multiplying model-fitted 2" generation true isomerisation
sRPD at DP = 2000 by 0.9. In each iteration, sRDPs at intermediate DPs were obtained by
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interpolation of the reference sRPDs at that iteration, except for DP < 100, which were
assumed to equal sRDP at DP = 100.

The converged pairs of fragmentation and isomerisation sRDPs at DP = 250, 750, 1250 and
2000 were refitted to weighted sums of corresponding URDPs. Pairs of sSRDPs at DP = 250 and
750 were fitted to weighted sums of up to 28 uRDPs, corresponding to all combinations of 4
[ks, o, B, tstretch] parameter sets specified above; DP = 1250 to sums of 48 uRPDs; and for DP =
2000 to sums of 57 uRPDs. In all fits, the each pair of the fragmentation and isomerisation
URPDs corresponding to the same combination of the model parameters had the same
weight. The residuals of isomerisation sRPDs were assigned 50-fold higher weight than those
for fragmentation sRPDs. We didn’t attempt to parameterize the model for DP = 100 because
the experimental data is least sensitive to sSRPDs at this DP, making the derived true sRPDs at
DP = 100 least accurate of all true sRPDs derived here. Parameterization of the model for DP

= 3000 is computationally unfeasible at this time.

In the final parameterization step, all uRPDs contributing >0.1% to sums that gave the 20
lowest norms of residuals for each reference DP were used together to fit the corresponding
true sRPDs, reducing the resulting norms of the residuals by 1.6 — 2.2 times compared to the
use of any combination of 28 — 57 uRPDs drawn from 3-4 sets of [ks, a, B, tstretch]. This
improvement supports our hypothesis that the observed changes in the bulk composition of
sonicated solutions reflect a broad range of microscopic conditions experienced by the
reacting chains. The likely reason that the same approach of weighed sums of multiple pRPDs
representing several distinct sets of microscopic conditions does not improve the
performance of the standard models is the high degree of similarity among pRPDs

corresponding to diverse parameters of the standard models.

Finally, fragmentation sRPDs at DP = 250, 750, 1250 and 2000 obtained by fitting to uRPDs
and at DP = 100, 500 and 3000 obtained in step 6 were smoothed by fitting each to a sum of
2 sigmoidal functions. The equivalent isomerisation sRPDs were smoothed by moving
averaging their derivatives with respect to the distance from the terminus, integrating the
result and rebinning it to give probability vs. fractional distance suitable for simulating MMDs

and yz (Figure 28).

The relationship between the sample-average distributions of mechanochemical reactivities
(Fig. 24) and the observed mass-dependent yz appears to be unique and independent of a
specific model. Conversely, the empirical nature of the equations underlying the model makes
the fitted model parameters significant only insofar as they allow the experimental

measurements to be related to the physical microscopic conditions experienced by the
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mechanochemically reacting chains (Figure 31). Since mechanochemical reactivity at fmax<2.5
nN is too slow to detectably alter the bulk compositions of sonicated solutions, the converged
distributions of the model parameters are only valid for chains experiencing fmax>2.5 nN. It
seems plausible that the same distributions of the microscopic parameters could be produced
by other (yet unknown) microscopic models with their own distributions of model

parameters.
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Figure 30 - Discrete distributions of the fitted parameters of the dynamic model. (a) the rate constant
of the growth of the ovestretched segment, k,; (b) the rate constant of drift of the overstretched
segmentalong the backbone, k; (c) the time-independent proportionality constant between maximum
force, f..», and the fractional length of the overstretched segment, «; (d) the time-dependent
proportionality constant between the maximum force, f ..., and the square of the fractionallength of
the overstretched segment, f. These distributions have been derived for overstretched chains with f
>2.5 nN: the model is unparameterizable by fitting to experimental MMDs and y; at lower forces,
because the underlying mechanochemical reactions are too slow to detectable affect the bulk
compositions. The distributions of ky were obtained by rebinning the fitted values into bins of 1 Bls™
width centreed at 0.5, 1.5, 2.5, 3.5 and 4.5 Bs™. The distributions are strongly cross-correlated so that
the probability of a mechanochemically-reactive chain to experience a specific combination of the 4
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model parameters does not equal the product of the fractions of chains experiencing the same

parametervalues individually.
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and y; but were generated by interpolation instead of parameterization of the dynamic model. (¢)
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fractured, p, (circles) averaged over duration of sonication. Solid lines are LSFs of experimental k /ksfor
1c-4¢, 10/30 and 20/40. In contrast to the literature models, fragmentation-independent isomerisation
probabilities and p are not independent descriptors of mechanochemical reactivity in the dynamic
model. Instead, they derive from the microscopic fragmentation and fragmentation-coupled
isomerisation probabilities according to eqgs. S8-59. Consequently, these were not optimized, nor used
explicitly in simulating y, and are shown here for illustrative purposes. The additional empirical
parameter, & required by the literature models (eq. S13 and S17), makes p independent of the
fragmentation and fragmentation-coupled isomerisation probability and makes fragmentation-
independentisomerisation probability undefined. All distributions have the bin size of 0.002.
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3. The mechanochemistry of functionalised biphenyls: exploring
mechanosensitive torsion angles to force £E>Zalkene isomerisation and

reversibly release protons.

Preface to remaining chapters
The majority of the mechanochemistry literature details the force sensitivity of irreversible

covalent bond breakage and formation.> The most common examples of the latter are in
powder mechanochemistry for which hundreds of examples of ball milling induced covalent
bond formations are known.'°® The former is most associated with polymer
mechanochemistry due to the established acceleration of covalent bond scission during
polymer chain stretching both in solution and in solid materials under macroscopic
loads.®7:109110 Sych covalent bond scission typically becomes prominent only at high forces
(2-5 nN).2

The mechanochemistry of non—covalent interactions is also well explored with multiple
reports of force—induced changes occurring in supramolecular structures, such as the
breaking of weak interaction during SMFS controlled protein unfolding,'!!the conformational
flips observed when chains of sugars are stretched, 2 or the formation of non—covalent bonds
upon ball milling induced crystallisation.113 With a single exception,''* studies of small
molecules undergoing highly localised reversible conformational changes are absent from the
literature despite the desirability of materials that produce a highly sensitive, rapidly
reversible and reusable chemical response to force. Such mechanosensitive materials could
have applications in robotics as force detectors and enhance our understanding of equivalent

processes in biology.

Mechanosensitive ion channels conserved across a wide range of organisms illustrate the
importance and utility of force—induced conformational rearrangements.11> Specifically, the
Pizeol ion channel has been widely studied for the last few decades because of its importance
in numerous pathologies and its fundamental role in many of the basic sensing abilities of
organisms, such as detecting touch and sound. Although the exact mechanism of transducing
force into signal remains to be fully enumerated, there is agreement that temporary, highly
mechanosensitive conformational changes underlie its function. The force stimuli is thought
to be channelled to the Piezol gate by either the surrounding lipid bilayer or local filaments
and cytoskeletons, which change electrical potential across the membrane by opening ion
channels.118117 The jon channel gates are rapidly shut upon the removal of force with the

channel assuming its unstrained conformation (Figure 36).
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l Force from lipid

Force
removed

Figure 36 — Mechanosensitive ion channels enable force detection in living organisms. A cartoon
representation of the mechanism of force detection in living organisms. The force is shown as being
transduced to the ion channel from the lipids, but other mechanisms are proposed .1'®

Designing tractable model systems that mimic this force—sensitive reversible conformation
change has the potential both to produce new materials with mechanotuneable chemical
properties and allow insights into the mechanism that channel force transduction into a
cellular biochemical response.

Figure 37 shows a biphenyl containing macrocycle (further explored in chapter 3), the
previously reported behaviour of which demonstrates that the highly force—sensitive torsion
angle of functionalised biphenyls makes them ideal candidates as simple models of how force

induced conformational changes influence chemistry.
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Figure 37— A previously reported macrocycle that has a mechanosensitive biphenyl torsion angle.’**
Multiple macrocycles of varying alkyl linker lengths were reported, only the shortest with the largest
forceonthebiphenyltorsion is shown here. The magenta arrows indicate the direction of force applied
to biphenyl by stilbene.

The macrocycles in Figure 37 can coordinate to a metal centre via their phosphine atoms. The
effect of applying force to the diphosphine biphenyls on the catalytic reactions occurring ata
metal centre bound to diphosphine substituents is well understood.114119.120 This molecular
motif allows two further mechanochemical exploitations of force modulating torsion angles.
First, the binding of a guest molecule to the 2,2’ substituents of a biphenyl can reduce its
torsion angle (y in Figure 38a) and thereby generate a compressive force on a rigid moiety
bridging the 4,4’ positions (magenta line Figure 38a) . Such compressive strain can alter the
reactivity of the bridging moiety (Figure 38b) shows a practically realised example presented

in chapter 3).

Conversely applying a tensile force to a suitable biphenyl chelating acceptor reduces its
affinity for guest molecules by destabilising small torsion angles needed for bidentate binding,
shown generically in Figure 38C, Figure 38D shows key components of a diamine explored for
this purpose in chapter 4. Controlling the release and uptake of small-molecule cargo with
force in a reusable material opens intriguing opportunities for exploitation and would
represent a departure from the existing examples of such delivery systems, which rely solely

on irreversible chemistries and can be used only once.121.122
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Here projects exploring these two concepts are described. Except for the work in chapter 3
for which | am responsible for computations only, | conducted all synthetic, experimental,

modelling and computational work.
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Chapter 3: Allosteric control of olefin isomerization kinetics and its

mechanochemical model.

Yichen Yu', Robert T O’Neill2*, Roman Boulatov>*, Ross A. Widenhoefer**, and
Stephen L. Craig®*.

'Department of Chemistry, Duke University, Durham, North Carolina 27708, USA.
2Department of Chemistry, University of Liverpool, Crown Street, Liverpool L69g 7ZD,
UK.

t equal contribution

ABSTRACT: Allosteric regulation underlies important phenomena in biochemistry and
information science. Allosteric control of reaction thermodynamics is well understood as
evidenced by the thousands of reported synthetic allosteric systems, largely focused on
controlling small molecule binding affinity. The kinetics of allosteric control is relatively
unexplored conceptually, with known examples exploiting simple on/off switching of catalysis
by off-site binding — few generalisable insights are available from such systems. Here we
describe a mechanochemical model of allosteric kinetics and test some of its key predictions
using small macrocycles. The model adapts the mechanochemical framework developed for
polymer mechanochemistry to the compressive regime which is reproduced in practice by
coupling the isomerisation of an olefin (stiff stilbene) with the torsion angle of 2,2’-
bis(diphenylphosphino)biphenyl. Metal binding to the diphosphine alters the force
transduced to the stilbene accelerating its isomerisation kinetics up to 10“—fold. DFT
calculations and modelling indicate changes in the relative stability of reactant and transition
state upon binding contribute more to AAG* than the relaxation of the constraining potential.
The model demonstrates the importance of understanding the properties of the constraining
potential, such as its stiffness and equilibrium geometry, in reactions under compressive load.
The work offers a starting point for a mechanochemical framework that enables quantitative

predictions of enzyme allostery in terms of structural parameters of stiff bioactive proteins.

Introduction
The central role of allosteric regulation in enabling life as we know it'23 and the fundamental

questions in information transfer, conformational dynamics?* and emergent properties that
allostery presents underlie continued effort to design synthetic molecules with allosteric
behaviour.12>126 Al|osteric control of reaction thermodynamics, particularly binding affinities
of small ligands, has been realized in thousands of synthetic molecules, and the design

principles of such receptors are well understood.127-12°
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In comparison, abiological examples of allosteric control of reaction kinetics are few.1?8 The
most productive approach to date has been to combine a known catalyst with a regulating
moiety for on/off control, with the catalyst in the on state retaining the properties of the non-
allosteric equivalent largely unchanged.13%131 Despite clever applications of such catalysts,
they are generally thought to offer only limited insights into how electronically-uncoupled
changes in local geometries of remote receptor sites lower activation reaction barriers below

those of non-allosteric equivalents.

Here we report a molecular scaffold that allows the acceleration of thermal isomerization of
an alkene (stiff stilbene, Figure 39) to be varied systematically up to 10*—fold in response to
fast binding of a metal ion to a remote receptor site. We used these observations to
demonstrate that the formalism of mechanochemical kinetics, generalized to compressive
loads, constitutes a productive approach to quantitative analysis of the structural and
energetic basis of allosteric control of reaction kinetics. We demonstrate that a simple model
explains quantitatively the experimental measurements by representing the remote binding
site as a harmonic spring that imposes variable compressive load on the substrate. By
decreasing the equilibrium distance of the spring effector, binding increases the load on the E
isomer without affecting the strain energy of the transition state. Our findings provide
quantitative support for a promising if controversial, “mechanical” picture of allosteric control
of enzymatic reactivity.

Results

In this work we used strained macrocycles comprising a 2,2’-Bis(diphenylphosphino)biphenyl
(BiPHEP) moiety as the effector binding site that bridges and constraints C6,C6" atoms of E-
stiff stilbene (the substrate) on the opposite side of the macrocycle (Figure 39). The
macrocycles were synthesized as Z isomers followed by preparative photoisomerisation and
separation to yield pure E congeners (Figure 39). The axial chirality of stiff stilbene and
BiPHEP132 means that our syntheses should yield pairs of diastereomers, but only the
diastereomers of the largest macrocycle in the series, E£(3,3), could be separated and studied
individually. 'H NMR spectra of £(2,2) and E(2,3) macrocycles are consistent with the presence
of a single diastereomer. Previously, photoisomerisation of Z stiff stilbene macrocycles was
reported to produce predominantly the least strained E macrocycles, which was rationalized
by a combination of rapid epimerization of Z stiff stilbene and the strong dependence of the

quantum vyields of Z—E photoisomerisation on the strain energy of the product.
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Figure 39 — Photoisomerisation of Zmacrocycles yields their Eanalogues which spontaneously complex
with PtCl, in solution. Thermal E/Z isomerization of E(m,n)]PtCl, gives their Z(m,n)]PtCl, analogues.

We measured the activation enthalpies and entropies of E—Z isomerisation in the absence of
metal ions and in the presence of (NBD)PtCl, which spontaneously reacts with the
macrocycles to yield E(m,n)PtCl2 complexes (Figure 39) as evidenced by 'H NMR spectroscopy.
E—Zisomerisation of stiff stilbenein all complexes manifested first-order kinetics over at least
3 half-lives and we derived AH* and AS* from the rate constants measured at 3-4 temperatures
(Table 2). The Pt complex of the smallest macrocycle, E(2,2)PtCl2, isomerises too fast at room
temperature to allow kinetic measurements. Consequently, DMF-d7 solutions of E(2,2) and
(NBD)PtCl> were mixed at -50 °C, the formation of E(2,2)PtCI2 was confirmed
spectroscopically, the solution allowed to warm to -10 — 3 °C and the isomerisation kinetics

was measured at these temperatures.
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Table 2 - The measured and calculated activation free energies of stiff stilbene isomerisation in E(m,n)
macrocycles and their platinum complexes [E(m,n)]PtCI2

Measured! Computed
[a,b]
AG? AG*
macrocycle Metal-freelc! Ptld] Metal-free Pt
E(2,2) 27.1+£0.1 20.2 £ 26.1%, 18.7*, 18.0
0.1 23.7
£(2,3) 320421 | 268¢ 29.6%, 26.4*%, 24.7
0.1 30.4
(SR)/(R,S)-E(3,3) | 323+54 | 304+ 32.9 29.0
4.2
(S,5)/(R,R)-E(3,3) | 323+47 | 315% 323 31.7
0.4

[a] at STP; [b] in a vacuum; the two values for E(2,m), m = 2 or 3 correspond to the (S,R)/(R,S) and
(S,S)/(R,R)diastereomers; * indicates the more stable diastereomer; [c] in p-xylene-d,g [d] in DMF-d;

[d].

Metal coordination lowered the standard activation free energies of isomerization, AG*, by
between 6.9% 0.1 kcal/mol in the smallest £(2,2) macrocycle and 0.8+ 0.1 kcal/mol in the
largest. The difference is enthalpic in origin, as expected for an elementary reaction with a
non-polar transition state. We previously demonstrated that the isomerisation kinetics of stiff
stilbene varies little with reaction solvent, thus ruling out the solvent effects as a major

contributor of measured AAG*.23

To understand the structural and energetic origin of the acceleration of isomerisation by metal
coordination and to test the utility of a force-based approach to a broader analysis of
allosterically controlled reaction kinetics we optimised conformational ensembles of Z and E
isomers of both metal-free and Pt-coordinated macrocycles at

(u)BMK/def2SVP//(u)B3LYP/def2SVP level of DFT in a vacuum. The calculations reproduced

measured AG* accurately (Table 2).

The optimized geometries reveal compressively strained E stiff stilbene, as evidenced by the
contraction of its arC-C=C-Car torsion, 0, relative to that of free stiff stilbene (~180°), in all
macrocycles (Figure 40a). In all Pt complexes this torsion was reduced further by 4-8°
compared to the metal—free congeners, which can be attributed to the contraction of the
BiPHEP—containing strap needed to accommodate the preferred Pt—P bond distances and P—
Pt—P bond angle.'33 Conversely, the corresponding torsion angles of the conformers
comprising the transition states of isomerisation deviated from the strain-free value by

between -4° and 2°, depending on the conformer, suggesting low strain of either direction.
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Across all conformers, the molecular geometries of the SS(OCH2), moieties (blue + red
symbols, Figure 40) resembled closely those of bis-(6,6’-dimethoxy)stiff stilbene, SS(OMe)3,
with a compressive force of varying magnitude applied across the meC...Cme coordinate (black
line, Figure 40a). A reactive moiety coupled to an external force acting across a pair of atoms
is a widely used model in polymer mechanochemistry, suggesting that the observed variation
of isomerization AG* across the series, and the allosteric effect of Pt binding on it, could be

amenable to analysis within the formalism of mechanochemical kinetics.
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Figure 40 — Top) defines the ,,.C-Cy. ,/0-O4 and & referred to in figure a-d for E-SS(OMe), and E(2,2).
(a-b) SS(OMe), with compressive force acting on its methyl C atoms reproduces the structures of the
stiff stilbene moiety in the macrocycles as illustrated by the close correlation between O...0 and C...C
distances in both metalfree and complexed macrocycles andthe values obtained from DFT calculations
on E-SS. In (a) the underlying structural homology is illustrated by the correlation between the ,,C-C=C-
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C, torsion and the O...0 distance (a). (b) The corresponding force, f, was found. (c) The calculated
AG* in the two sets of diastereomers of the macrocycles follow that obtained by comparing the energy
of E and the ts for SS(OMe),, coupled to a constraining potential with compliance of 2and 0.3 A/nN
respectively. Maximum frimposed on SS(OMe), by a potential decreases with increasing compliance,
explaining truncated AG*(f) for compliances >2 A/nN. (d) Force exerted on SS(OMe) , by a compressive
potential with finite compliance decreases as the molecule progresses along the isomerisation reaction
path, resulting in lower ensemble-average force in the transition state, f.,, compared to that in the E
isomer, f¢

The latter is a framework for quantitative analysis and predictions of the effect of molecular
strain on reaction rates and selectivities when the strain results from interactions of
intractably many molecular degrees of freedom. It was developed and validated for reactions
of polymer chains stretched beyond their strain—free geometries by energy-dissipative
environments such as elongational flow fields in rapidly flowing polymer solutions or

elastomers undergoing plastic deformations.

The measured kinetics of reactions in overstretched polymer chains or non—macromolecular
mimics reported to date can be analysed productively by representing the reactant and its
environment as the small reactive site coupled to an infinitely compliant harmonic stretching
potential.”> Such a potential applies identical force on every conformer of the reactive site (and
any transition state), independent of their molecular geometry. In this model, acceleration
(or occasional inhibition)!34 of reactions in stretched reactants is primarily determined by the
difference in the potential energy of the constraining potential coupled to the reactant and

the rate-determining transition state, which is proportional to this force.

This picture, however, becomes non—physical in the case of a compressive potential. The rate
of a chemical reaction is sensitive to applied force only if the formation of the rate—
determining transition state is accompanied by changes in the separation of the two atoms
across which the force acts. Only a very soft stretching potential (with a correspondingly very
long equilibrium distance) would apply a finite force that remains approximately constant
despite changes in the coupled distance. A similarly soft compressive potential would require
an equilibrium distance shorter than zero, which is impossible.

The finite compliance of a physical constraining potential means that each conformer
comprising each kinetically—significant state coupled to the same constraining potential
experience different force. The stifferthis potential, the greater both the variation of the force
among the conformers and the difference of the ensemble-average forces of the reactant and
the (rate—determining) transition state. As a result, the activation barrier of the compressed
reactant depends both on its ensemble-average force and the potential stiffness or,

alternatively, the ensemble—average force of the rate-determining transition state.
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To apply the formalism of mechanochemical kinetics to the macrocycles in this study, we first
calculated the force on the methyl C atoms of SS(OMe)2 needed to reproduce the geometry
of the corresponding moiety in each thermally accessible conformer of each macrocycle
(Figure 40b). Second, we calculated AG* of isomerization in each conformer of SS(OMe).
coupled to a harmonic potential of fixed compliance whose equilibrium distance was reduced
systematically to O to increase the compressive force it applies to SS(OMe)2. From this data
we calculated AG* as a function of the ensemble-averaged compressive force experienced by
the E isomer, f¢, for constraining potentials with harmonic compliances between 0.1 A/nN and
100 A/nN (Figure 40c). Compressive potentials with compliances of 2 A/nN or 0.3 A/nN,
depending on the diastereomer, reproduced isomerization AG* and the relationship between
fe and fis in each conformer of every macrocycle (Figure 40d) most accurately.

These calculations reveal that stiff stilbene in free macrocycles experience considerable
compressive force and Pt coordination is equivalent to increasing this force by only between
30 and 80 pN (7-15%). The mechanochemical formalism allows the molecular basis of the
exceptionally large allosteric acceleration of isomerization accompanying Pt binding to be
understood by analyzing AG*(fe) correlation (Figure 40c) in terms of 4 components: the
ensemble-average strain energies of the E isomer and the transition state of SS(OMe); and
those of the constraining potential in mechanical equilibrium with the corresponding

conformers (Figure 41).

Larger compressive force on the reactant causes larger strain energy of both the reactive
moiety and the constraining potential (red curves), as expected. The non-zero strain energy
of the transition state at fe = 0 and the reduction of its strain energy with increasing fe below
a threshold (0.42 nN in Figure 40a) are the direct consequence of the finite compliance of the
potential. At sufficiently low fe the equilibrium length of the potential exceeds the strain—free
internuclear distance of the transition state to which it couples, imposing on it tensile force
whose absolute value may exceed (compressive) f¢ (Figure 40d). As the equilibrium distance

of the potential contracts with increasing fe, the corresponding fis changes to compressive.
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line) as the function of the ensemble-average compressive force of the reactant for potential with 2
A/nN compliance; the contributions of the constraining potential are shown by dashed lines.

This model suggests two mechanisms by which effector binding that increases fr can
accelerate a substrate reaction. In one, it reduces the strain energy of the transition state,
which is already more strained than the reactant in the absence of the effector. Such effector—
induced relaxation of a “pre-strained” transition state is a common approach to achieving
allosteric control of reaction kinetics, but it cannot lower the activation barrier below that in
the non—allosteric equivalent. This mechanism would operate in E-SS(OMe), compressed to f;
< 0.2-0.3 nN, depending on the compliance of the coupled receptor. At higher force, as in the

macrocycles studied here, this mechanism contributes negligibly to allosteric acceleration.

Conversely, effector binding can accelerate a reaction by increasing the strain of the reactant
without a concomitant increase in the strain energy of the transition state (Figure 41). Such
an increase must come at the expense of the less—favorable binding free energy of the
effector, compared to an analogue in which the receptor and substrate are uncoupled. In this
approach, the magnitude of the allosteric acceleration is likely limited by the acceptable
reduction of the affinity of the coupled receptor for the effector, which may be constrained,
for example by a practicallyachievable concentration of the effector. Consequently, the design
of molecules capable of allosterically controlled reaction kinetics must consider efficiency of
allosteric control, i.e., the ratio of the allosteric barrier lowering to the sacrificed binding free

energy.
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A key parameter is the minimum reduction in the enthalpy of effectorbinding needed to affect
a given reduction in the activation energy of isomerisation of E-SS(OMe), coupled to
constraining potentials of varying compliances. Our data suggest that the molecular scaffold
exemplified by the macrocycles and modelled here as springs of varying stiffness provides an
internally consistent means of analyzing the molecular origin of this sensitivity. The efficient
coupling of effector binding destabilisation to the reactant destabilisation resulting in
molecular strain—induced changes in the activation barrier. All macrocycles in this study
occupy a regime of allosteric acceleration of the substrate reaction relative to the rate in non—
allosteric analogue because effector binding increases the strain energy of the reactant

without a compensatory increase in the strain energy of the transition state.

A potential approach to quantitative analysis of the molecular mechanisms of allosterically
controlled enzymatic activity is the structural transmission of molecular strain across suitably
stiff portions of the biomolecular scaffolds. In theory, the realization of allosteric kinetic
control in synthetic molecules offers a tractable systemin which to test molecular quantitative
descriptions of such conformational transition. No attempts to develop a similar
interpretational framework for the more tractable examples of synthetic allosteric kinetic
control have been reported.

Conclusion

The reported macrocycles represent one of the very few examples of synthetic molecules
which exploit allostery to lower the activation barrier of a reaction below that in the
equivalent free reactive moiety. The formalism of mechanochemical kinetics, generalised to
compressive load, suggests the force dependence of reactive fragments is highly sensitive to
the equilibrium length and stiffness of the constraining potential, reactant and transition
state. Predictions of force sensitivityin such systems may inform enzymatic allostery and help
understand the delicate interplay between effector affinity and reaction acceleration in

biochemical allostery.
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Chapter 4: The mechanochemistry of N,N,N’,N'—tetra methyl-2,2"—
diamine—[1,1'-biphenyl]

By controlling the protonation states of solutes, pH can profoundly affect the outcomes of
solution reactions. For example, solubility,13> susceptibility to nucleophilic attack!3® and the
minimum energy conformation!3’ of a molecule are often drastically altered upon
protonation. A real-world consequence of the dramatic influence of pH on chemistry is the
need for a control mechanism dedicated to buffering blood pH within narrow limits as part of
homeostasis in living organisms. For example, the human bloodstream is maintained close to
pH 7.4 by a carbonate/carbonic acid buffer system. So sensitive is human biochemistry to pH
that sustained high (alkalosis) and low (acidosis) blood pH both lead to multiple organ
failure.138

Creating materials that allow rapid and reversible changes in pH has been a long—standing
pursuit of the chemical sciences. So far only light has been used as the stimulus .}39-141 Using
light to control chemical changes is particularly attractive because it avoids chemical
contamination of the solution and can be applied with high spatiotemporal control suitable
for potential medicinal applications (since some wavelengths of light can penetrate human
tissue without damage).14?

Several prominent examples of molecules with optically accessible meta—stable states that
differ in basicity are shown in Figure 42. All reported examples operate by either light
triggered cis/trans isomerisation or electrocyclic ring opening. For example, a ~6—fold lower
pKo of cis azobenzene (c4-1-cis) compared to its trans analogue (c4-1-trans) has been
attributed to the unfavourable steric crowding around the N of the '‘Bu—piperidine moiety,
enforced by the strong preference of the 'Bu substituent for the equatorial position.13° The
intramolecular H-bonding in c4-2-cisH* contributes to the greater basicity of c4-2-cis
compared to the trans moiety (c4-2-trans).13 A similar principle is responsible for a 2.2 unit
increase in the second pKa of the cis isomer of the bisphenol (c4-4-cisH"), compared to the
trans analogue (c4-4-transH’).14! N-alkylated merocyanines (c3-3-mer) are considerably less
basic than their spiropyrane isomers (c3-3-spr) by virtue of conjugation of the lone pair of the
N atom. Despite the largest pKp difference known, merocyanines usually revert rapidly to
spiropyranes in the dark, reducing their potential utility. A single reported example exists of
an efficiently reversible isomeric pair with greater than 2.5 pKp difference and high stability,
c4-5-open/ca-5-closed, for which the aromatic stabilisation of the open form isomer upon

deprotonation makes ita much stronger acid than the close form.144
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Figure 42 — Previously reported examples of photoresponsive pH switches. Magenta atoms indicate
the site of proton exchange.

Equilibria are controlled by the relative energy of the two states, destabilising one relative to
the other shifts the position of the equilibrium. Despite the established ability of force to
change the minimum energy conformation of molecules, no attempt at controlling the
position of a protonation equilibrium using force has been reported. Irreversible release of
protons upon force activation has however been demonstrated in several polymers, both in
solution and a bulk elastomer.1#>147 Two of the three reported examples release HCI by
spontaneous elimination from the products of mechanochemical opening of the
dichlorocyclopropane ring. The HCI elimination is driven either by aromatization of the
dichlorodihydronaphthalene (Figure 43b)'4’ or by stabilization of a carbocationic
intermediate by the OMe substituent in Figure 43a.'%’ In the final example, presumable
mechanochemical scission of the O—N bond (orange, Figure 43c) ultimately produces the

strongly acidic sulfonic acid group.14®
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Figure 43 — Mechanoacids are molecules that release protons upon application of force. Three
examples have been reported in the literature. Since all involve the high energy change in covalent
bonding they cannot be used more than once.

N,N,N’,N’-tetramethyl-2,2’-diamine—[1,1'-biphenyl] (DABP) is a suitable base for force—
triggered H* release because its pKp is sensitive to the arC—Car torsion angle, which opens up
in response to tensile force applied across meC...Cve distance, in turn controlling the proximity
of the two nitrogens. For practical exploitation analogues of DABP modified with an arm that

cantransduce force to the torsion angle are required (DABP analogues, DABPa) (Figure 44).

§\+ «_ 2

H—N— N \

R Y

DABP,H" under tensile force DABP, DABP,H"

Figure 44 — DABP, have a force sensitive torsion angle and therefore force dependent pK,. Under
force free conditions DABP can form an intramolecular N...H-N* interaction which is not possible when
sufficient tensile force is applied.

The magnitude of the effect can be estimated from the pK, differences of protonated di and
mono amine biphenyls (Figure 45 c4-10 and c4-11 ) and ‘proton sponge’ analogue c¢4-12.137
First, the pK, of ¢4-10 is 0.8 units smaller than that of c4-11 (see the methods section for

measurement details, Figure 58), suggesting the stabilisation of the protonated form by
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intramolecular H-bonding less the entropic cost of the required conformation lock. Second
the 10%*—fold greater H* affinity of c4-12 relative to c4-10 suggests the effect of destabilisation
of the free base by Coulomb repulsion of the two lone pairs forced into close proximity by the
sulfur molecular strap.3” These trends suggest that DABP can be switched from a highly basic
state, that resembles a proton sponge to a low basicity state, comparable to free

dialkylaniline, simply by applying compressive or tensile force across its two N atoms.

+
H\ H ~ / \ —
—\N/+ ‘N/\ /\N/ 1~HT
s
c4-10 c4-11 c4-12

Figure 45 — The pK, of DABP and its close analogues suggest DABP has a highly force sensitive pK .
The conjugate bases of DABP, N,N’—dimethyl-2—amino—[1,1-biphenyl] and N,N,N’,N’—tetra
methyldibenzo[b,d]thiophene—1,9—diamine.

Here | will describe two attempts to apply force to DABPa: first, direct transduction of
macroscopic force to the switching units via a polymer network and second, coupling the
diamine to a photoisomerisable moiety (stiff stilbene) to yield macrocycles in which the
biphenyl is forced into different conformations depending on the isomeric state of stiff
stilbene. The goal of the former is to produce a material with a pK, that is highly
mechanosensitive allowing the uptake and release of protons to be reversibly controlled by
external force. The latter project aims to improve on the existing attempts at optical control

of solution pH.

A hydrogel with a mechanosensitive pKy

The mechanosensitive DABPa was incorporated into a polymer network with the goal of
producing a gel that sequesters protons from its environment in its relaxed formed and
releases them when it experiences force. The mechanosensitive pK, of the material is
envisaged to occur because in the unstrained gel the polymer strands are slack enough not to
impede the formation of the N...H-N* moiety upon protonation. In a stretched material
however, contracting the polymer chains to enable hydrogen bonding would be associated

with an unfavourable increase in strain energy Figure 46.

94



Q o

Relaxed

- Indicates force applied

by strained polymer network o

Figure 46 — When embedded in a polymer network gel, DABP,, interaction with an acid depends on
if the gel is strained or relaxed. Sufficient tensile force transduced to the DABP, disfavours the
geometry required to form an intramolecular N...H-N* bond strained.

The initial goal of the project was to demonstrate that stretching the gel immersed in an
aqueous solution of appropriate pH reduces this pH in correlation with the applied strain.
Combined with the dependence of pK, of the diamine on the force coupled to it from
guantum—chemical calculations, the force experienced by an average polymer strand of the
gel becomes accessible from the measured correlation between material strain and pH,
potentially offering an alternative method of analysing force distributions in materials
complementary to that of observing the changes in optically mechanosensitive molecules as
a function of force.16:148.149 Measuring the temporal evolution of the pH as a function of the
straining rate of immersed samples of different aspect ratios under uniaxial and biaxial
loading, would enable experimental tests of various kinetic models of internal mechanical and

chemical equilibration of the gel under load.

Synthesis
| synthesized diamine—containing gel in 5 steps from commercial precursors (Scheme 3). Few

syntheses involving a diamine biphenyl have been reported and | failed to reproduce the ones
that could yield the target. Consequently, | designed my own synthetic sequence starting with
the Steglich esterification of the diamine with commercial 1-carboxy—but—4—yn to give the
di—alkyne containing di—amide c4-15 quantitatively. The crude product was reduced with
LiAlH4 followed by methylation with CHsl to yield the desired di—alkyne dimethyl amine

monomer c4-17.
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Scheme 3 — The synthetic route used to produce a hydrogel containing a DABP,.

The gel was prepared in a silicone mould using a literature procedure.?>% The gel was washed
5 times with distilled water, which gradually reduced the colour of the gel to colourless,

indicating the successful removal of the catalyst.

Results

Unlike structurally related free diamines which deprotonate neutral red in water (see method
section, Figure 58) a single piece of pristine gel added to a solution of neutral red did not
change its absorption spectrum even when containing up to 10 equivalents of the diamine
(Figure 47). However when the same piece of gel was cut up with a razor inside the cuvette
the change in the spectrum suggested deprotonation of ~7% of the indicator. This result was

reproducible and shown not to be a consequence of contamination by the razor.
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UwVis spectra of neutral red with gel before and after cutting

3.5
— — —Gel free neutral red

3t i Gel intact
1 Gel cut up

Gel intact Gel cut up
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Figure 47 — A gel containing a DABP, interacted differently with a solution of neutral red depending
onits shape. The Uv-Vis spectra of neutral red before addition of gel (dashed line), with intact gel (blue
line) and after cutting up the same gel with a razor (orange line).

To explore whether an alternative solvent may be more conducive to the projects goals two
pieces of hydrogel were dehydrated using a vacuum oven. One was swelled in a solution of
the indicator in MeCN and the other in pure MeCN. The UvVis spectra of the neutral red
solution was unchanged by the addition of the PEG swelled in MeCN and by the addition of

the dehydrated polymer, even after 5 hours of allowing the latter gel to swell in the solution.

Discussion
| could find no literature to help explain the apparent lack of uptake of H* by a gel immersed

in an aqueous solution of neutral red. | speculate that the PEG network, which has been
reported to have unusual acid/base properties, is competing with H* for the amine groups
preventing any further protonation.’®> My choice of a PEG gel was motivated by three
considerations: first, availability of a 5 kDa tetra arm azide terminated macromer that can be
easily cross—linked with synthetically accessible alkyne—terminated biphenyl diamine
derivatives. Second, it is hydrophilic enough to allow free exchange within the aqueous
indicator solution, allowing the measurements to be conducted in water which is most
practically applicable. Lastly, facile mechanochemical dissociation of cyclobutane—based
mechanophores embedded in PEG gels of identical topologies to those used here was

demonstrated in bulk gels under tensile load (Figure 48).1>2
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Figure 48 — PEG polymer networks have been used to demonstrate mechanochemistry. The structure
of mechanophores whose response to force was shown to differ by observing the fracture energy of

o-en/ el /el

F “Weak” “Medium” “Strong”

-
Stretch " '

chain scission
resembles common
covalent polymers

PEG polymer networks.**? Reproduced with permission.

| plan to explore alternative polymer network architectures that the literature has established
to be compatible with the acid/base chemistry of its monomers. Methyl acrylate structures
have been used for such application.'4” Synthesizing an DABP, with a compatible linker to

incorporate itinto the network, such as c4-21, offers an alternative realisation of the projects

goals. Scheme 4 shows a

b
O L \I])OLOB\H/ ‘ ' LiAIH,
BeREIV RS

2
c4-14 SV

/"~ = poly-methyl acrylate

Scheme 4 — A proposed synthetic route to an alternative polymer network containing a DABP ..
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Modelling
Any further efforts in this project will be informed by the model | developed to simulate the

acid/base equilibria between force—coupled biphenyl and an acid (HA), which is independent
of the specific polymer architecture around the biphenyl amine. Figure 49 shows the
equilibria established when force is applied to a fraction of the biphenyl moieties in the
presence of an indicator, HA, assuming no secondary protonations occur on either biphenyl
species. The less basic conformer has a longer meN...Nwme distance and hence is stabilised by

tensile force.

Km
:N— K H—§N+—
O == B n
—N —N

Figure 49 — The equilibrium established when a DABP moiety is subjected to tensile force in the
presence of a suitable acid, HA. K,,is a mechanochemicalequilibrium constant.

Equation 22 relates the concentration of spectroscopically detectable anion, [A7], to
parameters that can be estimated (K1 and K2), controlled, Ta and Ty, (the total concentration
of indicator and base respectively) or systematically varied (Km) to estimate how the
protonation state of biphenyl dependence on load—dependent distribution of its
conformations, Km. The derivation of Eq. 22 is described in the methods section. Eq. 22’s
behaviour in the limits is sensible: for Km=0 the absorbance has no dependence on K> and the
equation collapses into that which is derived using the same method only considering K. For
Ki1=K> the equation has no dependence on Km. For Km=1 i.e. 50% conversion of relaxed
biphenyl into constrained biphenyl then the average of the two K’s appears in the equation,

and for very high values of Km the dependence of the absorbance on Ki shrinks to negligible

values.
(471 ¥ Kntl _ -0 £q 22
(Td-[A"DT,—[A7D 14 Krlr(lkz .
1
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Simulating the system had two aims. The first aim was to enumerate the functional
dependence of [A7]on Kmn because experimentally accessible value of Km may be limited by
the maximum load that the gel can sustain without experiencing chain fracture on the
timescale of experimental measurements (or subsequent use). The second aim was to
estimate the Ta/Tp ratio corresponding to the maximum-response regime (maximum |0[A™
]/0Km|) to increase the chances of detecting the generation of even a small amount of low—
basicity conformer. In my calculations K1 was equated to the measured basicity of free DABP,
which is equivalent to neglecting the effect of the polymer matrix, s pecific N—substituents and
potentially secondary protonation on the basicity. These assumptions have good support in
the literature, the former because of the small difference in pK, of methyl vs ethyl substituted
proton sponge analogues and the latter because of the 4 unit difference in the first and

second pK, of 1,4—diaminobenzene.1%3

A Matlab script was written to take estimated inputs for control parameters and

systematically vary the value of Km for different values of Ta (see methods section for script
details).

Figure 50a shows how for values of Km in 0.25 increments from O to 5 the fractional changein
absorbance relative to Km=0 depends on the total concentration of Ta. The value explored
were between 0.025 and 2 equivalents relative to the base. For all values of Ta 1 equivalent

gave the largest difference.

Figure 50b shows how, with Ta set to the optimised value, different values of Km translate into
changes in [A7] (and therefore absorbance). At 90% activation an absorbance change of over
25 % would be expected but more promising still is that at tiny (2%) levels of activation
a b
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statically significant changes in UV would be expected (~1%).
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Figure 50 — Modelling equation 22 allows simulation of a DABP, polymer network under various
conditions A) the relationship between T, and the fractional change in [A7] relative to K,=0 for
differencevalues of K, at T,=0.04 M. b) the relationship between the fractionalchangein [A7] and K,,,
for1:1 ratio of T, and T,.
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Optical control of solution pH

Stiff stilbene has been used extensivelyto apply tensile forces of up to 0.8 nN to small reactive
moieties.?41>4 Here | describe the successful synthesis and investigation of a macrocycle
containing a DABPa, and stiff stilbene. These macrocycles are too short to accommodate
simultaneously the preferred planar geometry of Estiff stilbene and the short N...N separation
in biphenyl diamine required for the bridging geometry of H* (Figure 51B). In previously
reported macrocycles with sufficiently short linkers,114 Z stilbene applies a compressive force
to the rest of the molecule which would enforce close N...N distance of the biphenyl, thus
destabilizing the free base by increasing the Coulombic repulsion of the electron densities of
the N atoms, and stabilizing the protonated form by allowing H* to form a bridge between the
two nitrogens. Z to E isomerization of stiff stilbene eliminates these effects, thereby reducing
the pK, of the macrocycle. As illustrated by the proton sponge compounds in Figure 45 the
extent of pK, change depends on how constrained the biphenyl is in both isomers. At the
extreme, the local geometry of diamine in the Z isomer mimics that of a proton sponge,
whereas the biphenyl of the E isomer is locked in a conformation where neither N...N
repulsion nor, N-H...N* binding mode is energetically accessible, leading to ApK, >4.5 units

between the E and Z containing macrocycles.

Computations
| relied on quantum—chemical calculations to design macrocycles with the largest accessible

ApK,. So far, I've assessed two molecular architectures that differ in the nature of the linkers
connecting the 6 and 6’ carbons of the stiff stilbene to biphenyl. In one design, the linkers are
simple aliphatic ethers, and in the other it is a triazole derivative, which is both easy to
synthesize and whose rigidity magnifies the structural differences between the Z and E
isomers of stiff stilbene (Figure 51a). The ranking of candidate macrocycles for subsequent
synthesis was based on computations of standard energies of two reactions ZH*>EH* and
Z->E: the firstinforms on ApK, of the two isomers and the second suggests how accessible the
E macrocycle is by photoisomerisation of the Z analogue (the fraction of the E macrocycle in
a photostationary state decreases with the excess strain energy of this isomer relative to the

Z congener) (Figure 51).
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5, E-SS, Z-SSriazole E-SStriazole

R X Y Name
2 2 $S,22
2 3 SS,23
o 3 3 85,33
4 4 SS, 44
1 1 SSiriazote 11
;\N"\i\ 1 2 SStriazolelz
lQS’tjr 2 2 Sstriazole22
2 3 Sstri3201023
3 3 Sstriazole33
4 4 Sstriazolc44

Figure 51 — The structures studied as potential pK, photoswitches A) Compares the change in distance
between the two points in which a linker connects to the rigid moiety of SS, and SSii.;0 Structures. B)
the equilibrium established when Z macrocycles are irradiated to form E in a solution with a source of
H*.

| first generated conformers of both E and Z isomers of the 10 macrocycles and optimized
minimum energy structures at BLYP 6—31+G* allowing an estimate of the energy difference
of Eand Z macrocycles (Figure 52b). As expected macrocycles with larger linkers have smaller
E vs Z energy differences. The sudden increase in E energy relative to Z for the SSo44, which
bucks this overall trend, suggests that the structure identified here was in fact a local
minimum considerably higher in energy than the global minimum. The absence of such
dramatic deviations from the trend for SStriazole Suggests that the multiple iterations of
modifying and optimizing structures of both diastereoisomers conducted for these
macrocycles is warranted if resource consuming. This strategy was pursued for triazole
structure only because this novel stilbene lacks historical precedent to assistjudgement of

which structures look most sensible.
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Energy of E macrocycle relative to Z vs number of C atoms (n+m)
30 T T - T T - T T T

—=—Triazole
—=— Alkyl

20+ NN“{# .
T\

Energy( E)-Energy({ Z) (kcal/mol)

0 1 2 3 4 5 G T 8 9 10
Linker length (n+m)

Figure 52 — Linker length controls strain energy in SS macrocycles. The relationship between the linker
length and Eto Zelectronic energy difference of triazole (blue line) and alkyl (orange line) macrocycles.
Lower E to Z difference is favourable for the accessibility of the E macrocycle via photoisomerisation.
The energy refers to electonic energy.

Structures that had Z>E energies < 15 kcal/mol were then modified to contain a single proton
(excluding $S023 since its unsymmetrical structures makes it a more difficult synthetic target
and should only be pursued in the absence of other viable candidates). For short linker species
that previous experience indicated would subject the largest forces to the biphenyl, only
unbridged protonated E structures were explored, for others both unbridged and bridged E
structures were optimized to verify that the tensile force in the E isomer was sufficient to
prevent H-bonding. Once obtained the optimized ZH* and EH* structures allowed me to
calculate the energy associated with EH* > ZH* (a measure of the combined effects of

differential Coulomb repulsion and H-bonding ability in the two isomers).
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Figure 53 — The balance between accessibility and effectiveness as a photoswitchable base depends
on both E> Z and EH*-> ZH' energy differences. The relationship between the energy difference of E
and Z isomers in their neutral and protonated states. The yellow line indicates no change in energy
difference upon protonation.

The best candidates photobases are ones for which the E isomer is much higher in energy
than Z when both are protonated than when both are neutral i.e. those that fall above the
yellow line in Figure 53. As such SS022 and SStriazcle44 are the most promising candidates.
Unlike $So033 (for which the E>Z EH*>ZH* energy changes are similar), and SSo044 (for which
the energy increase of the E relative to Z isomers is reduced upon protonation) the $S022 and

SStriazoled44 have a Z isomer specific hydrogen bond (Figure 54).
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Figure 54 — 85,22 has an isomer specific H-bond. Optimized geometries of a) Z— and b) E-SS,22H".
Importantly the N...H-N* H-bond is specific to the Z conformer which reduces its pK, relative to E.
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Synthesis
The synthesis of SStriazole44 requires novel synthetic routes to be devised so | prioritized $SS022,

which is currently the only macrocycle to be successfully synthesized so far in overall isolated

29% vyield according to Scheme 5.

NO,
CH2C12 CH3COOH Br OH
(6}
HoN NH 0 AN BN
2 o 2 Y
_—— —_—
O Q CH,Cl, MeCN o 0
rt, 16 h, 98% HN reflux, 16 h, 98%
c4-14 c4-22 0
Br c4-23

Zn, TiCly, Pyridine
THF
Q Q reflux, 3 hours, 76%

N N
S )J\/o
CH,1 LiAlH, N
- - N
o) 0 DMSO o H I
O O 50°C, 24 h,95% reflux, 5h 55% O N\ﬂ/\o '
O Q I ™
Ssozz cd- 2< cd-24

Scheme 5 — The synthetic route successfully used to synthesise SS ,22.

The synthesis of $S022 requires two parts, the formation of a suitable DABPs and its
incorporation into a stiff stilbene macrocycle. The few reports of substituting diamine
biphenyl are discussed in the methods section below and were not successful in this project,
which instead required the formation of a diamide that was reduced and methylated to give
the desired DABPa. The stiff stilbenes was formed from a ‘build around’ route (Scheme 1,
chapter 1), in which anintramolecular coupling of the two indanones attached to the biphenyl

diamine moiety in c4-23 yields the stiff stilbene alkene c4-24.

The crude 'H NMR spectrum of the final product (SS022) is shown in Figure 55 with the
diastereotopic CH2 groups appearing as 4 unique peaks. 2D NMR experiments indicate that

the additional peaks at4.3 and 4.7 ppm that are not expected for the product may be a result
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of multiple diastereoisomers present in the product, although the evidence for this is not

conclusive (method section Figure 73).
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Figure 55— 1H NMR spectra of §5022 in CDCl3,

| obtained a PSS of Z and E macrocycles by irradiation of a dilute solution of the isolated Z
isomer at 354 nm. The small change in the UvVis spectra of the PSS compared to pure Zis
consistent with the observations made by Kean et al. with a macrocycle of similar structure
for which the E isomer was calculated to be similarly destabilised relative to the Z isomer and
represented around 4% of the photostationary state (PSS).11# Irradiation of a solution of the
macrocyclic amide precursor lead to gradual bleaching of stiff stilbene absorbance without

indication of isomerization as evidenced by time—lapsed absorption spectra.
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Figure 56 — Irradiating Z-SS022 macrocycle and its amide analogue isomerises a small amount of the Z isomer

tothe E. The change in UvVis spectra upon irradiation with 365 nm light in CH>Cl of a ) $5022 and b) its precursor
amide c4-25. The decrease in absorbance in b suggests bleaching of the macrocycle.
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The pandemic interrupted lab work in this project and the macrocycle deteriorated over the
months | was unable to access the lab, preventing me from measuring its pK,. Although since
then | prioritized other projects | envision two possible future directions for this project. The
first involves synthesizing the SStriazole44 species as a potential pH switch that achieves the
large pK, changes but has an E isomer that is more accessible andtherefore a potentially more
useful pH switch. Alternatively isolating the E isomer of SS022 and studying the pH
dependence of its isomerisation kinetics could establish a biologically compatible trigger for

allostericinduced changes to its kinetics (analogous to the metal complex discussedin chapter
3).
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Methods

Synthetic behaviour of DABP
In both projects described above several synthetic routes based on literature were

unsuccessful. The existing literature on synthetic manipulations of diamine—[1,1'-biphenyl]
directly into N—tetralkyl substituted species exists only for tetramethylation using iodomethyl

or dimethyl sulphate meaning a brief summary of my experience in the area may be of value.

The two step transformation from biphenyl diamine to N,N’—dimethyl biphenyl-2,2’—diamine
is well established and offers an alternative starting point to the simple diamine analogue.
However, searches for reactions of this species to substitute the amine hydrogen for a new
group results in just 3 types of reactions reported in the last50 years.1>>157 Of the 3 reactions,
only Mazzati. et al’s report of acylating dimethyl biphenyl aniline with isobutyryl chloride
(Scheme 6a c4-27a) (albeit requiring prep HPLC to purify) and Passera et al’s nucleophilic
substitution (c4-27c) Scheme 6b are useful precedents guiding initial synthetic attempts in

this project.

R=iso-propyl c4-27a

> /<° 0 O R=CF, ¢4-27h
o RJLN

e O Q c4-27¢

c4-26 > c4-
N
c4-27d
N

Scheme 6 — The reported reactivity of N,N’—dimethyl-2,2—diamine—[1,1’-bipheny]].

These reactions informed three synthetic routes to the target macrocycle (Scheme 7)
exploiting either nucleophilic substitution or acetylation reaction of the N—methyl biphenyl.
However neither reaction turned out to be compatible with the partner reactants here.
Namely, in attempts to utilize a nucleophilic substitution reaction to the macrocycle (Scheme
7 Route 1) the dimethyl diamine proved insufficiently nucleophilic to react with the dibromo
stiff stilbene analogue (c4-28) with multiple reaction conditions including strong bases
returning only starting materials. Alternatively in an attempt to avoid methylation in the final
step by introducing NMe to the starting amine, and then building the stiff stilbene around this

structure (c4-31, Scheme 7, Route 2) , the aniline analogue (c4-27) proved incompatible with
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acylation — using bromo acetyl bromide results in a messy spectrum of unidentified peaks
indicative of multiple aromatic containing products. Problems of reaction technique were
ruled out by demonstrating the successful highyield and purity synthesis of acetyl bromide
methyl aniline (c4-29), which could alsobe further reacted with the indanone in the analogous

desired fashion (c4-30, Scheme 7, Test synthesis).
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Scheme 7 — The reactivity of N,N’—dimethyl-2,2’—~diamino—[1,1’-biphenyl] is not as would be predicted by
analogy to aniline. Two alternative routes to the macrocycle that were unsuccessful. The test synthesis was
conducted to ensure the reaction technique was not the source of the lack of reactivity.

Whilst the Steglich esterification was found to be the best route to the desired monomer for
the gel synthesis, it was not always a reliable tool for substituting the diamine — its success
depended on the carboxylic acid used. For example, an initial attempt to add the alkyne c4-
37 to the diamine (which was motivated by the availability of the precursors (c4-35) in the lab
and the possibility of avoiding the purchase of the expensive pent—4—ynoic acid eventually
used) led to extremely low conversion of the 5—(prop—2—yn—1-yloxy)pentanoic acid (c4-37)

and the diamine, c4-14. Yet the same carboxylic acid without the alkyne gave the product
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amide (c4-39) in good yield but produced only starting material when reacted with the prop—
2-yn—1, which contrasts with the success of the same reaction on the methyl ester analogue
c4-35 which occurred in high conversion (albeit in poor yield due to messy workup

requirements).

0O

Q )J\m o HOTONS 0
A o0 Al
HO reflux, 5h —0 Br DMF —0 o/\%
c4-34 98% c4-35 28% c4-36
NH,

DIC, DMAP KOH
CH,Cl, O 20| H,0
72% NH, MeOH

c4-38
0
)K/\/\ /
=\ HO o—Z

Br (o)

’\/\,( o) 0 c4-37
NH

KOH . MeOH NH DIC, DMAP

(O~ )

HN HO N

CH,Cl,
A

c4-39 );/\/\’ c4-40 HN c4-14
e} Br »_\—\’

Scheme 8 — The Steglich esterification of 2,2’—-diamino-[1,1’-biphenyl] is highly sensitive to coupling partner.
Two synthetic routes to a dialkynediamide (c4-40) were unsuccessful.

Finally, in both projects the reduction of the dinitro species was required as the first step, the
overall yield of both routes could be improved with access to appropriate high pressure
chemistry equipment since the yield suffers from the Zn catalysed acid reduction of the nitro
compound (c4-13), which was pursued only because the reported quantitative palladium
catalysed reduction'>® required a high pressure H, stream. Despite reports of 94% yields for
Zn catalysed conversion,’>? in the ~20 times this reaction was carried out over the course of
both projects the Zn mediated single electron transfer reduction in the presence of acetic acid
only ever achieved 84% conversion to desired product because upon complete consumption
of the starting material a mixture of the 2,2’—diamine—[1,1'—biphenyl] (c4-14) and benzo|c]
cinnoline (c4-41, Figure 57) in a 1:7 ratio is present regardless of reaction time, temperature,
solvent or concentration. The impurity was identified by HRMS (found: 181.0761 m/z;
calculated 181.0766) and confirmed by comparison with a reported H NMR spectrum.18? The
two components then require separation by column chromatography which reduces the
converted vyield into a yield typically around 55% (for <100 mg scales, analytically pure
diamine can reach 68% isolated yield). Alternative work ups were attempted but the impurity

could not be removed by extracting a solution of the crude material in 2 M HCI with CHCl>
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with 5% (mol) remaining even after 25 extractions. The poor result suggests that the two

species have comparable basicities and H20/CH2Cl; partitioning coefficients.

‘ NH,
N02 ZH/ACOH O
CHyCl, H,N
—_— c4-14
O rt4 h
ON 1.7 ratio c4-41:c4-14
N=N

c4-13 c4-41

Figure 57 — Zn/AcOH reduction of dinitro(c4-13) is limited in yield by the persistent presence of (c4-41). c4-41
or benzo[c] cinnoline is a side product formed in ~14% during the reduction of 2,2’—dinitro—[1,1’-biphenyl].

Determination of a suitable pH indicator for diamine biphenyl

To ensure there was a suitable indicator for pK, measurements (ideally one with a pK, in—
between the values of the two states of compressed and extended DABP.) and alsoto provide
an estimate of K1 and Kz for the modelling of the gel with the most accurate values possible, |
synthesized DABP and its single amine analogue N,N-dimethyl-[1,1'-biphenyl]-2—amine
from their amine precursors and measured their UVVis spectra with various indicators of
known pK,. Neutral red proved such a suitable indicator and the pK, of both mono and di free
biphenyl amine were determined by measuring the UvwVis changes of a solution of neutral red,
with pK, 6.5, when 1 equivalent of each amine was added. To enable fitting of the resulting
spectra the reference data for fully protonated and fully deprotonated neutral red and each
amine was required. The former was obtained by measuring known concentration of neutral
red in water, followed by remeasuring the spectra after the addition of 2 equivalent NaOH,
assumed to fully deprotonate the indicator. The latter were obtained by measuring UwVis of
the amines before and after the addition of two equivalents of acetic acid. These reference
data were then used to fit the spectra obtained when 1 equivalent of each amine was
separately added to a solution of indicator using the Isgnonlin fitting function in Matlab to
determine the ratio of protonated to deprotonated indicator. From this the pK, of the amines
could be obtained using eq. 24 below. Plugging in the measured values for Knr-mpasr and Knr-
H20 gives a pK, of the biphenyl diamine in agreement with the reported of 6.1 but a much
lower pK, for biphenyl monoamine (6.9) than that approximated by analogy with N, N—-methy|
aniline (8.9).

_[BHT|INR] _|H30*|IvRT)
KNR—MDABP—W Eq.23 Knr-H20= “H,0|INR] Eq. 24
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+
=Kp-H20= [H30 ][B]

4= e Eq.25
Eq.3 [H,0][BH'] q

UwVis spectra of 1:1 N,N-dimethyl{1,1'-biphenyl]-2-amine with neutral red vagsﬂspectra of 1:1 N,N,N,N-tetramethyI-[1,1'-biphenyl]-2,2'-diamine with neutral red
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Figure 58 — Neutral red is deprotonated to different extents by N,N-dimethyl-[1,1’-biphenyl]-2—
amineand DABP. UVvis spectra of neutralred with 1 equivalent of a) N,N—dimethyl/-[1,1’-biphenyl]—
2—amine and b) DABP.

Derivation of eq 1

_[BiHT][A7] [Bz] _ ;
Eq. 26 Ky=oppo o Eq. 27 Kn= 2] Eq.28 T,=[HA] + [A]
EQ.29  [A]=[B.H] + [B,H'] Eq.30 K,= Z2A1AT]
. 1 2 . 2 [Bz][HA]
Eg.31 T,=[Bi] + [B,] + [B1H*] +[B,H] Eq.32 Abs=[A]).ell
eq.26 K_1 [BLH][ [B1H][Bz] - + o +
= = B > ea.27 B H*] > eq29. > [B,H]= [B,H*])
Rearrange 2 [BlH*]=1—+[[é% (Eq.33)
K1
Use eq. 26, eq.31 and eq. 27 to get B; = Tl";—[‘:;] (Eq.34) use Eq 27 to get B,= Tbl_—[’_:] Eq 35
m Km
. [BiH*][AT]
.26 +eq. 28 Ki=———7—— .36
°d.26 +eq.28 give Ku= () 1o py (29-36)
use eq. 36 and eq. 35in eq.33
_ [A~ ] % [47] [A7]? x_ Km+1

- D i T2 O a1

KmKz ~ K.=0
1

As well as K1, K2 and Km, 3 equations related to the processes were required to derive the final
expression which is related to absorbance by eq 32. Eq 28 defines the total concentration of
acid Ta, eq 31 defines the equivalent for base Ty. Eq 29 describes how the total of [A’] must be
equal to the sum of [BiH] and [B2H] (since B1 and B2 are the only species in the solution
capable of deprotonating HA to form A°). Dividing equation 26 by 30 produces an expression
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involving Kz and K1 that contains a B2/B1 term equivalent to Km in eq. 3. Replacing [B2H] using
eq 29 reintroduces [A] and rearrangement simplifies [B1H] terms. Combining eq. 26, 31 and
27 yields expressions for B1 in terms of Ty, [A] and Kmn and rearranged equation 27 gives an
expression for HAin terms of Ta and [A’]. Equation 36, 35 and 33 can then be substituted into
K1 to give an expression which contains only [A7], K1, K2, Km, To and Ta.
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Synthesis of monomer c4-17

Ol

NO, O,N
c4-13

AcOH/Zn 10

9

4h, 1t, 67%
HO

—_— NH HN

6 7
DIC/DMAP 5
NH, HoN CH,Cl, 4\ 5
99% = o O

—
2

c4-14 c4-15
. THF
LiAlH | Soo,
9 10 3 =y
. 11 - 5 2
4
y 6 Mel/K,CO, NH HN
- 6
12—N N—™ DMF {
80%
A 5 8
3 c4-17 _ 11
1=
2 c4-1610 9

5 kDa, azide terminated
tetra arm PEG
Cu(Megtren)

propylene carbonate

\J

2,2'-diamino-1,1’-biphenyl (c4-13)

A mixture of 2,2'—dinitrobiphenyl (0.90 g, 3.7 mmol, 1 equiv.), and Zn(3.61 g, 55.3 mmol, 15
equiv.) in CH2Cl; (40 mL) was cooled to 0°C, followed by slow (0.2 mL/min) dropwise addition
of AcOH (4.22 mL, 73 mmol, 20 equiv.). The reaction was maintained at 0°C for 15 min after
full addition of AcOH then allowed to warm to rt and stirred for 4 h. The mixture was slowly
quenched with 10% NH4OH (25 mL), filtered through cotton wool and washed through with
NH4OH and CH2Cl,. The filtrate was separated and the organic layer washed with NH4OH sat.
solution (10 mL), dried with Na»SO4, concentrated under reduced pressure and purified by
flash column chromatography (N(Et)3/MeOH/CH2Cl2, 0.1 : 0.5 : 99.4). The first fraction was
collected and evaporated to give c4-13 (0.46 g, 2.5 mmol, 68%).1H NMR (500 MHz, CDCl3) 7.18
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(td, 2H) 7.12 (dd, 2H), 6.83 (dt, 2H), 6.79 (dd,2H). Spectroscopic data was in agreement with

that reported previously.161

N,N'-([1,1'-biphenyl]-2,2'-diyl)bis(pent-4-ynamide) (c4-15)

c4-14 (0.25 g, 2.71 mmol, 1 equiv.) was dissolved in CH2Cl> (18 mL) with DMAP (166 mg, 1.36
mmol, 0.5 equiv.) and pent—4-ynoic acid (0.56 g, 5.70 mmol, 1.99 equiv.,) and DIC (0.72 g,
5.70 mmol, 2.1 equiv.) was added at 0 °C and allowed to warm to rt before stirring overnight.
The resulting solution was filtered through cotton wool and the solvent removed under
reduced pressure. The solid was redissolved in EtOAc and cooled in the freezer for 30 min
then filtered once more through cotton. The filtrate was washed with HCI (0.4 M, 3 x 10 mL)
and dried over Na2S04. The solvent was removed under reduced pressure yielding a solid
containing the product and a small amount of urea side product which could be removed
using column chromatography in CH2Cl2 but did not interfere with the subsequent step
making it more efficient to proceed without further work up to this step. (0.41 g, 1.90 mmol,
80%) 'H NMR (500 MHz, CDCl3) 8.17 (d, 2H, H?), 7.44 (td, 2H, H&"®), 7.25 (td, 2H, H&9),7.21
(dd,2H, H7), 7.14 (S, 2H, NH), 2.44 (m, 4H, H?%), 2.38 (m, 4H, H3), 1.84 (t, 2H, H!). 13C NMR (100
MHz, CDCl3) 170.0 (Cs), 135.6 (Cs), 130.6(C7), 129.6 (Csors), 129.2 (C11), 125.4 (Csors), 123.4
(C10), 82.5(C2) 69.7 (C1), 36.1(Ca), 14.7 (Ca).
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Figure 59— 1H NMR spectra of ¢4-15 in CDCls.
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Figure 60— 13C NMR spectra of c4-15 in CDCls.
N,N'-di(pent-4-yn-1-yl)-[1,1'-biphenyl]-2,2'-diamine (c4-16)

To a stirred suspension of the ¢4-15 (50 mg, 0.074 mmol, 1 equiv.) in dry THF (10 mL) LiAIH4
(141 mg, 3.70 mmol, 50 equiv.) was slowly added over 2 min. and stirred for 5 min then
refluxed overnight (81°C), cooled to 0 C°and the excess of LiAlH4 was quenched with H,0 (10
mL) . The grey precipitate was filtered off and aqueous layer washed with EtOAc (3 x 50 mL)
and CH2Cl2 (1 x 10 mL). The filtrate and washings were combined, washed with brine (2 x 10
mL) and dried over anhydrous Na2SOs. The solvent was removed at reduce pressure to give
c4-16 (23 mg, 0.073, 98%). *H NMR (500 MHz, CDCl3), 7.27 (td, 2H, H8), 7.07 (dd, 2H, H7), 6.78
(t, 2H, H®), 6.76 (d, H?), 3.24 (pent, 4H, C3), 2.21 (td, 4H, C3), 1.88 (t, 2H, C?), 1.76 (pent, 4H,
C*). 13C NMR (100 MHz, CDCl3), 145.7 (Cs), 131.3(C7), 129.2 (Cs), 124.3 (C11), 117.4 (C9), 110.6
(C10), 83.7 (C2), 69.1(C1), 43.0(Cs), 27.9 (Ca), 16.3 (C3). HRESI-MS m/z = 317.2018 calc. for
[M+H]*317.2018 found.
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Figure 61— *H NMR spectra of ¢4-16 in CDCls.
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Figure 62 —13C NMR spectra of c4-16 in CDCl3.

N,N'-dimethyl-N,N'-di(pent-4-yn-1-yl)-[1,1'-biphenyl]-2,2'-diamine (c4-17)

c4-16 (40 mg, 0.13 mmol, 1 equiv.) was dissolved in dry DMF (3 mL) with the K2COs (105 mg,
0.76 mmol, 6 equiv.) and Mel (72 mg, 0.506 mmol, 4 equiv.) added dropwise before stirring
at rt overnight. The reaction was quenched with a sat.agNH4Cl solution (15 mL) and extracted
with EtOAc (4 x 15 mL) then washed with NH4Cl (3 x 10 mL), H20 (6 x 10 mL) and brine (10 mL)
and dried over Na2SO4. The EtOAc was removed under reduced pressure to give a crude solid
which was purified by automated column chromatography (4 g silica, MeOH/CH>Cl,1:99) the
first fraction was evaporated to give the title compound (24 mg, 0.070 mmol, 55%). *H NMR
(500 MHz, CDCls) 7.27-7.23 (m, 4H, H7*8), 7.06 (d, 2H, H2°), 6.99 (t, 2H, H®), 2.76 (s broad, 4H,
H®), 2.57 (s, 6H, H'2?), 1.94-1.80 (m, 6H, 3C NMR (100 MHz, CDCl3) 151.2 (Cs), 135.4 (C11),
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131.9 (Cz/s), 127.8 (Cy/s), 121.9 (Cs), 119.6 (C10), 84.6 (C2), 68.3 (C1), 55.1 (Cs), 40.2 (Ci2),

26.5(Ca) 15.9 (C3). HRESI-MS m/z = 345.2330 calc. for [M+H]* 345.2333 found.
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Figure 63 —1H NMR spectra of ¢4-17 in CDCls.
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Figure 64— 13C NMR spectra of ¢4-17 in CDCls.

Gel preparation

2500
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1000

A 50mg/mL Cu catalyst solution was prepared using a literature procedure®>° by first placing

CuBr in water and adding a tenfold excess of L—ascorbic acid before stirring for 15 min. The
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suspension was filtered using a medium fritted glass funnel and washed with copious
amounts of deionized water. The resulting white powder (CuBr purified of contaminating
Cu(ll)) was washed sequentially with glacial acetic acidand diethyl ether, dried under vacuum,
and then brought into a glovebox. The CuBr was stored in a vial in the dark. MeeTREN was
sparged with nitrogen for 3 h, freeze—pump—thawed and brought into the glovebox. CuBr was
suspended in propylene carbonate, and 1.1 equivalents of MesTREN was dissolved in
propylene carbonate in a separate vial then transferred to the vial with CuBr. The catalyst
solution was vortexed until all of the CuBr was converted to the complex. 5 kda, tetra—armed—
azide—terminated PEG (1 equiv.) and c4-17 (2 equiv.) were combined in propylene carbonate
(1.9 mL) in a glass vial in the glovebox. The mixture was vortexed until complete dissolution
(20 min). The copper catalyst solution prepared above (2 equiv.) was added followed by a
further 30 seconds of vortexing. The solution was poured into a 3.3*3.3*3 cm silicone mold,
gently tapped to release any bubbles, and left to react in the glovebox for 24 hours to ensure

complete conversion of the reactive groups.

Matlab code for model

Determination of optimum Tavalue

%allows me to vary values of Ta and find out how it effects absorbance
%relative to km @ for various km levels

syms A

kls(:,1)=0.001:0.001:0.08;

k1=1.83;

k2=1/3;

Tb=0.04;
for km=0:0.25:5
for i=1:height(k1s)

Ta=kls (i, 1);
eqn=(A"2*(km + 1))/((Ta-A)*(Tb-A)*((k2*km)/k1l + 1)) - ki;
sola=double(solve(eqn==0,A));

sola(sola>0.04)=[];
sola(sola<-0.00001)=[];
kls (i, (km/@.25)+2)=sola(1,1);

end

end

frac=[];

for i=2:width(k1ls)

frac(1:80,1i)= (kls(l:end,i)-k1s(1l:end,2))./kls(1l:end,2);

end

%row 5 is the fractional difference between A conc at kmech @ and kmech 0.6
figure(100), plot(kls(1l:end,1), frac(l:end,2:end))

figure(101), plot(kls(1l:end,1), kls(l:end,2:end))
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Effects of Kmon [AT]

syms A
kms(:,1)=0:0.05:10;
k1=1.83;

k2=1/3;

Tb=0.04;

Ta=0.04;

for i=1:height(kms)
km=kms (i,1);

eqn=(A"2*(km + 1))/((Ta-A)*(Tb-A)*((k2*km)/k1 + 1)) - ki;

sola=double(solve(eqn==0,A));
sola(sola>@.04)=[];
sola(sola<-0.00001)=[];

kms (i,2)=sola(1,1);

end

kms(:,3)= (kms(:,2)-kms(1,2))./kms(1,2);

figure(100), plot(kms(1l:end,1), kms(:,2))
figure(101), plot(kms(1l:end,1), kms(:,3))
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Synthesis of SS,22 macrocycle

Br OH

HoN /U\/Br
Et;N . 8
O e L O o
N
O
Br
1

Z
T

rt, 16 h 6 7
98%

reflux, 16 h
98%

c4-14 c4-22

Zn, TiCly, Pyridine

THF
reflux, 3 hours

N,N'-([1,1'-biphenyl]-2,2'-diyl)bis(2-bromoacetamide) c4-22

c4-14 (prepared as described above) (0.13 g, 0.72 mmol, 1 equiv.) was dissolved in dry CH2Cl
(5 mL) with EtsN (0.35 mL, 0.25 g, 2.5 mmol, 3.5 equiv.) and bromoacetyl bromide (0.12 mL,
0.29 g, 1.4 mmol, 2 equiv.) in CH2Cl2 (4 mL) was slowly added at 0 °C. The solution was warmed
to rt and stirred for 16 h and then diluted with CH2Cl> and washed with H20 (4 X 10 mL).
Drying over Na2SOs followed by removal of the solvent under reduced pressure gave the
product in good purity (0.27 g, 88%). 'H NMR (500 MHz, CDCls) 8.31 (d, 2H, Ha/7) 7.98 (s, 2H,
NH), 7.48 (t, 2H, Hs/e), 7.32-7.26 (m, 4H, Har), 3.82 (s, 4H, H1). HRESI-MS m/z = 446.9314 calc.
for [M+Na]* 446.9315 found. Spectroscopic data was in agreement with that reported

previously.162

c4-23

To a solution of 6-hydroxy—1-indanone (0.49 g, 3.3 mmol, 2 equiv.) and c4-22 (0.71 g, 1.7
mmol, 1 equiv.) inMeCN (50mL) was added K2CO3(0.92 g, 6.7 mmol, 4 equiv.) and the solution
was refluxed for 16 h. After cooling to rt, the solvent was removed under reduced pressure
and the remaining brown solid was dissolved in CH2Cl2 (15 mL) and washed with H20 (5 X 15
mL). The aqueous layer was extracted with CH2Cl2 (3 X 10 mL) and the combined organic

layers were dried over Na;SOs4 and evaporated under reduced pressure to give the pure
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product (920 mg, 98%). H NMR (500 MHz, CDCl3) 8.4 (d, 2H, His), 8.07 (s, 2H, NH), 7.47 (td,
2H, Has), 7.33 (d, 2H, Hs), 7.22 (td, 2H, Haa), 7.19 (dd, 2H, Hie), 6.96 (d, 2H, Hs), 6.75 (dd, 2H,
H7), 4.41 (m, 4H, Hio), 3.09 (m, 4H, H1), 2.72 (m, 4H, H2).13C NMR (100 MHz, CDCl3) 206.5 (Ca),
165.6 (C11), 156.2 (Cs), 149.3 (Cs), 138.4 (Ca), 135.2 (C17), 130.1 (C1s), 130.0, (C15), 127.8 (Cs),

126.2 (C12), 124.8 (C1a), 123.4 (C7), 120.3 (C13), 106.3 (Cs), 67.4 (C10), 37.0 (C2), 25.2 (C1). HRESI—
MS m/z = 583.1845 calc. for [M+Na]* 583.1842 found.
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Figure 65— 1H NMR spectra of c4-23 in CDCls.
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Figure 66— 13C NMR spectra of c4-23 in CDCls.

c4-24

To a stirred suspension of zinc powder (1.53 g, 24 mmol, 13.2 equiv.) in 30 mL dry THF, TiCls
(1.2 mL, 1.9 g, 9.8 mmol, 5.5 equiv.) was added over 2 min at 0 °C. The resulting slurry was
heated at reflux for 1.5 h, before addition of pyridine (0.79 mL, 0.78 g, 9.8 mmol, 5.5 equiv.).
A THF solution (30 mL) of ¢4-23 (1.0 g, 1.8 mmol, 1 equiv.) was added over a 3 h period by
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dropping funnel to the refluxing reaction mixture. The heating was continued for 0.5 h after
the addition was complete. After this time the solution was cooled to 0 °C , the reaction
mixture was quenched with NH4OH (10 mL, 10 % aq.) and filtered. The THF was removed
under reduced pressure and the aqueous layer was extracted with CH2Cl2 (5 X 15 mL). The
combined organic phase was washed with NH40H (10 mL, 10% aq.) and HCI (5 X 10 mL, 2M)
and then H20 (10 mL). The organic phase was dried over NaSOs4 and evaporated under
reduced pressure to give the c4-24 macrocycle (0.72 g, 76%). *H NMR (500 MHz, CDClz) 8.19
(s, 2H, NH), 7.59 (d, 2H, Hs\s\9), 7.54 (d, 2H, H13\16), 7.34 (td, 2H, His\14), 7.27 (m, 2H, His\14 ),
7.25 (m, 2H, Hie\13), 7.20 (d, 2H, Hs\8\9), 6.70 (dd, 2H, Hs\s\9), 4.41 (m, 4H, H1o), 2.95 (m, 4H,
Hi1\2), 2.83 (m, 4H, H1\2). 13C NMR (100 MHz, CDCl3) 167.6 (C11), 156.0 (Cs), 143.1 (Ca\9), 142.1
(Cova), 135.8 (C3), 134.1 (Ci5\14), 132.8 (C12), 131.2 (C13\16), 129.3 (C1a\15), 126.3 (C17), 126.0
(Cs\7\8), 123.7 (C13\16), 114.6 (C5\7\8), 112.0 (Cs\7\8), 69.2 (C10), 35.6 (C1\2), 30.1 (C2\1).HRESI-MS
m/z =551.1941 calc. for [M+Na]*551.1942 found.
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Figure 67— *H NMR spectra of c4-24 in CDCls.
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Figure 68— 13C NMR spectra of c4-24 in CDCl;.

c4-25

LiAlH4 (85 mg, 2.3 mmol, 8 equiv.) was added slowly to a solution of c4-24 (150 mg, 0.28
mmol, lequiv.) in THF (10 mL) at 0 °C. The mixture was then refluxed for 5 h before cooling
to 0 °C and quenching with NH40H (2 mL, 10% aq.). After filtering through celite the THF was
removed under reduced pressure and the product extracted from the remaining aqueous
layer with CH2Cl; (4 X 15 mL). The organic layer was washed with H20 (10 mL) and dried over
Na2S04 before removal of solvents under reduced pressure gave the product (75 mg, 55%).
1H NMR (500 MHz, CDCl3) 7.69 (d, 2H, Hs\n\g), 7.28 (t, 2H, H1a4), 7.18 (d, 2H, Hs\n\s), 7.10 (d, 2H,
Hi3), 6.81 (t, 2H, His), 6.76 (d, 2H, Hie), 6.73 (d, 2H, Hs\7\8), 4.23 (m, 2H, H1o), 4.11 (t, 2H, NH),
4.03 (m, 2H, H1o), 3.64 (M, 2H, H11), 3.45 (m, 2H, H11), 2.77-2.99 (m, 8H, H1and2). 33C NMR (100
MHz, CDCl3) 157.2 (Cs), 144.9 (C12), 141.4 (c3,40r9), 141.0 (C3,40r9), 135.5 (C3,40r9), 131.7 (Ca3),
129.3 (C14), 125.8 (Cs,70r5) 124.6 (C17), 117.7 (C15), 114.3 (Cs,70r5), 109.7 (C16), 109.2 (Cs,7 0r5),
66.7 (C10), 43.0(C11), 35.4 (C1), 29.7 (C2). HRESI-MS m/z = 501.2537 calc. for [M+H]*501.2536

found.
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Figure 69— H NMR spectra of ¢4-25 in CDCls.

2600
2400
2200
2000
1800
1600
1400
1200
1000
800

600

J I I )

=200

L]

T T T T T T T T T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

F1 Frmnat

Figure 70— 13C NMR spectra of c4-25 in CDCl;.

$S022

The amine (c4-25) (20 mg, 0.04 mmol, 1 equiv.) was dissolved in DMSO (3 mL) with KOH (29
mg, 0.52 mmol, 13 equiv.) and Mel (73 mg, 0.52 mmol, 13 quiv.) was added dropwise as a
20% weight solution in DMSO. The mixture was leftto stirat 50 °C overnight before quenching
with aqueous KOH (1M, 20 mL). The solution was extracted with CH2Cl> (1 x 15 mL) and EtOAc
(3 x 15 mL). The combined organic layers were washed with brine and evaporated under

reduced pressure to give an off yellow solid that was subjected to automated column
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chromatography (4 gsilica, CH2Clz). Thefirst peak was collected and evaporated to yield $S022
(20 mg, 0.038 mmol, 95 %). *H NMR (500 MHz, CDCl3) 7.53 (d, 2H, Hs\n\s), 7.28 (dd, 2H, Haa),
7.19 (t, 2H, Hs\7\8), 7.15 (d, 2H, Hi3), 7.04 (d, 2H, His), 6.96 (td, 2H, Hie), 6.72 (dd, 2H, Hs\7\8),
3.91 (m, 2H, H1o), 3.75 (m, 2H, NH), 3.26 (m, 2H, Hio), 3.16 (m, 2H, Ha1), 3.45 (m, 2H, H11), 2.91
(M, 4H, H1and 2). 2.81 (M, 4H, H1and 2), 2.72 (s, 6H, His). 13C NMR (100 MHz, CDCls) 157.2(Cs),
150.1(C12), 141.6(Ca), 141.2(Cq), 135.6(C3), 134.3(C17), 132.2(C130r16), 127.9(C1a 0r 15), 125.8(SSs
50r7), 121.6(C140r 15), 119.3(C130r16), 116.1(SSs50r6), 109.7(SS850r7), 67.3(C100r11), 54.4(C100r
11), 41.4 (C1s), 35.4(Cz2), 29.9(C1).
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Figure 71— 1H NMR spectra of $S022 in CDCls.
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Figure 72 —1H NMR spectra of §5,22 in CDCl3.

The purity of the compound isinconclusive because the data does allow definitive assignment
of the peaks at 4.5 and 3.5 ppm. Specifically, the 4.5 ppm peaks correlate via HMBS to the

same carbon as that of the larger alkyl peaks assignedas alkyl protons expected in the product
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(4.3 ppm) Figure 73. Additionally, the carbon atoms that correlate to the expected product
aromatic protons also have correlation to some of the smaller peaks in the aromatic region
which supports the potential for multiple conformers. However some other peaks such as
that at 3.5 ppm and some small peaks between 6.5 and 8.5 ppm have no such correlation to
any carbon in the spectra making it unclear whether they represent impurities or conformers.

| was unable to remove these impurities by column chromatography with several eluents.
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4.5 ppm and product carbon peak.
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