Ru-mediatedring-opening metathesis polymerization fo the synthesis of
complex polymer architectures

Samantha Jillian Scannelli

Dissertatiorsubmitted to the faculty of the Virginia Polytechnic Institute and State University in
partial fulfillment of the requirements for the degree of

Doctor of Philosophy
In
Chemistry

John B. MatsorChair

Richad D. Gandour

Michael D. Schulz
Diego Troya

May 9", 2023

Blacksbug, VA

Keywards: Livingness, Catalyst, Propagation, TerminatioatdR Monomer, Maromonaner

Copyright2023, Samantha $cannelli



Ru-mediatedring -opening metathesis pdymerization for the synthesis of complg polymer
architectures
Samantha J. Scannelli

ABSTRACT

Ring-opening metathesis polymerization (ROMP) has gairstintion over the last few
decades for its versatility and robustness. Through the use of highly active metal catalysts, such
asGr u b b sdgenerationcaatyst [G1, (PCy2(Cl)2RUCHPh] ad  Gr u b bgeferatiorh i r d
catalyst [G3, (HIMes)(Clx(pyr)2RUCHPh] ROMP canexhibit living characteristics for some
monomer classes, most commonly substituted norborn€hesigh livingness of ROMP makes
it well-suitedfor the synthesis of complex poher architecturese(g.,bottlebrush polymersstar
polymers, and (mti)block copolymers, among othg¢rsHowever, compared to other living
polymerizations,quantitative studies on the kinetic factors affectiiming characteristics in
ROMP are lacking.

This work describes the effects of several reaction factors onivimgress in Ru
mediated ROMP of norbornett@sed monomers. We performdroughstudeson the effects
of the anchor group, the series of atoms directly attached to the norbornene, in the synthesis of
both linear and bottlebrush polymers. Using smalleswde norbornene monomers, we studied
monomer HOMO energy, rate of propagatidg),( catalyst decomposition [a proxy for the
termination rateconstant(k))], andlivingness in ROMPas measuredy the ky/k: ratio. HOMO
energieswere used to predict the aetivity of various monomerdased on the hypothesis that
high HOMO energy would lead to high monomer reactivity and Riglalues. We observed a

positive correlation betwaethe HOMO energy ank, with both G1 and G3 catalysts, bue



observeda plateaun k, for monomers with the highest HOMO energy when polymerized with
G3 catalyst These resultsuggestd that above a certain level, HOMO energy no longer
influenced the r@-determining stepAdditionally, the anchor group hatb apparent effect on
catdyst decomposition with either catalyst. Therefore, when examining the livingness in ROMP
of linear polymes, differences in thie/k; ratios were primarily controlled by thg value.

When studying the synthesis of bottlebrush polymers, we faurgimila positive
correlation between HOMO energy akgdfor five macromonomer (MM) specie3o evaluate
livingness of MMs, wetargeed variousbackbone degrees of polymerizatidW), 100/ 200Q
and found thaMMs with highky obsvalues reached higher conversigith lower dispersitiesry)
at high targetNy, values tharMMs with low kp onsvalues.Finally, we investigated the synthesis
of bottlebrushpseudepentablock copolymers gy MMs with the highest and lowekt anchor
groups. This study revealed highdM conversionand lowern values for each blocfor the

MM with the highestk, anchor groupcompared to the loweks MM.

Furthering the anchor group stydye synthesied a small molecule monomer and two
macromonamers containing aorbornenébenzoladderenstructure We found thisanchor group
had a higher HOMO energyah all other(macrgmonomers préously studied However,kp
was not higherfor the small molecule monomer cpared to the other monomers studied,
supporting the plateau in rate observadmionomers above a certain HOMO enerfiye higher
HOMO enegy for MMs did increasd, for oneof the MM compared to other MMs previously
studied however the M1 with sidechains in thertho position on the anchor group had a lower
ko than expectedThis low ky, was attributedd thesidechairs being in closer proximity to the
reactive chain end compard to the MM with sidechairs in the meta postion, hindering

addition of new MM unitsAltogether, these experimemevealechow the anchogroupimpacs



ko and livingness in ROMP, two factors that are essential fosyththesisof precisebottlebrush

(co)polymers.

The final chager of this dissertation evaluates the effect of reaction atmosphere on
livingness in Rumediated ROMPHere weenvisioredthatchanging the atmosphere, fraimder
air to on a Schlenk line undé& to in anN»-filled glovebox would reduce the rate athain
termination and improvédivingness in ROMPof small molecule and macromonomel&/e
synthesized linear or bottlebrugiseudepentablock coplymers to evaluate the livingness of
foud (macro)monomer structuraa three different atmospheres. We found better agreement
betweenMn expected@nd Mn obsaswell as lower overall and apparemtvalues for the bottlebrush
polymers polymerized in Natmospherednterestingly the effect was more prominent for low
ko (macro)monomers; in other words, ROMP reactions of (macro)monomers witkyhiglues
were siceessful under air, but for those witow k, values, a glovebox was required to observe

good control.
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GENERAL AUDIENCE ABSTRACT

Ring-openingmetathesis polyerization(ROMP) is apowerful chemical methodised to
make a wide variety of polymer8Vith use of rutheniunibased catalystfR OMP canexhibit
living characteristics for some monomer classesking it well-suited for thesynthesis of
precise linear andottlebrus polymers.However, compared to other living polymerizations,
guantitative stdies on the kinetic factors affectitiging characteristics in ROMP are lacking.

This work describes the effects of several reaction factors on the livingneS&MP of
norbornenébased monomers. Whoroughly studiedhe effects of thenchor group, the series
of atoms directly attached to the norbornene, in the synthesis of both linear and bottlebrush
polymers. Using small molecule norbornene monomess, studiedthe monomer HOMO
energy, rate of propagatioky), catalystdecomposition, and the livingness in RBMVe wsed
HOMO energyto predict the reactivity of various monomearsd found thahigh HOMO energy
led to high kp values. Additionally, the amor group had no apparent effect on catalyst
decomposition however, he large variations ik, meant that the anchor groupfluenced
livingness in ROMP

When studying the synthesis of bottlebrush polymers, we found a similar positive
correlation betweeilOMO enegy andky for five macromonomer (MM¥peciesAttaching a
polymer sidechain to the norbornene decreasks significantly, therefore our goal was to

evaluate the livingness in ROMP under conditions that experience kgwean linear polymers.



We targetd large bottlebrush polymers, backbone degree of polymerizatiggh {p to 2000,

The final portion of this dissertation evaluates the effect of reaction atmosphere on the livingness
in Rumediated ROMP. A large faar of livingness isk;, which n ROMP is ypically
decomposition of the catalyst chain end ewiced by low molecular weight tails in size
exclusion chromatography traces. Here we envisioned changing the atmospheraijr from

inert, would prevent chain tenination and improve the lingness in ®KMP. We again used the
synthesis of linear and bottlelsh pentablock copolymers to evaluate the livingness of six
(macro)monomer structures in three different reaction atmosplagérel,, and in a glove box.
Polymerizations under Nor in the glove box produced more welllefined polymers than
polymerizatians inair by a marginal degree. Therefore, the livingness in ROMP improves when

airis removed
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Chapter 1. Overview of grafting-through ring-opening metathesis polymerizationfor the

synthesisof bottlebrush polymers

Parts of this chapter were adapted from (Blosch, S. E.; Scannelli, S. J.; Alaboalirat, M.; Matson,
J. B., Complex Polymer Architdares Usng Ring-opening Metathesis Polymerization:
Synthesis, Applications, and Practical Consitlens. Macromolecule2022 with permission.

Copyright 2022 American Chemical Society

1.1 Authors
Samantha J. Scannelli adohn B.Matson

1Department of Chemistryirginia Tech,Blacksburg, Virginia 24061)nited States

1.2 Introduction

Bottlebrush pgtmers, also termed molecular brushes, are graft polymers with densely
graftedsidechairs attached to a linear polymer backbd® Many polymerization techniques
are suitable for the synthesis odbottlebrush polyrar backbones,sidechairs, or both
Specifically pol ymeri zations exhibiting d arepeferged char a
due to their ability to consict well-defined polymers. Living polymerizdions lack chain
termination ad chain transferas well as exhibit linear growth in molecular weight with
conversion. Another characteristic of living polymerizations eytkypically have a constant
number ofkinetic chain amiers throughout the polymeation because initiation ed k) tend

to be higher than propagation ratdg)( Altogether, these characteristipsovide control over



molecular weight and dispengiallowing for the synthesis aell-defined polymers, gecifically
useful for geneating precisdottlebrush polgners.

Historicaly, anionic polymerization was preferred becauge was the only
polymerization that truly lacked chain terminatfoHowever many pdymerizations exhibiting
living characteristichave been used, most commonly are mneersible deactivation radical
polymerization (RDRP}echniquessuch as atom transfeadical polymerization (ATRP) and
revesible addition fagnentation chain transfdiRAFT) polymerization. More remtly, ring-
opening metathesis polymerization (ROMMAjas gained popularity in bottlebrush polymer
synthesisdue to its relative insensitivitio air and water and high functionalogp tolerance.
Overall, the generalgoal is to synthesize bottlebrush polgnms with tunablechemical
composition, controllable and high grafting dendiy, and tunablesidechain and backbone
degrees of polymerizatn (NscandNob, respectively)in which ROMP iswell-suted.

In many cases, motban one type gbolymerization technique is us@ the multi step
synthesis of bottlebrush polymerbBhere exist four general strategies to synthesize bottlebrush
polymers graftingto, graftingfrom, transfetto, andgraftingthrough which differ in hav the
side-chairs are connected to the backbociein® Graftingto requires separate polymerization
reactions to generate thadkbone and thsidechairs, followed ly efficient readbns to attach
the sidechairs to the backhbwe. Thegraftingfrom method rquires the polymerization of a
monomer with a pendant functional group to make the backbone chain. Next, initiation sites are
attached to the backbone (if they waat already prénstalled on the monomemyhich are then
used in a subsequent polymerizatistep to initiate the synthesis of #idechairs. The transfer
to strategy is a hybrid of graftifilp and graftingfrom that is less widely used. It involveseth

synthesis of @dymer backbone with a peant chain transt agent attached via thegZoup in



the case of RAFT. Theidechairs are synthesized in a process where propagation occurs free in
solution, and the growg sidechairs return to the backboneava chain transf reaction®
Lastly, thegraftingthroughmethod involves the synthesis of a monotelechelic polymer with a
polymerizable group on one chain emdlled a macromamer (MM). Polymerization bthe
MM endi grouyps creates the bottlebrush polgr backbone in a second step. While all four
methods have advantages and disadvantages and various potential side pgodiiictg,
through holds the potential fothe greatest el of control over graftig density,sidechain
degree of polymerizatiorNg), andbackbone degree of polymerizati@¥oy). Although ROMP
can be used in all four methods, it is most commonly apjpli¢te grafting-throughof MMs,
with early reports fromBowden in 2004,and later Grubbs in 20highlighting the capability
of ROMP graftingthrough to make long cylindrical bottlebrush polymers. ROMP has
advantages in the polymerizat of MMs over the RDRP methods, whichn be hampereoly
low equilibrium monomerconcentrations under standard conditions, ewsngulow molecular
weightMMs.®

Although reports of interesting polymer matésianade by ROMP exist, limitations
reman. For example,ROMP of even moetate molealar weight MMs Nsc ~50) can be
challenging, agan even relatively low targét.s values Non ~100), where broadening of SEC
traces compared to smaller bottlebrush polgner regularly observed. This difficultis
amplified in bottlebrush mudiblock comlymer synthesis and the construction b
certrosymmetric structures such as tapered bottlebrush polymers. Altogether, the synthesis of
complex polymer topologies whileootrolling parameters includindNse, Noo, and grafting

density requireshighly tuned polymerizationsHere we discuss the ROMg@raftingthrough



method to synthesize bottlebrush polymers amuies of the elements of dlROMP reaction

conditions that influerethe outcome of the polymerizati@figurel.1).

polymer, dendrimer,
monomer selection or other large group
and stereochemistry

X R catalyst
/ U solvent, temperature, R

atmosphere

anchor group

Figure 1.1. Schematic representation of thetfars that influence the rate of ROMP.

1.3 Catalysts

ROMP is a polymerization method that is typically driven by thefrefiging strain in
cyclic olefin mononers® or in some cases by entropy for very langestrained cyclic olefin&:
The most commn ROMP catalystare the Ru compkes devealped by Grubbs (Figurke2Ai D)
and the primarilyMo-basedcatalysts introduced by Schrock (Figur2E). All of these catalysts
are transition metal complexes that containagbonmetal double bond. Weote thatthese
transitionmetal (pre)catgists may kb more accurately referred to as ROMP initiaiarsnany
contexts, but we use the more common term catalyst throughout for sake of ease, clarity, and in
an attempt to redugaotential confusion. The nraipracticadistinction betveen these two nma
classe®f catalysts is that the Mo catalysts are sohswnore active, but they are limited by air
and moisture sensitivity and react with some common functional groups. Inscéntra t he Gr ub
catalysts argenerallybench stable antblerate air andvater. Adlitionally, these Ru catalysts
have specificityfor the C=C bond, which allows for polymerization of monomers with pendant
functional groups that often cannot be polymerizsd other methods (i.e., thesthat are

sensitive to raidals or anions).
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generation(G2), C)Gr u b I geherafion (G3), D) Hoveyd& r u b Bgéneration (HG2),
and E) Schrock Mdased catalysts.

Due to his high functional group tolerance and easé@ n d | i ng, the Grubb
ar e used wi del vy i n ROMPY. genédtion tcatalyst e[G3, Gr ub
(H2IMes)(Clx(pyr)2RuCHPhH] is most commonly usech ithe synhesis of complex poiyer
architectires by R®IP due to its fast initiation and propagatiomédics!? G3 is the catalyst
used in many of the examples dissed here. Either unsubst#d pyridne ligands can be use
or they ca be substuted at the Josition with a halogen, usuallgr. Here we do not
distinguish between unsubstituted and haldgahbstituted versions of G3, referring to both
types simplyas G3. The G3 catalyst can &asily pepared from commerdlg availableGrubbs
24 generation catalyst [G2, tHMes)(Clp(PCy;)RUCHPh] by treatment with pyridine or a
substituted pyridiné®1* G2 is itself notypically used in ROMP when living charteristics are
neededdue to its bw initiation compared to propagation rate; Hovey@eubls G2 catalyst

[HG2, (HIMes)(Clx(oi OiPrCsHs)RUCHPh] exhibits similarly slow initiatio® Grubbs #
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generaibn catalyst [G1, (PG)(Cl)2RUCHPh] isalso used to some &t to makecomplex
polymer architectures by ROMP because it also laihifast initiation related tpropagation,
enabling living characteristics. However, G1 propagates a few orders of magsiibueer than
G2/G3 catalyst$®

Beyond catalysts capable ofediating FOMP with living characteristics, there exist
ROMP catalysts capable of contralij cis'trans stereochemistry in the resulting polymer. Some
catalysts can also control tadtycin ROMP. Many of these catalystseabased on Mo or W
transition metks, althogh someRu-based catalysts with control over ywler microstructure
have been desloped. These topics were recently reviewed by Buchm¥iserfigures here we
do not ntend to imply control over bab&ne olefin stereochemistry.

The efficiency of ROMP relies heavily on the particular catalystrefore, extensive
research has beemrmk on the various catalysts asllves theinvention of new catalysts to fit
more specifiaeaction conditions. Rates dafitiation and propagation dramatically influence the
precision of the final polymers. The mastmmonly used catalysts for ROMP ane Ru-based
Gr ubbs 6 c these IGxaayst (eith€ fwith pyridine or bromopyriditigands) is the
most widely sed catalyst, especially for norbornene species, as it has the fastest initiation and
propagatie r ates of t he c ofindHoweGr, Gddatalydt isdeast sambleyirs t s
solution than other ROMP cdysts and may not be the best option for polymerizations requiring
reaction times of more thaa few hours. G1 catalyst propagatesaslo than G3 catalyst by a
factor d 10i 100, but it also initiates quickly and lives longen solution than G3 catalyst,
making G1 catalyst still a widely used catalyst for ROMP. Unlike G1 catalyst and G3 catalyst,
G2 catalyst and common variations of tli&2 catalyst (e.g. HG2) rarely workell for

polymeaizations where living characteristics areeded, including moleculareight control and



the capacity for chain extension, because the rate of initiation is sloaerttie rate of
propagatiort® In fact, in extreme scenarios wheretiation is very slow compared with
propagatbn, ie., in latent catalysts at certain temperas?’ the monomer/ittiator ratio plays no
role in controlling molecular weighin some cases, however, G2 catalyst can be effective for
ROMPwith living characteristiceshen monomersr MMs propagate slowly enoughathcontrol
over the polymerization is maintaineth addiion to the widely used Ru adysts, Mebased
Schrock catalysts are also used in some cases due to their high activitgtaity tontrol?!
although care must be taken to avoigygen, water, and certain functangroups?® Additional
catalysts havebeen synthesized for use in moriehe condions of ROMP (e.g., aqueous

ROMP), generally stmming from already publishexhtalyst structures.

1.4 Grafting -through method

ROMP graftingthrough involves the polymerition of MMs, which are made using
contolled or living polymerizationechniquesMMs used in ROMRyratting-throughmost often
cortain a norbornene functiongiroup due to its high ring strain and fast polymerization by
ROMP. Here we discussorbornenebased MMs for the sake of simplicity, bother strained
cyclic olefins tave been uskas well. The release of ring strain in thehmwnene unit provides
the driving force for the polymerization, and fast initiation rates and even faster propagation rates
in ROMP can afford bottlebrush polyménsminutes'? The norbornene groups can be present
during sidechain synthesis or added in a pgmilymerizdion modification reaction, and these
approaches are referred to dgectgrowth and growth-thencoupling respectively (Figure

13).28
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Figure 1.3. Schematic representatiah bottlebrush polymer synthesisahedirectgrowth and

growth-thencouplingstrategies.

Directgrowth is most comronly used in making bottlebrush polymers due to the more
straightforward synthetic approach. Tmethod relie®n the use of a norbornerunctionalized
with an initiatoror chaintransfer agent fouse ina different polymeriz@on technique, often
ring-openingpolymerization (R®) or an RDRP technique. Polymerization is carried out from
this norbornendunctiondized unit to generate aM, and then ROMP is used ihe second
stepto form the backbone without any modificatiofhe MM is typically isolatd before the
ROMP reaction, bubnepot syntheses using trairectgrowth method are possible, aetailed
belon. Bowden and coworkers weethe first to synthesize bottielsh polyners using ROMP in
the directgrowth method, aclaving narrowly disperse pphers with molecular weights
exceeding 60,000 kg/mél.# Since then, others hawsiccessfully achievklarge degres of
polymerization of the backbone using this methodhalgh such enormous molecular weights
remain difficult to access for most MMs.

RDRPs are typically used to make MMs to eresiow dispersities and the high chairde

fidelity necessary for the subiguent RONP step.Various duatfunctionalized small mlecules
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have been made that carry a norleor (or similar) unit and an initiator ohairi transfer agent
(CTA) for the RDRPstep. The RDRP techniqgues most commoased to make MMs are
ATRP?® and RAFT?® With these techniques, MMs of polystne (PS), poly(methyl
methacrylate) (PMMA), poly(methyl acrylate) (PMA) poly(tert-butyl acrylate) (PtBA)?® and
poly(N-Isopropylacrylamidéf have been made and used to sgsire bottlebrush polymevia
ROMP. In one of the first reports on this topic in Z)@Patton and Advincula showed that the
directgrowth method enabled the synthesis wéll-defined PS and PMMA MMs using a
combination of RAFT and ROMP, with efficient ROMto generate smabottlebrushpolymers
(Npb = 8) %’

One important consideration in the synthesisboftlebrushpolymes by the direct
growth approach is the pential for copolymerizatiorof the nebornene unit in the RDRP
reaction. For examplesome studies have shown bimodal MW distributions for the resulting
bottlebrush polymers, specifically those where polyateglavere prepared in the RDRP step.
27.30 Xja and Grubbs noticed this problem in 2008he synthesis of MMs using both ATRP and
RAFT of acrylates, suggest that the norbornene can interfere with the infi@l/merization of
the sidechain® Keddie and coworkers recently reported a systematic stadyis problem and
suggest some methods to limit it, such as running RB#ctios o low monomer conversiotl.
However, to avoid tis problemertirely, thegrowth-thencouplingmethod can & used.

Initially used as early as 1994 by Feast and coworkers withh&dedatalysts® and later
coined by Xia in 20523 the growththencoupling method involves the synthesis of thiele
chairs followed by a chain end modification reaction to instélé norbornene unit (Figurke4).
Although the growththencoupling approach lengthens the synthesis with the addition of

intermediate reactions and purification steps, it removes any interferénitee sidechain



polymerization with the norbornene uratjowing for the synthesis ofell-defined botiebrush
polymers® This synthetic strategy camccommodate a broader scope of monomers and
polymerization techniques than tlirectgrowth strategy but is limited by thentermediate

modification step.
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Figure 1.4. Synthesis of various MMs via the Adirectgrowth and B) growth-thencoupling

approaches. Adapted Wipermission from reference$’

In order for the growththencoupling strategy to be successful, highhffigent
intermediate reactions need to be used to enfsliréunctionalization of thesidechairs, which
typically include i c | i ¢ k 0 2 precabmdiimidencouplings? Anionic polymerization,
RAFT, ATRP, and ROPdve been sal to polymerizenell-definedsidechairs of PMA, PtBA,
PS8 PMMA, 2 polycaprolactone, and poly(ethylene oxide) (PE®jith one end group capable

of further reaction. A higlyielding coupling reaction, potentially followed byunification,
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enables the synthesis of the MM. If done correctly, gfavth-thencougding strategy ensures
bottlebrush polymer foration viagraftingthroughwithout branching. However, care must be
taken to confirm that MMs are fully functionalized withnarbornene or similar unit; MMs
lacking a polymerizable unit are simptydechairs that do not attach tthe backbone in the
graftingthrough step. Ultimately, assuming high purity MMs in both cases, when comparing
identical MMs made by thdirectgrowth and growththencouplingapproaches, those made by
growth-thencoupling achieve btlebrush polymers of igher molecular weight ah lower

dispersity than those made tiyectgrowth®

1.4.1 Purity Consideratians

As alluded to above, an important factor to consider when perforrnagrafting
throughmethod is thantermediate purification of the MM, which tends to be extensive. For
directgrowth, these purifications generally include multiple precipitationpstéo remove
residual monomer, requiring large amounts of solvent andedieus br polymers with low
glass transition temperature$y s ) . I f vinyl monomers are used
removal is usually required because even very small amadmssidual monomers such as
acrylates can act as chain transfer agentgemninabrs in ROMP, especiallyhen targeting
large Nu» valuesor when making bottlebrush polymers using ¢inafting-throughprocess? In
addition to precipitation steps anesidual monomer removarowth-thencoupling also
requires purification after the pegblymerization modification redion to dtach the
norbornene. Reaoval of residual impurities from previous reactions is crucial in order to achieve
bottlebrush polymesr of high MW and low dispersity. Even afterhaxistive removal of any

vinyl monomer, small amounts of other impuritiesg., allynes) can be detrimentah the
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ROMP step due to the small amount of catalyst needed in comparison to the MM. Bang and
coworkes investigated how residual impuritesinMMsade vi a #fAcl i cko react
growththencoupling method affeatd ROMP3* They observed higher conversion and lower
dispersities for MMs that were rigorously puedi compared to MMs with residual impurities,
confirming the importance gfurity to producewell-defined bdtlebrush polymers.

Although impurities can be detrimental to the ROMP step of gradtingthrough
method, several groupbave avoided this problenm developing onepot syntheses of
bottlebrush polymersOnepot proceses simplif/ the synthesis of bo#brush polymers by
removing intermediate purification steps, although they are limited in scope. The first attempt at
a onepot bottlebrush polymerysmthesis by ROMRyraftingthroughwas in 2009 by Cheng and
coworkers®® but was reprted as uncontrolled Wi large dispersitiegsompared to a similar
graftingfrom onepot method. A successful attempt atoaepot synthesis was performed in
2012 by Wooleyand coworkerdvy RAFT to make a PMMA MM followed by ROMP with an
intermediate ooling step to quench ¢hRAFT reaction (Fige 1.5).%® This synthesis was
successful despite resi dual vinyl monomer b
catalysts’’ but most othewrinyl monomers are mathesis active and therefore cannot be easily
used inonepot syntheses. To broaden the scope of monomers available foriateme
procedure, our group used ROP to make MMs of poly(lactic acid) (Rhlkwed by ROMP.

The choice of d,8diazabicyclo[5.4.lundec7-ene (DBU) cocatalyst system for the ROP step
based on its ability to maintain high end group fidelity enabled adeghee of control over the
ROP, creating MMs of low dispersity and onquired tle addion of trifluoroacetic acid to
terminatethe ROP step before moving forward with the ROMP &dflapperand coworkers

recentlyextended this ROP/ROMP concept to make bottlebrush polymers using a simultaneous
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polymerization approach, where the ROP aM® steps can occur in the same pot at the same
time in a hybrid ofgraftingthroughandgrafting-from.2° Although onepot synthetic proedures
have pioven to be succesdf broadening of SECrdces at moderatihy values compared to
bottlebrush polymers not synthesized viareepot method is regularly observed, higjnting

the importance of MM purity and other reaction conditions onivirggness inROMP.
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Figure 1.5. Synthesis of bottlebrush polymers with (A) PMM#dechairs and (B) PLAside

chairs via aone-pot method. Adapted wh permission from referencés

15 Bottlebrush (Multi)Bl ock Copolymers

1.5.1 Diblock and triblock bottlebrush copolymers

Along with bottlebrusthomopolymers, ROMP enables the synthesis of bottlelriosk
copolymers(BCP9, adding another dimension of complexity to thapology. Bowden and
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coworkers reportethe first synthesis of a series of BCPs that included one linear block and one
bottlebrish block (i.e., lineablockbottlebrush copolymers) in a paof reports in 2007 and
2008%* 40 |n alarge systematic studgf 32 polymers, they highlighted hoMe, and Nsc of the
bottlebrush component and trgegree of polymerization (DPYf the linear component
influencel solid state morpholog¥* Grubbs and coworkers reported the first synthesis of a
bottlebrish BCP wih two botiiebrush blocks by REIP in 20098 In this work, thegrowththen
couplingmethod was used for the preparatiof PS, BBA, and ply(n-butyl acrylat¢ (PnBA)

MMs, which were synthesized using ATRP followed by coupling a norbornene to the MM chain
end, while a PLA MM was synthesized using threctgrowth method. A series of bottlebrush
BCPs were then prepardéy sequetial ROMP of different combintions of two MMs (Figure
1.6A). This method enabled the synthesis of a variety of bottlebrush BCPs with vaiiddsle
chain chemistry,Ns;, and Nop values. Smallngle xray scattering (SAXS) andtomic force
microsopy (AFM) studies on tlese polymers shawd selfassembly as evidenced by a bright

green color due to the reflectance of light from the nanosizeéhsstimbled domains (Figure

1.6B).
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Figure 1.6. (A) Chemical structure dbottlebrus#r BCPbased o PLA, PtBA, andPnBA side

chairs. (B) Photograph of bottlebrush BCP after drying showing green color due to reflectance
from the largeselfassembled domains. (S)ynthesis of bottlebrush BCP based on PAA and PS
sidechairs. (D) TEM image of seltfassembld bottlebrush BCPn aqueous solution into
micelles. Adapted with permission from referenté$

In related work, Wooleyand coworkers synthesized bottlebrush BCPs using PS and
PtBA MMs prepared byRAFT polymeization. Sequenai ROMP afforded a bottlebrush BCP of
the structure (PNigraft-PS-block(PNb-graft-PtBA). Hydrolysis of thetert-butyl esters in the
PtBA sidechairs afforded an amphiphilic bottlebrush BCP of the structutdb{graft-PS})
block-(PNb-graft-PAA), where PAA= poly(acrylic acid) (Figurel.6C). These polymerself
assembled in aqueous solution, forming micellar structures (Flgibg.*

The versatility of ROMP graftingthrough enables the preparation of bottlebrush
multiblock copolymers. The same principle of using sequential polgaiens canbe utlized
to prepare ABA oABC triblock or even ABCD tetrablock copolymers, whengodynortorene
(PNb) backbone is typically used while the variation occurs onsttechairs. For example,
Wooley and coworkers prepared two different typeABC bottebrus triblock copolymers
usng thegraftingthroughmethod with the structures (PMjaftPEG)block-(PNb-graft-PLA)-
block(PNb-graftPBAEAM) (B1 and B2) and (PNgraftPEG)block(PNb-graft(PHSco-
PNPM))block(PNb-graftPBAEAM) (B3), whee PBAEAM = poly(N-tert-butyloxycarbony
NNgcryk1,2-diamincethane) and PHE0-PNPM = polyp-hydroxystyreneco-N-
phenylmaleimide) (Figurel.7).*> Removal of the Boc groupsnothe PBARM sidechairs
afforded a cabnic, watersolublesidechain Theselfassembly of these triblock copolymers in

aqueous solutions exhibited micellar or vesicular structures.
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Figure 1.7. (A) Chemical structures of ABC tiicck copolymes. TEM images self-assembly
in aqueous solution of (B) B1 protected with Boc (C) B1 with Boc removed (D) B2 protected

with Boc (E) B2 with Boc removed. All scabars are equal to 100 nm. Adapted withnpission
from referencé?
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1.5.2 Engineered Bottlebrush Polymer Structures

Recently, the precision that tigeaftingthroughmethod by ROMP has been exploited to
engineer bottlebrush polymers withnonlinear am in sone casesnon-certrosymmetric
structures. In other words, the customizability of this method enables the synthesis of bottlebrush
polymers where thsidechainlengthsare varied to generate a targeted shapeorprehensive
example of these pes ofbottlebrush polymers as demonstrated in a 2019 study published by
Guironnet and coworkers where they utilized computer simulations and automated flow
synthesis to feed MMgpreparedin situ immediately into the ROMReaction®® The MMs
contained PLA and poly(valerolacton@VL) sidechairs prepared through ROP. Thethors
conducted the ROP reaatioin ane reator and continuosly added it to another reactor
containing G3 catalyst such that gidechairs increased in molecular weight along the polymer
backbone, generating coneshapedtapered bottlebrush polymefrhis methodology was also
utilized in anotherstudy where PLAand polydimethylsiloxane (PDMS) were utilized as she
chairs on the MM Furtherextension of ta methodology allowed for even greater control
over the molecular geometry of these bottlebrush polymers, with architectures including bowtie,
hourglass, and football shapes (Figur&8A). The ARV image of the hourglass shapsshavn

in Figure1.8B.

17



A Hourglass Foo'tball
\I‘lLllI .,%

Bowtie Sphere (PVL)

il
|

I

Figure 1.8. (A) Schematic illustrations of targeted engineered bottlebrush polymers architectures
using a continuous flow method. (B) AFM image of lglass shaped bottlebrush polymers
(scale bar = 50 nm). (C) AFM image of dunelitshaped bttlebrush polymes (scalebar = 50

nm). (D) Schematic illustration of corshapedtapered bottlebrush block copolymer and (E)
AFM image of tapered bottlebrush bloc&polymer with PSsidechairs (scale bar = 20 nm).
Reproduced with permissidrom referenes*3 434¢,

The sequential addition of macromonomer RONRN -ROMP) method is another way
to prepare bottlebrush polymensth non-cylindrical morphologies. This method involves the
ROMP of MMs thathavevaried molecular weigtg in sequence, with the advantage that each

MM can be fully characterized and purified befose in the ROMRraftingthroughstep. Early
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work utilizing this method was carried out by Wooley and coworkers in 2012 in theiresyst

of dumtbell-shapedbottiebrush polymers from an ABA triblock bottlebrush BCP where the
side-chairs on the first anthird blocks were much longer than those on the middiekiFigure
1.8C).* More recently,this method was utilized by our group in 2017 to pregapered
bottlebrush polymers that have a cone sHépe.this work, five PS MMs wereprepaed by
ATRP with M, values ranging from 110 kg/mol. TheSAM-ROMP of the five MMs in
descending order allowddr good control over the polymerizations. The cartooapshof the

tapered bottlebrush and AFM image are shown in FiguB&s and1.8E, respectiely.

1.6 Reaction Conditions

ROMP is a powerful method capable of producing several different corpplgrmer
topologies. In many methods, ROMP works in tandem witier polymerization techniques,
where ROMP is often the final step in thenhyess. ROMPis well-known for its functional
group tolerance and ability to polymerize MMs quickly, enabling thestruction of complex
topologies displaying a wide variety @dinctional groups. However, limitations remain. For
example, in bottlebrushopymersynthesis, ROMP of eve moderate molecular weight MMBI4
~50) can be challenging, as can even relatively target Npp, values Npp ~100), where
broadening of SEC traceesmpared to smaller bottlebrush polymers is regularly observed. This
difficulty is amplified in bottlebrus multiblock copolymer synthesis and the construction of
non-centrosymmetric structuresuch as tapered bottlebrush polymetantrol over grafting
density may appear straightforward through copolymerization of MMs and dil{senalt
Molecde) monomers, bucareful attention must be paid to the reactivity ratios of the two

monomers type¥. Recentadvances in alteating ROMP by Xi& and Sampsdfl may enable
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precise control ovehe spacing o$idechairs at intervals greater than those typically achievabl
in ROMP of norbornenébasedMMs. Altogether, the synthesis of complex polymer topologies
while controlling paramets includingNse;, Nob, and grafting density requires highlynted
polymerizationsHere wehighlight some of the elements of the MM and R@MP reaction
conditions thainfluence the outcome of the polymerization.

Investigations into optimizing the cotidns of ROMP (e.g., atmosphere, temperature,
solvent, concendttion) have been mostly geared toward the synthesis of bottlebrush polymers.
Howeve, les®ns learned in ditlebrush polymer synthesis can be applied to a variety of the
architectures discussedls mentioned, the stability of the catalyst may determinatinesphere
needed to carry out ROMP. Although many opt for thest@ible Riwcatal/sts, etensive resealc
into catalysts requiring an inert atmosphere has compelled many researchers tge amsitig
dry and airfree conditions. This is despite many exd@s of ROMP reactions reaching high
conversion and producingell-defined pdymerswhile open to air usig Ru catalysts. At this
point, we are unaware of any systematic studies comparing R@Niied out under air to those
conducted in an indgratmospheregglovebox. Recent work by Fogg and coworkers on-ring
closing metathesis reviea AlRi depemient decompositio mechanisms) but whether these
would be active in ROMP is unclear because of the differeqiag@ng speies (methylidene
versus alkylidene)Here we discuss a variety of reaction elements that influence the rate of

ROMP, such as temperature, solvent choice, andrgjraonomer structure.

1.6.1 Temperature
Choice of catalyst can determine thestotamperatue to use for RONM. Most of the

syntheses discussed carry out ROMP at room temperature; however, a few studies suggest that
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elevated temperatures are preferatmestly in the case of G2 and G1 catalysts. For example, G1
was used at 80 °C to isthesze a ore-shell bottlebush BCP! Many examples exist studying
Ru catalysts derad fom Grutb s 6 ¢ a t e Vagosstreactiannedchperatures. LirN&to and
coworkers founchigher monomer conversion when elevated temperatures were applied to the
ROMP d norbornene usingRu-based catalysts containing DMSO ligadisGr ubbs 6 and
coworkers developed latent metathesis catalysts where polytr@ripaly occus at elevated
temperatures

In addition to elevaté tenperatures, low temperatures during ROMP have losed to
thermodynamically dve polymerization of monomes with low ring strain®* Without catalyst
modification, Kennemur and coworkensedG3 catalystat temperatures up to 55°C to increase
the rateof initiation for monomers with low ring strain, then the reaction mixtureswwoled in
a variable temprature ROMP (VIROMP) process(Figure 1.9f° Low temperatures were
required fo proper propagation of cyclpentene monomers and€h¥T-ROMP process provided
a method to achieve low dispersity polymers with accurate molecular wefgins
cyclopentene. Funering this study, they found VROMP useful in the synthesis of bottlebrush
polymers using the graftingfrom method® Polymerizing cyclopentene as the bottlebrush
polymer bakbore provided a moreflexible backbone than the tiional polynorbornene

backbone.
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Figure 1.9.A) Equilibrium ROMP of cylcopentenCP) and 3cyclopenterl-ol (SCPOH) under
various conditions. B) Percent conversion versus time for initiation anhgaton at diferent
tempergures for CP (open circles, [P} 2.30 M in toluenids, 0.22 mol % G2) and 3CPOH
(solid circles, [3CPOH]= 2.25M in THFi dg, 0.23 mol % G2). Repraded with permission
from referencé®.
1.6.2 Solvent

Solvent and (macro)monomer concentration have emexgeducial variables regardless
of the choice of catalyst for achievingell-defined polymes by ROMP. Stdies have been
conducted on both Schr aevdaldhsir bahavibr iBariaup drgaric c at al
solvents. Fontanille and coworkers @stigated solvent effects on a Schiidgke catalyst,
finding that cyclohexam andtoluene preeeded withhigh rates of propagation while THF
formed a complex with the Mbasedcatalyst decreasing thate of propagation by over ~4
fold.>"Intems d Gr u b btadyéts, $atord, Love, and Grubbfundthat the initiation rates of

G1 and G2 were roughly proportional to the dielectric constant of the séiéatvever, Percy
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and coworkers measured the rate of initiation of G2 and2Hgatalysts in me different organic
solvents and found only a slight relationshipwesdn hitiation rate and dwent delectric
constan®® Focusing on G3, a recent study front tab compared solvent type and purity for the
synthesis of bottlebruspolymers by graftingthrough ROMP studying six commonly used
solvents (Figurel.10. We found several key factors in selecting a solvent for @wagdyzed
ROMP: First, purificatiorof the solventvasunnecessary in most cases, although it was required
for THF. Second, solvent inflances the rate of propagation and the rate of catalyst
decomposition, with EtOAc leadingith a propagation rate +2 times faster than the other
tested slvents. Third, in terms of livingness, toluene was the best solvéin¢sestudes due to

its very low decomposition rate compared to all of the other solvents, but EtOAc as@lCH
also show good living behavior during ROMPIn terms of monomer concentration, we
generally find that ROMPmproves (i.e., highest achievabMy, increases and dispersity
decreass) wih increasing initial MM concentration, up to a point where the reaction mixture
becomes highly viscous. However, others have noted no improvement in ROMP with increased
(macro)mmomer concentratioff. We speculate that the optimal concentration for a ROMP

reaction depends greatly on the specific system.
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Figure 1.10.A) Reaction scheme of theOMP graftingthroughreaction used in the solvent
studies. B) Measucdkfirst-order kp obs Values forROMP graftingthroughin six organic solvent
with differing levels of purity (as received, distilled, and purified). Khesvalue for ROMP in
EtOAc atually decreasewith purification due to removal of an acetic acid impurityhe as
received and disled THF showed <3% conversion to BB polymer, ks@ns could not be
determined in these two cases. Reproduced with permission from refétence
1.7 (Macro)monomer Structure

Finally, the (macro)monomer smicture makes a dramatic difference in the rate of
propagabn inROMP and lvingsnesb® Bf the polymerizatio
widely because of their ease of synthesis and functionalization, high ring strain, and fast
propag@tion kinetics. Qanorbornenes are sometimes favored over norbornenes bebause
backbone of the re#ing polymer is somewhat less hydrophobic, however, they suffer from low
thermal stability due to their tendency to undergo Bliedsi Alder reactionsgenerating furafi*
Therefore, we focal here onmnorborneneébased monomers, where the main factors are 1) the

stereehemestry at the 5 and/06 positions (the two carbons opposite the caflsanbon double

bond), which can be eithendoor exq 2) the choice of anchor group, which describesatbens
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connectinggt he norbornene unit 11 ovhete Reanbé Kldomglecwdey p i n

dendran, polymer, or other units, and 3) the size of the R group.

1.7.1 Norbornene stereochemistryand anchor group

Substituted norbornenes are used widiel ROMP, specifically 5substituted or 5;6
substituted, and the factor thatfluences the propagati rate the most is thenddexo
stereochemistry. It has been known for decadestttatorbornenenonomers polymerize faster
than the equivalenéndo structures bya factor of 201005262 This phenomenon haseen
validaed across various catalysts, solvents, and substituents, andigely attributed to teric
effects and the fact that Lewis basic units such as esters can coordinate to the caatyst in
monomers? 8467 A thorough stug by Gr ub b s 6 a n hundlaver propagatiosand
initiation ratesfor endomonomerscompaed toexomonomersspecifically caused by chelation
observed forthe endo monomers(Figure 1.11f% In addition to chelation, Gronnet and
coworkersfound higher transition state energies for the formation of the metalldoytEce,
which is the rataletermining step, with endoenorbornene monomers compared ¢cc
norbornene monomers, consistent with the low propagation rates typically seemdimr
monomers?® Therefore, exomonomersareused much more idely thanendomonomers, despite
their substantially higher cost and need for extended synthetic procedures and purifications

compare with the cheaper and more widely availatthelomonomers.
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Figure 1.11.Cheldion strength of vaous ende andexcnorbornene monomers and the effects

on ROMP. Reproduced with permission from referéfice

Although exonorbornene monomers are favarezhdo monomersremain useful in
specific scenarios, including as diluent monomers andesescviiere gradient struatesare
targetedt’ Copolymerizing small molecule monomers with MMs, instead ofmpelizng MMs
alone, canedue the steric bulk around the reactive catalyst center allowing for better control
over molecular weigktat high targefNw» values. Large differencas propagation rate between
endo and exo monomers provides a wide scope of mamer reactivity for useas dluents/°
Researchers have also wed on improving ROMP of the widely availabé®do monomers.
Recently,Page ad cavorkersreported higly controlled polymerizations ofndo monomers
containing common chelating groups mediated by HG2 catalyst and found lowersdis
values and accurateolecular weight values compared to identesedmonomers’:

Beyond theenddexostereochmistry, our group foundn 2016 that the rate of ROMP in
a series ofexo MMs depends on the choice of anchor group, a term originally coined by
Slugovc!? which describes the atoms connecting the norbornene unit to a fungjioogl or
polymer sidechain’® We observed a ~fld difference in propagation tes tetween different
set ofthree MMs with different anchor groups, and eencudedthat the effect appears to be

related to the HOMO energy of tlimacro)monomer. The choiaé anchor group dramatically
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affected the ultimaté&ly, achievable for MMs wtt sinilar molecular weigls, from ~140 for an

imide anchor group to >800 for a specific ester anchor group. Further investigations into the
mechanism of ROMP by Guironnet confirththat the rateleterminingstep is the formation of

the metallocyclobutanang when using norbornenleased monomers, which further highlights

the importance of monomer/anchor group chéfce.

1.7.2 Side-chain composition and molecular weigh

Sterically demandigp MMs and MMs containing @indional groups with the ability to
coordinate with the catalyst (i.e., cyclic oligosacchariti€sand polyeptides’® '’ respectively)
typicaly require low targefNy, values for successful polymerization via ROMRftingthrough
These monomer classes are also limited by solubility as polar solvents, wikp \@lues, are
generally required. Protecting groups ased to impree solbility in common organic seénts,
which would allow for enhanced propagation rates. Additionally, protecting groups prevent
coordination of polar functional groups to the catglyenhancing propagation rates as well.
However, protection and depeationcanbe tedious. Ren and cowkearsavoided protection of
amino groups throughout tisédechairs by introducing a spacer into the M¥fsAdding a PS
block in between the norbornene and a polgithethylamino)ethyl metacrylate)
(PDMAEMA) block provided a physical barrier between the amino groups andathgst,
preventing coordinatior{Figure 1.22). Thus, PDMAEMA MMs that typically experience no
polymerization via ROMP, were polymerized to high conversion with relatively low digpers

values.
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Lastly, varying the molecular weight of th@eonomer, specifically refeéng to theNsc of
MMs used for the synthesis difottlebrush polymers, affectthe dspersity of the resulting
polymer and the maximum conversion or maximNgaunder a given set of conditions. In fact,
this effect was observday Khosravi and coworkers t897 in a study involving ROMP of MMs
using a Skhrock Mo catalyst’® The autlors noted differences in uttate conversion for MMs of
various molecular wghtsand suggested that theiseanNpp limit that varies inversely witfNsc.
More recently, Zhu and coworkers reported a decrease in propagation Nyeraseased in
ROMP if various norbornene MMs mediéal by G3 catalyst They attribute these results to the
growing bottlebrush segment interfering with incoming MM addition nasethe molecular
weight ofthe side-chairs increases, termed the topologietiect (Figure 113). Altogether,these

resuls areconsistent with observations in our lab and others, bullighemit appears to depend
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not only onNsc but also on the othestructural and reaction condition parameters discussed here.
We attribute tis efiect to the ratio of proggation rate kp) to termination ratek(, i.e., catalyst
decomposition rate), which Maiyj asfhnetisescise has
of ROMP, k: appears to depend mostly on the spedéitalyst and solvent, whil&, depads on

these factors in addition to (macro)monomer structure. Therefore, optimization of structural
features and reactioconditions in ROMP tachieve a higtky/k: ratio is needed to encourage

high conversion for challging (macro)monomers.

Macromonomers

Brushed “Wall”

Living
Polymerization Center

Topological Effect
Figure 1.13. The topological effect during bottlebrush polymer synthesis hindering MMs from

approaching the catalyst chain endpReluced with permissiofrom referencé®.

1.8 Conclusions

In summary, ROMP has emerged as a powerful tool over the past few decades for
synthesizing complex polymer topologiesnbound by the undesired radicadical side
reactions that limit RDRP metlds ad the stringent condidins aml functional group restrictions
imposed by anionic polymerization, ROMP in many cases provides theesimgute to

bottlebrush homopolymerard BCPs.Bestpr act i ces f or optimizing
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mediated by existig cdalysts such as G3 contie tobe discovered. For example, a handful of
papers address optimizing monomer type, reaction solventprmgebup, linker length and
rigidity, or reaction conditions (concentration, temperature, atmosphere) in the ctostafic
complex topologies bROMP. However, few conclusions on optimal reaction conditions are
derived from broad, systematic studies. rfrost cases, optimal conditions are enapity
determined for a specific system, and it is unclear how such corgitigiht translate to other
systems.Thus, there remains more to do and discover in order to synthesize larger (co)polymers
with narrower dspersity values than currently accessilbh this respect, ROMP lags well behind
other polymerization techniques suasATRP, where many carefand thorough studies on
ligands, solvents, initiators and other factors form a solid foundation of undéngtaithis
knowledge foundation is critat for especially demanding structures such as tapered bottlebrush
polymers, where the catalyst is repeatly under monomer starved conditiongltimately,
continued efforts will broaden the scope and size of polyna@d topologies achievable by
ROMP, drving fundamental studies on how polymer topology influences properties and

erncouraying new applications.
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Chapter 2: The influence of thenorbornene anchor group in Ru-mediated ring-opening

metathesis polymerization Synthesis of linearpolymers

2.1 Authors
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Diego Troya, andohn B. Matson
Department of Chemistry, i¥ginia Tech, Blacksbrg, VA 24061, United States
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2.2 Abstract

Ring-openingmetathesis polymerization (ROMP) mediated by lishus 6 -geheratios t
catalyst [G1l, (PCy2(Cl)2RuCHPh] and Grubs 6 -gemeration catalyst [G3,
(H2IMes)(Cl)2(pyr)2RuCHPhH] can exhibit living characteristics for some monoofesses, most
commonly substituted norbornenes. Here we studied how vari@h®ragroups, the ses of
atoms connectinghe polymerizable mbornene unit to a functional group, afféwingness in
ROMP in a series of small molecule exorbornenemonamers. We first designed and
calculated the HOMO energy of 61 monomers usingitiefigctional theoy methods, finding
that these energies spagth a range of 25 kcal/mol. We then perfedrkinetics experiments
using 'H NMR spectroscopy to measure the pggiéon rate constankdony under identical
conditions for eight selected maners with differentanchor groups acrossetmange of HOMO
energes. We observed a positive correlatiortvieen the HOMO energy or the HOMO/LUMO

energy gap and measuréglons values for both catalysts, revealing a-f8l and a 16fold
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variation inkp obsvalues across theeries for G1 and G3,spectively. Interestigly, we observed

a plateau for the thremonomers with the highest HOMO energies for G3 catalyst, suggesting
that above a certain level, HOMO energy no longer influenced thaleaeminingstep under
the condtions studied here. Clation studies reveall that only one of the eight monomers
shoved measurable binding of electfoith groups on the monomer to thatalyst, but with no
apparent effect ok,. Finally, we utilized'H NMR spectrosopy to measure thete of catalyst
decompsition in the presere of each monomer, a key termination path in ROMP.
Ultimately, we determined that the anchor group did nobstntially affect catalyst
decomposition, a proxy for the termination rate stant k). In sum, these combined
computaibnal and experimenitastudies collectively demonstrate thatiligness in ROMP of
exo-norbornenemonomers using G1 and G3 catalysts, measured by relativg/k: ratios, is

primarily controlled by the kp of thenchor group, whiclks correlated with HOM@nergy.

2.3 Introduction
Polymerizations exhibiting living characteristicaécluding controllable molecular
weights, narrow molaular weight distributions, and retention of chain end functionalities, have
beea a focus in polymescience for several dadesi?Hi gh ginleisvsion enabl es t he
of well-defined linear polymes including ultrahigh molecular weight polyméfs and
(multi)block copolymersi® Living characteristics also facilitate the constion of precise
polymer structures with eaplex architecturesncluding cyclic polymerg'® star polymer$,and
both cyindricalt%! and noncylindricaf ** bottlebrush polgners, among others. As a result,
enhancing livingness across a variety of polgimaion methods meains a large focus irhe

polymer synthesicommunity. Living polymerizations are defined as chainyp@rizations
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from which chain termination and irrevidste chain transfer are absent; additionally, although
not required, the rate afitiation is typically higher than thatfgropagation, creatg a constant
number of kinetitchain carriers throughouthe polymerizatiod®> While living anionic
polymerizaton in the absence of air, water, or other impurities may represent the otdynsys
that fully quaifies as living!® seveal other polymerizatin methods suppress rates of chain
termination and irreveible chain transfer compared with propagation to lakhiiving
characteristics” ' Chief among them are the reversidieactivatim radical polymeriation
(RDRP) methods, wmluding atomtransfer radical polymerization (ATRP) and reversible
additiori fragmentation chain transfer (RAFT) polymerizatidrf® Another widely used and
versatile polymerization method with living charactécist is ring-opening metathesis
polymerizaton (ROMP)?! Despiteextensive efforts to characterize and enhance livingmess i
RDRP methods, quantitative studies on the kinetatofa affecting living characteristics in
ROMP are lacking.

ROMP is typicallyinitiated and/or meiated by a transition etal catalyst and céinues
to increase in popularity due to its fast polymatian rates, high functional group tolerance,
relative insensitivity to air and water in many cases, and ability to reach full monomer
conversion withoutdeleterious side reaotis?* Most ROMP syriteses with living character
utilize Gr ubbcetalystlGlt (PGYLa)Ru &HiPdh or  Grratbbrb s 6
catalyst [G3, (HIMes)(Clx(pyr)2RUCHPh], enabling synthesis of multiblogolymers and
polymers with complex topolsies?? For exampleKilbinger employed ROMP using G3 catalyst
to synthesize hmablock copolymers with degradable linkages in adtting blocks’® and we
recently synthesized decablock bottlebrush polymers tmodstrate the effiency of a

sequential adition of macromononms (SAM) approach to ROME. Xie and coworkers
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synthesizedAB2 star polymers with G1 cataly$twhich has loweinitiation and propagation
kinetics than G3 catalyst but is simpler, cheapexy anore bench staif® Despite these
succases, close examinati of the data in these and other papers reveals limitsetdiving
character in ROMP, as evidenced by inciegslispersity values with each additional block and
low molecular weight tailén the size exclusih chromatography (SE@gces due to prematly
terminated chains. Thus, a comprehensive picturbeofdctors that influence living character in
ROMP iscritical to address these limitations, enabling synthesis of precise polyonstsds to
derive s$ructureproperty relatbonships in linear (mti)block copolymers and complex polymer
topologies.

In ary polymerization with living characteristics, the pagation rate, which is largely
determined by the propagation rate constig)t (hust be much higlehan that of any chaiin
breaking reaction, .., chain transfer or termination (we focus here on tetian, k).
Matyjaszewski ranked the livingness ofieas polymerization systems by comparkatk: ratios
among different polymeration systems, wherhigherky/k: ratios irdicate greater livingess:’

In the case of ROMP of substituted norbornendsated by G1 or G3 catalyst to make linear
polymers, lhere is high living character due to three factorgk,i$ highd polymerizatios are
typically conplete within a few minws for G3 and severatinutes to a few hours for G1; 2)
chain transfer is abag and 3) catalyst decomposition pathways, which ctillely determinek,
are relatively low.

In 2016 we hypothesized thigt andthus theky/k: ratio, could be enhanced ROMP by
tuning monome reactivity?® We discovered that the anchor group, theries of atoms
connecting the polymerizable unit toethidechain?’ had an unexpectedly large effect on kp.

While it was already weknown thatexanorbornenanonomers underent ROMP 10100-fold
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faster tharendenorbanenemonomer<® 2 this work revaled a 510-fold increase irk, among

a set of threeexo-norbornenemonomers with polymerization initiated by G3 catalyst. This
increa® inkp was achieve by changing the anchgroup from an imidé¢o an ester, leading to
an increase in the maximum obtalhe bottlebrush polymer backbone degree of polymésizat
from ~100 to ~800 in a pair of identical macromonomers with varying ancraurpsg
Computationhstudies in this origial work indicated thiathe rate differences were correlated
with differences n electronic structure among the various anchor grobjghlighting how
rational selection of the anchor group could enable high mmamromer conversioand improve
livingness h ROMP, which is vitefor making precise bottlebrush polymers.

In our earlierwork on the effects of the anchor group on ROMP, walistl three
common anchor groups, and we observed a positive correlation betiaeeamnergy of the
monomer HOMO, localizedn the reactive olafi, andk,. Here we aimed to apply a combined
computationdexperimental approach to extensively study the efédcthe anchor group in
ROMP of small moleculexanorbornenemonomers orkp, caalyst decompositio (a proxy for
k), and the resulting living character of this polymerization method (Scheg&). We
hypothesized that computational methods could be appliea wide range of monomer
structures to suggest anchor groups with varyiregtednic structuresand that experimental
kinetic measurementsn a selected group of these monomers using both G1 arwAt&igsts

would reveal how HOMO energy relates tdaniy character in ROMP.

45



Scheme2.1. Representativecheme of ROMP of monomerstwivarious anchogroups.

anchor

group
HOMO G1 or G3 catalyst
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affects k, © R = ph, alkyl

2.4 Results and Discussion

To investigate the relationship between HOMO energykgnaie designed 61 different
norbornenébased monomers with varying anchor groups (Figure B/ then set outo 1)
calculate te HOMO energy for eactbf them, 2) selecteveral to synthesize across a range of
HOMO energies, and 3) measure thgirvalues and effects on catalyst decasipon ) in
ROMP using both G1 and G3 catalysts undenddadized conditios We previously lsowed,
out of three meromonomers, that higr HOMO energies led to higher polymerization rétes.
Therefore, we hypothesized that tkein polymerizations radiated by G1 and G3 catalysts

would be commensurate with HGMenergy.

2.4.1 HOMO Energy Calculations

To obtain HOMO eargies for a large mmber of monomers, we restricted our
calculations to relatively small structures. All monomers were designed withib@rnene on
one end ashe polymerizable unit and a phenyl or alkyl group be bther, ensuringhe
differences in tt& HOMO energies werdue to the anchor group (Figure S1). The HOMO
energies were then calculated from optimized geometries of all 6bmewa using density
functional theory (B3LYP method and BLG(d) basis setf’3! Coordinates of la monomer
structuresand all HOMO energiesare shown in the Supporting Information. The HOMO

energies ranged froml61 toi 136 kcal/mol. We synthesized seakof these monomers, but
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many precipitated out during ROMP, especially thogé WiH bonds. Ultinately, we selected a
total of eight monomer for further experimental testing (Figu2el), all of which underwent
ROMP without precipitation in initial test§he selected monomers Hd@®MO energies ranging
from 1161 toi 145 kcal/mol. Wenote that we digynthesize and ROMP @ monomers in the
range fromi145 to 1136 kcal/mol, but all precipitated during polymerization, preventing
inclusion in the final studyOptimized geometries andfMO energies of the eight selected
monomers were ratculated using digher level of theorf(MO06i 2X method and ef2i TZVP
basis seff'* for a better understanding of their electronic structures. At this higher level of
theory,the HOMO energies rangedofn i 197 toi 186 kcal/mol. The ROMP kinetics of these

monomers were timeextensively studiedxperimentally.

A i I
70 b@*@ MO“@
x-MOMP (1) x-ME'P (2) x-EMP (3)

o] 6] o)
by TR TR
o O
(o]
xx-IMP (4) xx-IMg (5) xx-IMEM,E'P (6)
6] (o]
/ N / N
A7 . A
O
xx-IMEMP (7) xx-IM,E'P (8)

anchor group
Figure 2.1. Monomers with various anchor groups (hluynthesized and polymerizedav
ROMP. All monomers exhibitedxo (x prefix) or exaExo (xx prefix) stereochemtry. Letters
identify structural comppoents of the anchorgup from left to right (M = methylene/methyl, O
= oxygen, P =phenyl, E=estetwh car bonyl gienwith daddonyl enfthie rightB 6

= imide). Subscripts indicate the numberiofds that componeris repeated.
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2.4.2'H NMR Kinetic Analysis

All monomers were polymerized in the presence of G1 and G3 catalysts, separately,
under the same conditions tovestigate whether the effects of the anchor groups differed
depending on theatalyst. To avoidsolvent removal befor&lMR spectroscopic ahgsis, we
used purified CDGlas the solvent, and all polymerizations were carried out under air and at
room tempeature at a monomer concentration of 20 mM, targeting a degree of polymerafation
100. Aliguotswere taken from the agtion mixture apre-determined time points and injected
into vials containing an excess of ethyl vinyl ether in CD@ terminate thereaction.
Conversion of norbornene monomet$8 was monitored by!H NMR spectrscopy by
comparingthe integration of tb polymer backbone dia protons to the olefin protons of the
monomer.

ROMP can be considered a pseifitst order reactiori* therefoe, these data were fit to
first-orderkinetic plots. Representativél NMR specta and kinetics pits are shown in Figar
2.2 for an example mnomerxx-IM 2 E 68Pwitlj either G1 (AB) or G3 (G D) as the catalyst;
plots for all other monomers can be foumdthe Supporting Information (Figures $351).
Averagedkp,obs and half-life values were determéd over at least thrddnetics runs for edct
monomer. After quenching the reaction followingnmval of the final aliquot, the reaction
mixture was concentted to obtain the final polymer. SEC analysis of the final polymers showed
that molecular weightswvere close to expectedhlues, and all polyers showed monomodal

peaks with low dispersities @fires S52S67). All rate and SEC data are shown in T&lle
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Figure 2.2. (A) Representative spectra fdH NMR kinetics experimentof the ROMP of
monome xx-IM2E 6 (B) with G1 catalyst As the polymerization proceeds, the norbornene olefin
resonance at ~B6 ppm decreases irelative are, and the polymer backbone resonance 4it 5.

5.6 ppm increases irelative area(B) Kinetic analgis ofmonomemxxIM2E6 8) in CDCl with
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Gl catalystat a [monomer]/[G1] ratio of 100 and [monomer] =20 mM. The solid line

represents the fit to the aagred conversion datased on the equatign= 1 — e(=kpt) wherep
= fractional cawversion (C) Repesentative spectréor *H NMR kinetics expeiment of the
ROMP of monomerxx-IM2E 6 BB) with G3 catalyst As the polymerization proceeds, the
norbornene olefimesonance at ~B6 ppm decreases ielative arepandthe polymer backbone
reonance at 8i 5.6 ppm increases irelaive area(D) Kinetic analysis oimonomemxxIM2E 6 P
(8) in CDCk with G3 catalystat a [monomer]/[G3] rati@f 100:1at [monomer] =20 mM. The

solid line represents the fit of each @aét generated using experimadiyt determinedk, values

based on thequiationp = 1 — (s},

Table 2.1. HOMO energiesHOMO/LUMO gap energiespolymerization kinetics, and polymer
characterization for ROMBf monomerdli 8

HOMO HOMO/ Mot M R
Anchor Group Energy LUMO Gag* Catalyst  kyobs(min'?) tyz (Min) (k“S';C) E‘Ifg’;‘e" n
(kcal/mol)  (kcal/mo)

x-MOMP (1) 1186 213 0.271 + 0.008 26+0.2 26 21 1.04
x-ME 6 B) ( 1188 214 14+0.1 0.51+0.04 25 23 1.07
Xx-EMP (3) 1190 211 0.055 + 0.006 13+1 19 23 1.15
xx-IMP (4) 1193 215 Gl 0.049 + 0.007 14+1 22 25 1.05
xx-IMs (5) 1195 217 0.030 + 0.007 24+6 31 25 1.06

xx-IMEM:E 6 B) 1196 217 0.020 + 0.0008 351 48 37 1.05
xx-IMEMP (7) 1196 218 0.034 + 0.004 20+3 35 31 1.05

x%IM:E 6 B) ( 1197 218 0.027 + 0.003 274 32 31 1.04

x-MOMP (1) 1186 213 3.7+03 0.19+0.02 23 21 1.04
x-ME 6 B) ( 1188 214 3.3+0.6 0.22+0.04 24 23 1.06
Xx-EMP (3) 1190 211 48+0.9 0.17+0.01 28 23 1.07
xx-IMP (4) 1193 215 G3 0.54 +0.03 1.31+£0.07 22 25 1.01
xx-IMs (5) 1195 217 0.66 +0.05 1.06 + 007 30 25 1.01

xx-IMEM:E 6 B) 1196 217 040+ 0.04 1.66 = 0.06 41 37 1.02
xx-IMEMP (7) 1195 218 0.60 £ 0.04 1.15+0.07 37 31 1.01
xx-IM2E 6 B) ( 1197 218 0.38 £0.02 1.8+0.1 39 31 1.01

Calculated using MO@X method and defZIrZVP basis set?® "Measured on samples
removed after the fal aliquot of the kinetics run by SEC in THF at 30 °C with multiangle light
scattering and refractive index detexd. “Determined using the equati®m expectea= Monomer

molar mass * ([monomgfcatalyst]).
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G1 catalyst mediates RIP with lowerk, values than G3 catalysP,so the rate constants
observed with G1 catalyst were generally 2@fold lower than the r&t constants observed with
G3 catalyst. We noticed that some monomers, mainlyetinath lowk ors Values, did not reach
full monomer conversin when polymerized with G1 catalyst. Therefore, we calculated kp,obs in
these cases from conversion data onlytaip80% to ensure good firetderkinetics fits. Most
monomers hadhalf-lives geater than 2 minvith G1 catalyst, withhalf-lives for imidebased
monomers4i 8 in the range of 1435 min. In contrast, all monoméalf-lives were less than 2
min with G3 cadlyst, with the fastest monomers showihglf-lives in the range of 10 s.
Additionally, the ROMPof these eight monomergith either catalysshowed at least an order of
magnitude difference between the monomers with the highest and lpwestalues; lowever,
the spread within the series was larger for G1 catalystald) compaed with G3 catalst (10-
fold).

Our growp previously found thadifferences in the rate of ROMP of macromonomers
arose primarily from differences in electronic structure amtirey various anchor groups.
Additionally, investigations into the mechanism BOMP from Guironset and coworkers
showedthat the rateletermning step of ROMP withnorbornenebased monomers was the
formation of the metallacyclobutane (as opposed to thbseguent collapse of the
metallocyclobutane to reorganize the double bonds er dbordination/deordination of
pyridine to the catalystf® further suggesting the importance of the energy of the monomer
HOMO, centered on the olefin, in determining. Metallocyclobutane formation is a
cycloaddition, which employs the electrons ofthe olefin subsate to form a bond wittthe
catalyst. Thesé electrons of the olefin correspond to the HOMO, however, other orbital

interactions are possible in the rateterminingformation of the metallocyclobutane.
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A detailed computadnal study bySuresh and Kohafdrontier molecular dritals in
olefin metabhesis with G1 revealed that at the transition state leading to metallocyclobutane
formation, the” electrons in the olefin HOMO interact with the emptyand d orbitals of the
Ru=C bond, but tare is also a b&bonding interaction ofhe ~ orbital of the Ru=C bond with
the " * orbital of the olefin (LUMO)3” (We note that thé* orbital of the olefindoes not always
correspond to the absolute low&stergy unoccupied molecular otdli of the subisate. In this
paper, we use LUMO to ref to the * orbital of the olefin.) Therefore, we examined the
HOMO, LUMO, and HOMO/LUMO energy gap for our eight momers and compared thgobs
values with these calculated energies. Monomerslath high HOMOand low olefiri certered
LUMO energies sbuld facilitate the interaction with the metal carbene during the formation of
the metallocyclobutane, increasing ré@att and resulting in highek, obsvalues than monomers
with low HOMO and high &fini centered.UMO energies.

A positive correlation étween the HOMO energy and tkesnsvalue of each monomer
was found for both catalysts (Figu2e3). An inverse cordation was found when comparing the
HOMO/LUMO energy gaps and thg ot values fo each monomeffFigure S68), sugsting the
importanceof multiple orbital interactions in the ratketerminingstep of ROMP. In other words,
both HOMO energy and HOMO/LUMOnergy gap were reasonable predictorkgfso we
focus here on the HOMO energiddowever, the rend was not comglely linear for eithe
catalyst; in fact, we observed a plateau for monomers with HOMO energiesid86viecal/mol
when G3 catalyst was ueThis plateau suggests that the influence of the anchor group on the
polymerizaton rate of moomers is lost atigh HOMO energies; imther words, the anchor
group may no longer influence the rateterminingstep once its HOMO level exceeds this

energy However, it is possible that for ROMP with G3 catalyst under conditions thatiemxpe
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low ko such as large mammonomer® or potentally in norrideal solvents? a k, difference
among ester and ethbasedanchor groupdli 3 may be observed. We alsonsidered steric
differences among the various monomers and their impact on mgtddlbutane fanation but
no signficant changes in mallacyclobutane geometries were observed (Figure S69), suggesting

steric constraints in the formation of this internageiare comparable among monomers
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Figure 2.3. Measuredkp,obs Versus HOMO engy for monomersli 8 with G1 catayst (A) and
G3 catalys(B).

When using G1 catalyst, which exhibited a &k, for all monomers, we observed larger
differences betweethe three monomers with HOMO energies ab®u80 kcal/mol (i 3),

suggesting thathe anchor groujnfluences metadicyclobutane formatiofor these monomers
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with G1 catalyst. Although larger teadifferences among monomeltis3 were found with G1
than with G3 catalyst, we observed an unexpectedly hidiees in monomerx-ME 6 R2) (
compaed with monomex-MOMP (1). The HOMO energies ok-MOMP (1) andx-ME 6 R) (
are likely within the accuracy ohé DFT methods, but these results may also suggest additional
factors that influencé&, beyond the HOMO energy. Overall, for both catalygtss generally

increased with increang HOMO energy.

2.4.3 Chelation Effect

Certain anchor groups, mostly those containing carbonylg,b®able to chelate to Ru
olefin metahesis catalysts, which can impact the polymerization rates of various morfmers.
We therefore catucted 'H NMR spetroscopy experimentshased on previously reported
procedures by Grubbs and cowork®rs) identify the presence of chelation. These experits
rely on measuring the amount of pyridine in solution during the polymerizatiomethod
originally establised by Guirronet and emrkers3* Chelation studies were only done for G3
catalyst since G1 catalyst&®not contain a pyridine ligand. Hovegywe expect that the trends
would be similar between the two catalysts due tarteenilar strictures and readfity
profiles#!

Sampes containing G3 catalyst and 10 equiv of monoriie8swere prepared in CDgl
Targeting a small degree of polymeripati(10) allowed for polymerizations to reach their final
propagating structure (aerminal Ru-alkylidene) prior to'H NMR analysis whileretaining
sufficient signal. All polymerizations were expected to have one ipgridee in solution, as the
catalyst bses the first ligand upon dissolutihHowever, the binding of the second pynieli

ligand shoull depend on anch@group structure, wiie chelating anchor groups would compete
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with binding of the second pyridine the metal center, at least to some measle degree
(Scheme2.2). Free pyridine in solution was measured by comparingntbgration ofthe ortho
protors of the free pyridinat about 8.7 ppm relative to the alkylidene proton of the propagating
catalyst spcies (Ru=CHpoly) near 18.619.0 ppm Therefore, in this assay, polymers without
chelating anchor groups show one pyrain solution with an integravalue of 2 for thewo
ortho protons (the other pyridine binds to the metal center). Conversely, edymith chelating
anchor groups shomore than one pyridine in solution, with an integral value of more than 2 for
the ortho protonsf(ill chelation wauld show two free pydines and therefore an integral value of
4). Monomersli 3 have two possible reggomers for the propagating alkylideskeucture that

can affect chelation; we envisioned that our experiments wouldlrav@ixture ofchelated and

norchelated species withfree pyridine integral value near 3.

Scheme2.2. Examplesof propagating polymer chains witthelating andchonchelaing anchor

groupsand their expected free pyridine integration values
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Becausemonomersx-ME B @), xxIME M2 IE &), and xx-IM2 E 6 & exgperienced
resonance overlap between monomer protons anartheprotons of the bound pyridine, in this
study wecompared the relative NMR integrations of just the free pyridine t&kthalkylidene
proton. Itis worth noting hat monomer&i 3 havetwo possible regioisomers for the propagating
alkylidene structure that can affect chelation. Regardless, any forimetztion would still be
observed during the experiments to reveal a mixture datdweand noncheted species. Quof
all eight monomes tested, monome+EMP (3) was the only one to show any chelation of the
propagating polymer structure, with a freegigine integration value of 3.0, implying a mixture
of chelated and nonchelatedesies during potmerization. Thebroad resonance alsaggested
the rapid and reversible chelation of the polymer chain (Figure S72). ROMP of all other
monomers had free pyline integrations close to 2, so when comparing the integration of the
free pyridne to thekp obs0f each monomethere was no correian between the two variables
(Figure 4). Although we did not specifically measure chelation for G1 due to a lackidihpyg
on this catalyst, the chelation observed in the ROMP of mona&dtP (3) may explain the
surprisingly lowkp obsfound with G1 atalyst compared to G3 catalyst. Tip@nsOf monomerx-

EMP (3) more closely aligns with monomexsM OMP (1) andx-ME B (2) with G3 catalyst, but
with imide-basedmonomers4i 8 with G1 catalyst, desg the structuralsimilarities betveen
monomersx-MOMP (1), x--ME 6 R), ahdx-EMP (3). Therefore, we speculate based on these
results that the chelating anchor group of mormoxrEeMP (3) affectskp, with G1 more than with

G3 catalyst, decreasing the ratengared with a hyptheticalnon-chdating monomer with té
same HOMO energy. Regardless, we found no correlation between chelatigrpadross all
monomers in this studyyhich further emphasizes the relationship between HOMO energy and

propagation rie.
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Figure 2.4. Free pyridine'H NMR integration valug versuskyons Of each monomer after
polymerization with G3 catalyst. Error bars on integral values are estimatedttd@® % due to
errois associated with integrating small peaks. Polymerizations warried ouin CDCk with

G3 & a [monomer]/[G3] rab of 101 and[G3] = 40 mM.

Results from our chelation studies were in line with similar monomers reported by
Grubbsand Guironnet® 4°Both observed no chelation in the ROMPesnorbornenemide
monomers, i.g those with anabr groups sirtar to monomersdi 8. In addition, Grubbs observed
no chelation in the ROMP of an ethmyntainingmonomer with an anchor grotipat resembled
monomerx-MOMP (1) here, and both Grubbs and Guironnet found cioglah the ROMPof
monomers withesterbasedanchor graips similar in structure to monomeEMP (3). They also
did not notice any effects of chelation knfor exanorborn@e monomers. We considered the
possibility that initiation rates could influendeetobserved ppagation rate; hoewver, Guironet

recenly showed that initiation rates were similar among diffeex@norbornenenonomers®
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2.4.4. Catalyst Decompositio and Livingness in ROMP

To further evaluate how the anchor group influences livesgnn ROMP, waet out to
estimate relative catalysiecomposition rates as a proxy fewalues fo G1 and G3 catalysts
with the eight different monomers. Direct measoeat ofk: during the polymerization in these
samples was experimentally difficulte@ausek, is too fast for datacollection during the
polymerization by NMR spectroscopy. The earlldMR spectrum we were able to acquire with
sufficient alkylidene signalvas about 2 min into the polymerizations, which is enough time for
monomerx-ME 6 R) with G1 andmonomersli 3 with G3 catalyst to reachearcomplete
conversion to polymer. Therefonee were unable to measure catalyst decomposition during the
polymerizdion for these monomers. Analysis by UXs was also unusable because both
catalystshave featurelss UM vis specta after initiation. Istead, we usetH NMR spectroscopy
to estimate He % catalyst decomposition after neamplete monomer consumption. We
speculate that more termination pathways are available when monomer is presase seoze
decompsition pathwaysnay only be accessilwhen the catalysts are in the metallacyclateita
form and not in the alkylidene forfd.To ensure that each monomeasatested in an equal
fashion, we decided to measure % catalyst decomposition afteonsistent naber of
propagabn half-lives for eab catalyst: We measured all spectra after 1pggationhalf-lives
for G3 because it took 2 min to acquiréHa NMR spectrum with sufficient resolution for the
fastest monomers, equivalent to H&lf-lives. For G1 calyst, we meased all spectra after 4
half-lives because the fastest monomer with[(6ME 6 R)] réaches Aalf-lives in 2 min, and
12 half-lives would hae been extremely long for the slowest monomers.

Samples containing catalyst (G1 o8)Gand an interal standard (mmanthrene or

anthracee, respectively) were prepared in CRGNe used 'H NMR spectroscopy to measure
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the integration of the benzylidene o on G1 and G3 catalysts relative to an internal standard
proton before monomer diion. Next, DO equiv of monmer was added to theM\R tube,
initiating the polymerization. For eaamonomer, we acquired ¥4 NMR spectrum after 4
propagatiorhalf-lives for G1 and 12 propagatidmalf-lives for G3 catalyst, which allowed us to
measure tb decrease inhe integration bthe benzylidene/alkidene proton and to monitor
catalyst decompositn over time, which we report as estimakeghsvalues.

We observedmall differences itk:obs values across all monomers with either G1 or G3
as the atalyst (Figure2.5). For G1 ctalyst, k;.bsvaluesranged from about 0.006 to 0.015 fjn
while raes ranged from 0.006 to 0.018 flifior G3 catalyst. However, there weno clear
trends, and the error in these measurements was fairly large duefairlfhemall anounts of
catalys decomposition in thee experiments and the error associated withigagcintegrating
small signals. To further investigate we estimatd the % dead chains from the SEC traces of
the final polymers. The slight variatisinn values ad low moleculamweight tails in the BC
traces suggested different amounts of chammiteation for each monomer. Therefore, we
deconvoluted the low molecular weight tails of the SEC traces by assuming a Gaussian
distribution?® and found littlevariation in the % dead hains for monomerdi 8 with both
catalysts (Figures S8409). From thes results, we conclude that the anchor group did not affect
kiobs t0 @ measurable extent for either catalyst. Thus, while other variables such as solvent
influencek:, 444 the anbor group only signifiantly affects thé, component of thé/k; ratio,
at least under the conditions used here. These results are consistent with HOMO localization on
the reactive norbornene olefin, which would implagtwhereas termintion events ocauin the
metallacyclolbitane form or alkylidene form of the catalyst enthe norbornene olefin has

reacted.
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Figure 2.5. Experimentally determinekl opsvalues for G1 (purple) and G3 (green) catayath

different monomersAll k:obs values wereestimatedusing the equath kiobs = (fraction catalyst
decompositioj(time to x propagationhalf-lives)! (x = 4 for G1 and 12 for G3where
decomposition was monitored usitgd NMR spectroscopyPolymerizations werearried out in

CDCls with a [monomer]/[ctalyst] ratioof 100:1and [catalyst] = 0.6 mM.

Using thekp,obs and kiobs results, we were then able to generate reldtpile ratios for
each monomer with both catalysts, where hidi#s ratios indicate greater living cteter. We
used thekp obsvalues measured froour kinetics experiments and th@osvalues measured from
catalyst decomposition studies to calculate the ratios, and then compared the values for each
monomer. While these ratios are not tkgi ratiosbecausekp onsandk:,ons were measured under

different conditions, they capture the relative differences between the anchor groupsZeigure
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Figure2.6. Relativeky/k: ratios for each monomer with either G1 (purple) or G3 (green) catalyst
determned from the kp,obs Values(measured from the ketics studies on propagation) and the

kiobsvalues (estimated from the catalyst decomposition studies).

For polymerizations mediated by G1 catalyst, we observed at leadold ifference in
the ko/k: ratios betveen two groupsl) monomerx-MOMP (1) andx-ME 6 R) with high kp obs
and, 2) monomer8i 8 with low kpons values. This order of magnitude difference in kabk
ratios is driven by the highdg obs values for monomers-MOMP (1) andx-ME 6 R), as the
catalyst decomgsition rate was simak across all monomers. Anchor group choice is clearly
crucial for polymerizations mediated by G1 catalyst, where only mono#dGMP (1) andx-
ME 6 R) diéplayed a high enoudh to mantain a high degreef divingnes during ROMP d
DP=100.

Polymerizaibns mediated by G3 catalyst showed two distinct groups as well. The high
ko,obsmonomers 11 3) showed at least aféld higherky/k: ratio compared to the monomers with

lower kp obs (41 8). The relativeky/k: values formonomersli 3 were all quite similaand within
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the error of the measurements. In contrast, monorE 6 R) was the most living monomer
with G1 by a substantial margin. Therefore, among these anchor groups, we coraititie th
ester anchorrgup usedn monomex-ME B @) is the most liung for ROMP under conditions
that experience lovky, (i.e., with G1 catalyst or with sterically demanding monomers). In
contrast, monomer4i 3 show similar levels of livingness with G3 abtst under highek,
conditionsutilizing smal molecule monomers ia good solvent. Finally, thi/k: ratios for
polymerizations with G3 catalyst weré&Z®-fold higher than those with G1 catalyst, consistent
with the higher activity of G3 catalyst. Theesesults suggest thavhile mary anchor groups
demonstrate a reasdn high degree of livingness for G3 catalyst, anchor group choice is more
critical when using G1 catalyst, where only monomeMOMP (1) andx-ME 6 R) display

high livingness.

2.5 Conclusions

In sumnary, we find that the anchor@up significantly afécts the propagation ratk,)
but not the termination ratée) in ROMP of small moleculexanorbornenemonomers. The
calculated HOMO energies of monomers with various anchor groups were positivelatedrr
with the ko ons Of the polymerizations initiled by either G1 or G3 catalyst, suggesting that
monomers with higher HOMO energies exhibit greater reactivity in ROMP than monomers with
lower HOMO energies. However, we observed an upper linki épsfor polymerizadions of this
monomer set with G3 caltyst, where a plateau in rate was observed for monomers with HOMO
energies abové190 kcal/mol, suggesting that the anchor group no longer affected the rate
determiningstep once above this limit. Chetat to G3 catafst was also nesured, but it had

little impact onkpobs in the eightexonorbornenemonomers studied here. Therefore, in the
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synthesis of linear polymers by ROMP using G3 catalyst in a good solvent, anchor group choice
affectskp, but becanesinconsequetal above a cgain HOMO energy leve

Additionally, the anchor group had little effect for both G1 and G3 catalysts. The
estimatedk obsvalues were fairly uniform across all monomers for both catalysts, suggesting that
ki is not leavily affectedby the anchogroup. This result isonsistent with decomposition during
ROMP occurring after the norbornene olefin, where the HOMO is localized, has reacted to form
a metallacyclobutane and then a propagating alkylidene. Combayngnd kp,obs resuts, we
determired that the anchor gup significantly affected thiy/k: ratios, where higheky/k: ratios
indicate greater livingness. Large differences inkifle ratios were driven by the differences in
ko because little variation wa®und for ki with the differentmonomers. Monomers ti the
highestkp obs Values [monomer-ME 6 R) with G1 and monomerssMOMP (1), x-ME 6 R), (
and x-EMP (@) with G3] had the highesky/k: ratios and therefore the highest degree of
livingness. Ultimatel, archor groupchoice greatlynfluences the rate anlivingness of ROMP
with G1 and G3 catalysts. When synthesizing more complex topologies by ROMP, i.e.,
bottlebrush polymers, choice of anchor group becomes critical to reach high degrees of
polymerizaton ard achieve dw dispersity plymers, a topic we arcurrently investigating in our

laboratory.
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2.8 Supporting Information

Materials and Methods:

All reagents andsolvents were obtained from commercial vendors and used as received unless
otherwise statedCDCl; for all ROMPs wadlistilled at atmospheric pressure onto molecular
sieves and was stored in a Strauss flask under nitrogen protected frodHibIMR specta for
catalyst decompositioexperimentsvere measured on either a Bruker 500 MHz spectrometer or
Bruker 600 MHz spdrometer witha highH sensitivity TCI Prodigy probe The sweep width

was adjusted to & 22 ppm for spectra acquired on theuBer 500 MHz pectrometeandi 1 to

22 ppm for spectra acquired on the Bruker 600 MHz spectrofiogtdre catalyst decompdiain
experiments Phenanthrene and anthracene were used as internal standards for decompositio
studies of G1 and G3, respectiveNMR spectrafor characterization of compounds and kinetic
experimentswere measured oan Agilent 400 MHz spectrometerand spectra for chelation
experiments were measured tre sameBruker 500 MHzspectrometer!H ard 3C NMR
chemical shifts are repodein ppm relave to internal solvent resonancasless otherwise
stated Yields refer to compounds as isolated after retpmirification unless otherwise stated.

A Biotage Selekt flash purification system was usedafitomated silica gel column pucdition.
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Silica used forautomatedflash chromatography purifications waZ&EOCHEM ZEOprep 60
HYD 40i 63 eM pore size.Thin-layer chromatography (TLC) was performed on gidsscked
silica plates and visualized by UMigh-resolutionmass spectra were anadgzby flow inpction
analysis using a Shimadzu 9030 QTOF mass spectrometer interfaced with a Shimseizes40
UPLC. Size exclusion chromatography (SB@)s carried out in THF at 1 mL minat 30 C on

two Agilent PLgel 10m MIXEDT1 B columns connected iseries with aVyatt Dawn Heleos 2
light scattering detector and a Wyatt Optilab Rex refractive indegctigt No calbration
standards were used, and/dt values were obtained by assuming 100% mass elution from the

columns.

Preparati on odneraBangatdyss(G3) 3r d ¢

Grubbsd6 3rd gtéaBemasaptepaced freshly aina Lisgd withif @ays following a
modified version of published methotl$ First, pyridine and pentane were purified via passage
through a short column of basic alumiaone dram vihwas charged with a stir bar and 20 mg
of Grubbsd 2nd glBesPCy)(Cl)-RURCHPH. Next, pusfied pyritine (20
mL) was added to the vial, and the reaction mixture was stirred vigorouslyifd® 20in until it

had turned aivid limei green color. If the reaction mixture ddi¢o a solid, additional pyridine
(10 eL i)wasraddedeamd selids were broken up manually with a spatula to allow for
more stirring. Next, purified pentane (3 mL) was added to the vial to pgegeiphe catigst. The
pentane was decanted off atid solids were washed with additional purified pentane (3 mL).
Once again, the pentane was decanted off and the remaining solids were dried by blowing air

over the vial for 1 min, then transferred tol@an vial, ad then dried under vacuum overnight.
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Theoretical Calculations

All density functional theory calculations were performed using the Gaussifasu@® of
software.The B3LYP functional andi®@1G(d) basis set were used to optimize the geometries of
all 61 anchor groups consided, in the gas phee and with a standard integration grid. The M06

2X functional and def2l'ZVP basis set were used to optimize the geometry of the 8 monomers
for which measurements were carried out. The N6 calculations used an ulfiine
integration gril and were perfored using PCM solvation (chloroform). HOMéhergies were

obtained with the optimum structures.
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Figure S1.Chemical structures of the 61 monomers used in the HOMO energy daltsilat
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Table S1 HOMO energies (kcal/molpf 61 monomers (B3LYP/B31G* level)

Anchor Group HOMO Energy Anchor HOMO Energy

(kcal/mol) Group (kcal/mol)
x-MOMP (1) 145 32 1146
x-ME 6 () 1149 33 147
x-EMP (3) 1148 34 147
xX-IMP (4) 1158 35 1147
xX-1Ms (5) 1157 36 1147
xx-IMEM:2E 6 (B) 1158 37 1147
xx-IMEMP (7) 1155 38 1147
xx-IM2E 0 (B) 1159 39 1148
9 1136 40 1148
10 1138 41 1148
11 1139 42 1148
12 1140 43 1149
13 1140 44 1149
14 142 45 1149
15 1142 46 1149
16 142 47 1149
17 142 48 1149
18 1143 49 1149
19 1143 50 1149
20 1143 51 1149
21 1144 52 1150
22 144 53 150
23 1144 54 1150
24 145 55 151
25 145 56 151
26 1145 57 1157
27 145 58 157
28 1145 59 1157
29 1145 60 1158
30 1146 61 158
31 1146
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Synthess of Monomersx-MOMP (1), x-ME 6 P ( 2J)EMP (8)n d

NG“@
x-MOMP (1)

7o §OH ibAoj\Q

| EDC, DMAP *MEP (2)

LiAIH,

o ©/\OH o
0
MOH EDC, DMAP M /\©

I x-EMP (3)

Exoi 5-norbornene-2i carboxylic acid (1)

Compound |,exd 5-norbornene2i carboxylic acid was prepared according to a previously
reported procedureH NMR (CDCk): d 6.13(m, 2H), 3.11(s, 1H), 2.94 (s, 1H), 2.27 (niH),
1.95 (m, 1H), 1.54 (dJ = 8 Hz, 1H), 1.41 (m, 2H)*C NMR (CDCE): d 18277, 138.28, 135.85,

46.84, 46.54, 43.26, 41.81, 30.47. Bthand'3C NMR spectra matched literature values.

Exoi 5-norbornene-2-M ethanol (11)

Compound Il,exd 5-norbornene2-Metharml was prepared according to a previously reported
procedure.*H NMR (CDCk): d 6.08 (m, 2H), 3.70 (m, 1H), 3.54 (m, 1H), 2.82 (s, 1H), 2.74 (s,
1H), 1.64 (m, 1H), 1.30 (m, 3H), 1.11 (m, 1HJC NMR (CDCl3): d 136.9, 136.57, 67.65,

45.08, 43.3841.99,41.63, 29.64. BothH and'3C NMR spectra matched literature values.
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Monomer x-MOMP (1)

A flame-dried roundbottom flask was charged with NaH (0.106 g, 4.43 mmol), Kl (66.8 mg,
0.403 mmol), and dry THR20 mL). The fask was placed in an ice bathdastired for 5 min to
allow the reaction mixture to cool. Compouhd(0.500 g,4.03 mmol) was added to the round
bottomflask and allowed to dissolve for 5 min before benzyl bromide (0.717 mL, 6.04 mmol)
wasadded.The reaction mixture was stirred oveght, dlowing the ice to melt and the contents

of the flask to warm to rt. The aetion was monitored by TLC (CBlI,, visualization by a
potassium permanganate stain) until compolindas completely consumethen he reation
mixture was placed in anadathagain and quenched with water (10 mL). The reaction mixture
was transferredo a separatory funnel, and the organic layer was separated and washed with
brine (10 mL), dried over N&Qs, and concentratedy rotay evamration. The crude mixture
was prified by automated flash chromatography on silica with hexanes as the mokske tpha
yield a colorless oil (0.35 g, 40% vyield). 1H NMR (CDCI8)7.43 7.24 (m, 5H), 6.166.03 (m,

2H), 4.54 (s, 2H), 3.53 (M,H), 338 (t,J = 9.0 Hz 1H), 2.79 (m, 2H), 9 1.69 (m, 1H), 1.36

1.22 (m, 4H), 1.1i71.09 (m, 1H)13C NMR (CDCE): d 138.44,136.37, 136.35, 128.08, 127.32,
127.21, 44.76, 43.51, 41.28, 38.67, 29.48. Bitthand **C NMR spectra matched literature

values®

Representative EDC Coupling (used in syriiesis d monomersx-ME 6 P x¢ERIP (3), xx-

IME M2 E 6 Pxx-(MEWP (7), and xx-IM2E6 P ( 8)

A typical EDC coupling procedure is as follows: Benzoic acid (1.28 g, 10.5 mmol) and EDC
(2.63 g, 10.5 mmol) were disseld inCH-CI> (25 mL) in a rounebottomflask equippel with a

stir bar. The reaction mixture was stirred until the solids hadptaiety dissolved (-5 min).
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Meanwhile, a second flask was charged with compauidl.00 g, 8.05 mmol), DMAP (0.492 g,
4.03 mmd) and CHxCl> (25 mL). This second solution waaddeddropwise to the flask
containing the benzoic acid/EDC solution via an addifunnel while stirring. The reaction
mixture was stirred at rt until complete consumption of the starting material (comfones)
was observed by TLC, typically arodnl12 h.The reaction mixture was then transferred to a
separatory funnel, washedttviwater (2 x 20 mL) and brine (20 mL), dried over.8&, and

concentrated by rotary evaporation. Crude products were puaiedailed kelow.

Monomerx-ME 6 P ( 2)

Monome x-ME B (2) was synthesized as described above in the Representative EDC Coupling
procedure. The reaction was monitored by TLC {Ck| visualization by a potassium
permanganate stain) until compouid was canpletely consuned. The concentrated crude
product waspurified by automated flash chromatography on silica, eluting with 5% Ei®Ac
hexanes. The product was obtained as a colorless oil (0.96 g, 52% YeNMR (CDCh): d
8.1118.02 (m, 2H), 7.607.53 (m 1H), 7.49 7.40 (m, 2H), 6.12 (m, 2H), 4.42( 1H),4.22 (m,

1H), 2.912.78 (m, 2H), 1.961.83 (m, 1H), 1.461.22 (m, 5H).3C NMR (CDCk): d 166.38,

136.72, 135.98, 132.58, 130.21, 129.31, 128.08, 68.74, 44.75, 43.46, 41.37, 37.84, 29.33. Both

'H and*3C NMR gectramatched literature valués.

Monomer x-EMP (3)
Monomerx-EMP (3) was synthesized as described above in the RepatisenEDC Coupling
procedure. The reaction was monitored by TLC {Ck visualization by a potassium

permanganate stain) unttompaind | was completely consumed. The centatel crude
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product was purified by automated flash chromatography on siliggnglwith 5% EtOAc in
hexanes to give the pure product as a colorless oil (0.88 g, 53% yi¢l)MR (CDCk): d
7.427.29 (m,5H), 617 6.08 (m, 2H), 5.14 (dJ = 0.7 Hz,2H), 308 (s, 1H), 2.93 (s, 1H), 2.B3
2.26 (m, 1H), 1.96 (m, 1H), 1.55 (m, 1H), 4i4.34 (m, 2H).3C NMR (CDCb): d 175.76,
137.82, 136.04 135.46, 128.28, 127.81, 65.96, 46.38, 46.11, 42.92, 41.40, 30nH Bad

13C NMR spectra matched literaturelvas®

Synthesis ofMonomers xx-IMP (4), xx-IMEMP (5), xx-IMs (6), xx-IMEM2E 6 P ( 7xX-,
IM:E6G P ( 8)

O

R e g

o & z xx-IMEMP (7)

HoN

2 JkOH %OH EDC DMAP

|||
DS -Trap
HO
HoN A~~~ % \/\O)KQ Y@
N~ vi

Xx- IMEMZE P () ©
xx-IMg (5)

0
/
N~ N~
J OH EDC DMAP 0
o v

xx-IMLE'P (a)

H,N \/\OH

Exoi Carbic anhydride (llI)

Compoundlll , exanorborneneanhydride (carls anhydide) was prepared from enticarbic
antydride according to a previously reported procedutel NMR (CDCk): d 6.33 (t,J = 1.9
Hz, 2H), 3.26 (m, 2H), 3.06 (d,= 1.6 Hz, 2H), 1.49 (m, 1H), 1.28 (m, 1HJC NMR (CDCE):

d179.02, 137.83, 49.34, £42, 4301. Bdh 'H and'*C NMR spectra matcliditerature values.
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Monomer xx-1MP (4)

A roundbottomflask was charged with compoutitl (2.00 g, 12.2 mmol), benzylamine (1.57 g,
14.6 mmol), and toluene (50 mLYhe flask was affixed with a DeaBtark tap andcondensr
then heated at reflux for 24. Thereaction was monitored by TLC (50% &l in hexanes,
visualization by a potassium permanganate stain) until compdumehs completely consumed.
The reactiommixture was cooled and transferred to aasaforyfunnel The organic solution was
diluted with additional toluene, and washed with 1N HCI (2 x 50 mL) and brine (50 mL). The
organic layer was then removed and dried oveiSa then concentrated by royaevaporation

to give the pure product asaite lid (1.86 g, 79% yield)!H NMR (CDCh): d 7.43/ 7.23 (m,
5H), 6.27 (t, J = 1.9 Hz, 2H), 4.62 (s, 2H), 3.25 (m, 2H), 2.68 1.4 Hz, 2H), 1.441.38 (m,
1H), 1.06 (m, 1H)13C NMR (CDCb): d 177.36, B7.65, 135.68, 128.62 128.37, 127.64, 47.53,

45.04,42.36,42.09. BothtH and'3C NMR speata matted literature value,

Compound IV

CompoundV was prepared according to a previously reported procéttieNMR (CDCk): d
8.80 (s, 1H), 6.30 (] = 1.9 Hz, 2H), 4.26 (s, 2H), 3.30 (M, 2H), 2.76J = 1.4 Hz,2H), 1.64i
1.57 (m, 1H), 1.5qm, 1H) 3C NMR (CDCb): d 177.54, 172.28, 138.32, 48.37, 45.75, 43.18,

39.45. BothtH and**C NMR spectra matched literature values.

Compound V
CompounadV was preared according to a previously reported prhae'? *H NMR (CDCh): d

6.27 (M, 2H), 3.74m, 2H), 3.67 (m, 2H), 3.25 (s, 2H), 2.69 (s, 2H), 2.45 (s, 1H), 1.49 (m, 1H),
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1.33 (m, 1H)*C NMR (CDC}): d 178.71, 137.76, 59.85, 47.84, 45.26, 42.79, 41.21h Bd

and®*C NMR spectra matched literaturalues.

Compound VI

0 o]
©)J\OH + HO/\/OH EDC, DMAP . HO\/\O)J\©
Vi

Compound VI was synthesized as described above in the Representative EDC Coupling

procedureThe reaction was monitored by TLC (GEll., visualization by 4) until benzoic acid
was completely consumedhe concentated crude product was purifiely autanatedflash
chromatography on siligaeluting with25% to 50%EtOAc in hexanes to give the pure product
as a colorless oitH NMR (CDCk): d 8.08 8.02 (m, 2H), 7.507.53 (m, 1H), 7.44 (m, 2H),
4.48 4.43 (m, 2H), 3.963.92 (m, 2H), 2.33 (s, 1H}3C NMR (CDCl3): d 167.10, 133.30,

129.97, 129.80, 128.53, 66.78, 61.Bbth 'H and'3C NMR spectra mateliterature values?

Monomer xx-IMe (5)

A roundbottomflask was charged with compoumidl (1.00 g, 6.09 mmol), hexylamine (0.97
mL, 7.31 mmol), and toluene (20 mL). The flask was affixed with a D&ank trap ad
condanser tlen heated at reflux for 24 h. @headbn was monitored by TLC (50% CBI. in
hexanes, visualization by potassium panganate) until compoundll was completely
consumed. The reaction mixture was cooled and transferred to a separatolyThaneganic
solution was diluted with addinal oluene, washed with 1N HCI (2 x 50 mL) and brine (50
mL), dried over NgSQy, ard concentrated by rotary evaporation to give the pure product as a
colorless oil (1.2 g, 79% yield)H NMR (CDCk): d 6.27(t, J= 1.9 Hz, 2H), 3.483.39 (m, 2H),
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3.26 (m, 2H), 2.66 (d,J = 1.4 Hz, 2H), 1.501.45 (m, 3H), 1.381.20 (m, 7H), 0.900.81 (m,
3H). 13C NMR (CDCk): d 177.80, 137.55, 47.53. 44.91, 42.42, 38.49, 31.05, 27.46, 26.35,

22.20, 13.69. BothH and*C NMR spectramatchel literature value!

Monomerxx-IMEM2EO6 P ( 6)

Monomer xx-IMEM2E 6 () was synthesized as described above in the Representative EDC
Coupling procedureThe reaction was monitored by TLC (50% £H in hexanes, visualization

by potassium permanganate) until compolvidwas completly corsumed.The concentrated
crude product as puified by automated flash chromatography on silica, eluting with 2.5%
EtOAc in hexanes to give the pure product as a white solid ¢).43% yield).'H NMR
(CDCl): d 8.06'8.00 (m, 2H), 7.627.54 (m, 1H),7.497.42 (m,2H), 6.28 (t,J = 1.9 Hz, 2H),

454 445 (m, 4H), 4.28 (s, 2H), 3.27 (m, 2H), 2.73 Jc 1.4 Hz, 2H), 1.67 (m, 1H), 1.48 (m,
1H). ¥C NMR (CDCE): d 176.73, 166.56, 165.96, 137.68, 132.94, 129.52, 129.37, 128.16,
63.23, 61.99, 47.74, 45.162.54 39.06 HR-MS calculagd for GoH1eNOs [M + Na]" 392.1105;

found 392.1048.

Monomer xx-IMEMP (7)

Monomer xx-IMEMP (7) was synthesized as described above in the Representative EDC
Coupling procedureThe reaction was monitored by TLC (50% £CHb in hexanesvisudization

by potassium permangaea untl compoundlV was completely consumedhe concentrated
crude product was purifiely automatedflash chromatography on silicaluting with 2.5%
EtOAc in hexanes to give the pure product as a leslsoil (0.38 g,50% yield) 'H NMR

(CDCl): d 7.43i 7.29(m, 5H), 634i 6.26(m, 2H), 5.16 (s, 2H), 4.28 (s, 2H), 3.29 (m, 2H), 2.7
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(d,J = 1.4 Hz, 2H), 1.8 (m, 1H), 1.43 (m, 1H)}*C NMR (CDCE): d 176.80, 166.47, 137.69,
134.54, 128.38, 128.34, 128.20, B, 4774, 4516, 42.54, 39.24HR-MS calculaéd for

Ci1eH17NO4 [M + H]* 312.1230found312.1248

Monomer xx-IMzE 6 (B)

Monomer xx-IM2E 6 BB) was synthesized as described above in Representative EDC
Coupling procedurerhe reaction was monitored BY.C (50% CH:CI> in hexanes, visualization
by potassiun permanganate) until compouM was completely consumedhe concentrated
crude product was purifiedy flash chromatography on s#iceluting with 2.5% EtOAc in
hexanes to give the pure product ashite sdid (0.82g, 52% yield)*H NMR (CDCk): d 7.99i
7.94(m, 2H), 7.8i 7.52(m, 1H), 7.8 (m, 2H), 6.27 (tJ = 1.9Hz, 2H), 4.8i 4.43(m, 2H), 3.2
(m, 2H), 3.5 (M, 2H), 2.71 4, J = 1.4 Hz,2H), 1.8 (m, 1H), 1.7 (m, 1H). 3C NMR (CDCb):
d177.46, $5.92,137.51,132.85, 129.40, 128.1228.04,61.25,47.56, 44.98, 42.38, 37.2RR-

MS calculated for @gH17NO4 [M + Na]* 334.1050 found334.0996

NMR Kinetic experimentson anchor group monomers

A representative synthesis is as follows: Monomer (40 wap dssolvedin CDCk in a vial
equipped wit a str bar. A stock solution 063 in CDCk was made, and 0.1 mL of this solution
(to achieve 1 equiv with respectritmnome) was then added rapidly to the first vial to make the
final concentration ofmonorer = 20 mM. Pdymerizations were conductedginder air with
capping of the vialsn between Bguot removal stepsAliquots (0.50 mL) were withdrawn
periodically via micropipette apre-determined timepoints and added to 1.5 mL Eppendorf

microcentrifuge tubecontaning 0.1 mL CDCEk and ethyl vinyl ethe(2 niL) to terminate the

81



polymerizations. Eeh aliquotwas then analyzeby *H NMR spectroscopyKinetic parameters

were obtained from a conversion vs. time plot.

Monomer Characterization:
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Figure S2. 'H NMR speatum of monomex-MOMP (1).
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Figure S3. 13C NMR spectrum ofnonomex-MOMP (1). Benzene was added as an internal
standargdand the spectrum was aligned to thgl§reference peak.
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Figure $4. 'H NMR spectrum ofmonomerx-ME 0 (R).
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Figure S5. 13C NMR spectum of monomex-ME 6 (R). Benzem was dded as an internal
standardand the spectrum was aligned to thgl§reference peak.
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Figure S6. 'H NMR spectrum ofmonomerx-EMP (3).
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Figure S7. 13C NMR spectrum ofmonomerx-EMP (3). Benzene wasddedas an mternal
standardand the speatim wasaligned to the €Hs reference peak.
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Figure S8. 'H NMR spectrum ofmonomerxx-IMP (4).
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Figure S9. *C NMR spectrum ofmonomerxx-IMP (4). Benzene was added as an internal
standardand the spectruwas algned tothe GHs reference peak.
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Figure S10. *H NMR spectrum omonomerxx-1Ms (5).
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Figure S11. 13C NMR spectrum ofmonomerxxIMs (5). Benzene was added as an internal
standardand the spectrum was aligned to thgl§reference peak.
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Figure S12. 'H NMR spectrum ofmonomerxx-IMEM:E 6 (B).
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Figure S13. 3C NMR spectrum ofmonomerxx-IMEM2E 6 (). Benzene was added as an
internal standardand the spectrum was aligned to thgl§reference peak.
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Figure S14. 'H NMR spectrum of monomex-IMEMP (7).

88



ES S e R

—176.80
— 166.47
—67.39
J,47.74
45,16
~ 4254
\39.24

e
2
1 5 °
5 770 3 11
o 10 12
3 CDCls
3
2
11011, & 12
46
8 1
? 1
7 9
| 5 |

T T T T T

200 180 160 140 120 100 8 60 40 20 0
ppm

Figure S15. 13C NMR spectrum bmonomer xx-IMEMP (7). Benzene was added as an internal
standard, and the spectrum was aligned to thi @ference peak.
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Figure S16. 'H NMR spectrum ofmonomerxx-IMzE 6 (B).
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Figure S17. 13C NMR spectum of monomerxx-IMzE 6 (8). Benzene was addexs aninternal

standargdand the spectrum was aligned to thgl§reference peak.
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Figure S18. *H NMR spectrum of compourid! .
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Kinetic Analysis of Anchor Groups
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Figure 0. Representative spectrarftd NMR kinetics experiment of the ROMP of monomer
x-MOMP (1) with G1. As the polymerization proceeds, the norbornene olefin resonance at ~6.1
ppm decreases in intensitgnd the polymer backbone resonaates.1 5.4 ppmincreags in
intensity.
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Figure S21. Kinetic analysis oinonomemx-MOMP (1) in CDC3 with G1 at a [monomer]/[G1]
ratio of 100 and [monomer] = 20 mM. The solid line represents tteetfie averaged conversion

databased on the equatign=1 — e(~kpt) wherep = fractional conversion.
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Figure S22. Representative spectra fi NMR kineics experiment of the ROMP of monomer
x-MOMP (1) with G3. As the polymerization proceeds, the norbornene olefin resonance at ~6.1
ppm decreases in intensitand the polyrar backbone resonance ati%X ppmincreases in
intensity The peak at ~26 ppm coresponds to residual GAIl> in the monomerand was
subtracted from the polymer backbone integration based on an estimated integratidimefrom
first aliquot.
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Figure S23. Kinetic analysis ofmonomemx-MOMP (1) in CDClk with G3 at a [monomer]/[G3]
ratioof 100 and [monomer] = 20 mMhe solid line represents the fit to the averaged conversion

databased on the equatign=1 — e(~kpt) wherep = fractional onversion.
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Figure S24. Representative spectra fif NMR kinetics experiment of the ROMP of monome
x-ME 6 R) with G1. As the polymerization proceeds, the norbornene olefin resonance at ~6.1
ppm decreases in intensitgnd the polymer backbone resonmarat 5.25.4 ppmincreases in
intensity. The peak at5.26 ppm corresponds to residual CH in the monomer and was
subtracted from the polymer backbone integration based on an estimated integration from the
first aliquot
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Figure S&. Kinetic analysisof monomerx-MEG6 P2) if CDCk with G1 at a [monoméifG1]
ratio of 100 and [monomer] = 20 mNIhe ®lid line represents the fit to the averaged conversion

databased on the equatign=1 — e(~kpt) wherep = fractional conversion.
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Figure SX. Representive spectra forH NMR kinetics experiment of the REP of monomer
x-ME 6 R) with G3. As the polymezation proceeds, the norbornene olefin resonance at ~6.1
ppm decreases in intensitgnd the polymer backbone resonance at %4 ppm increases in
intensty.
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Figure S27. Kinetic analysis ofmonomerx-ME 6 R) in(CDCk with G3 at a [monomer]/[G3]
ratio of 100 and [monomer] = 20 mMhe solid line represents the fit to the averaged conversion

databased on the equatign=1 — e(~kpt) wherep = fractionalconversion.
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Figure S28. Representative spectrarfid NMR kinetics experiment of the ROMP of moner
x-EMP (3) with G1. As the polymerization proceeds, the norbornene olefin resonance at ~6.1
ppm decreases in intensignd the polymer backbone resocarat 5.065.35ppm increases in
intensity. The pealat ~5.14 ppm corresponds tavo monomer protons unaffected by the
polymerization, therefore 2.0 was subtracted from the integration of the55385ppm region

for all aliquots
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Figure S29. Kinetic analysis ofmononer x-EMP (3) in CDCk with G1 at a [nonomer]/[G1]
ratio of 100 and [monomer] = 20 mNIhe solid line represents the fit to the averaged conversion

databased on the equatign=1 — e(~kpt) wherep = fractional conversion.
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Figure S30. Repesentative spe for 'H NMR kinetics experiment othe ROMP of monomer
x-EMP (3) with G3. As the pltymerization proceeds, the norbornene olefin resonance at ~6.1
ppm decreases in intensignd the polymer backbone resonance ati:@5 ppm increases in
intensity. Thepeak at ~5.14 ppm c@asponds to twanonomer protons unaffected by the
polymerization therefore 2.0 was subtracted from the integration of thei 5.85 ppm region

for all aliquots.
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Figure S31. Kinetic analysisof monomerx-EMP (3) in CDClz with G3 ata [monomer]/[G3]
ratio of 100 and [m@womer] = 20 mMThe solid line represents the o the averaged conversion

databased on the equatign=1 — e(~kpt) wherep = fractional conversion.
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Figure S32. Representative spectra fi NMR kinetics experimeniof the ROMP of monomer
xx-IMP (4) with G1. As the polymerization proceeds, the nanboe olefin resonance at ~6.28
ppm decreases in intensignd the polymer backbone resonance at%#b ppm increas in
intensity.
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Figure S33. Kinetic analysis ofmonomerxx-IMP (4) in CDCk with G1 & a [monomer]/[G1]
ratio of 100 and [monomer] 20 mM. The solid line represents the fit to the averaged conversion

databased on the equatign=1 — e(~kpt) wherep = fractional conversian
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Figure S34. Representativepectra forH NMR kinetics experimat of the ROMP of monomer
xxIMP (4) with G3. Asthe polymerization proceeds, the norbornene olefin resonance at ~6.28
ppm decreases in intensignd the polymer backbone resonance at%#b ppm incrases in
intensiy.
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Figure S3. Kinetic analysis & monomerxxIMP (4) in CDCk with G3 at a [monmer]/[G3]
ratio of 100 and [monomer] = 20 mNIhe solid line represents the fit to the averaged conversion

databased on the equatign=1 — e(~kpt) wherep = fractional caversion.
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Figure S36. Representate spectra fortH NMR kinetics experiment of tha ROMP of monomer
xx-IMg (5) with G1. As the polymerization proceeds, the norbornene olefin resonance at ~6.28
ppm decreases in intensitgnd the polymebackbone resonae at 5.45.8 ppm increases in
intensty.
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Figure S37. Kinetic analysis ofmonomerxx-IMe (5) in CDCk with G1 at a [monomer]/[G1]
ratio of 100 and [monomer] = 20 mNIhe solid line represents the fit to the averaged conversion
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Figure S38. Representative speatfor *H NMR kinetics experiment of the ROMP of monomer
xx-IMg (5) with G3. As the polymerization proceeds, the norbornene olefin resonance at ~6.28
ppm dereases in intesity, and the polymer backbone resona at 5.45.8 ppm increases in

intensity.
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Figure S39. Kinetic analysis ofmonomerxxIMe (5) in CDCk with G3 at a [monomer]/[G3]
ratio of 100 and [monomer] = 20 mNMihe solid line represents the tit the averagedonversion

databased on the equatip = 1 — e(~kpt) wherep = fractional conversion.
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Figure $40. Representative spectra fif NMR kinetics experiment of the ROMP of monomer
xxIMEM2E 6 B) with G1. As the polymerization proceeds, ttebornene olefirresonance at
~6.28 ppm decreasesiimensity, and the polymer backbone resonanc.4it5.7 ppm increases
in intensity.
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Figure $41. Kinetic analysis of monomer xx-IMEM2E 6 P6) if CDCk with G1 at a
[monomer]/[G1] ratio of 100 and [monwer] = 20 mM.The solid line represents the fit toeth
averaged conversion dathased on the equatiopzl—e{-"f:ﬂt) where p = fractional
conversion.
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Figure $42. Representative spectra fi NMR kinetics experiment of the ROMP of monomer
xxIMEM2E 6 B) with G3. As thepolymerization proceeds, the norbene olefin resonance at
~6.28 ppm decreases imensity, and the polymer backbone resonance atZppm increases
in intensity.
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Figure S43. Kinetic analysis of monomer xx-IMEM2E 6 P6) irf CDCk with G3 at a
[mononer]/[G3] ratio of 100 and [monomer] 20 mM. The solid line represents the fit to the

averaged conversion dathased on the equatiopzl—e{:"fpt) where p = fractional
conversion.
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Figure $S44. Representative spectra fif NMR kinetics exgriment of the ®MP of monomer
xx-IMEMP (7) with G1. As the polymerization proceeds, the norbornelediro resonance at
~6.28 ppm decreases in intensity, and the polymer backbone resonani®.at 3p4n increases
in intensity.
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Figure $45. Kinetic anaysis of monomerx-IMEMP (7) in CDCk with G1 at a [nonomer]/[G1]
ratio of 100 and [monomer] = 20 mNIhe solid line represents the fit to the averaged conversion

data based on the equatipnr- 1 — e(~kpt) wherep = fractional conversion.

_JJI’ — o e —— -
I 40s
N || AN —— @ @ @ OO _
AN ﬁeﬁ(.)isﬁ e TTT— T
i 90's ~ o~
— rJh\ S— T
,)l ‘LM o 1 %D Ew,_ e T N
ok %00s TN e~
420s
8600s

33 62 61 60 59 58 57 56 55 54 5
ppm

Figure $46. Repesentative spe for 'H NMR kinetics experiment dche ROMP of monomer

xxIMEMP (7) with G3. As thepolymerization proceeds, the norbornene olefin resonance at

~6.28 ppm decreases in intensity, and the polymer backbone resonani®.at (3p4n increses

in intensity.
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Figure $47. Kinetic analysis of monoerxx-IMEMP (7) in CDCk with G3 at a [monome#|G3]
ratio of 100 and [monomer] = 20 mNIhe solid line represents the fit to the averaged conversion

data based on the equatipnr- 1 — e(~kpt) wherep = fractional convesion.
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Figure $48. Representativepectra for'H NMR kinetics experiment of the ROR of monomer
xxIM2E 6 B) with G1. As the polymerization proceeds, the norbornene olefin resonance at

~6.25 ppm decreases in intensayd the polymer lzkbone resonanca 5.4 5.6 ppm increases
in intensiy.
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Figure $49. Kinetic analysis oimonomemxx-IM2E 6 B) in(CDCk with G1 at a [monomer]/[G1]
ratio of 100 and [monomer] = 20 mNIhe solid line represents the fit to the averaged conversion

databasel on the equatiop =1 — e(~kpt) wherep = fractionalconversion.
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Figure S50. Representative speatfor *H NMR kinetics experiment of the ROMP of monomer
xx-IM2E 6 B) with G1. As the polymerization proceeds, the norbornene olefin resonance at

~6.25 ppmdecreases in tansity, and the polymer backbone oesnce at 5i%6.6 ppm increases
in intensity.
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Figure SAL. Kinetic analysis oimonomemxx-IM2E 6 B) in(CDCk with G3 at a [monomer]/[G3]
ratio of 100 and [monomer] = 20 mNIhe solid line representké fit to the aeraged conversion
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GPC Traces of Linear PolymersMade by ROMP at a [Monomer]/[Catalyst] Ratio of 100
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Figure S2. SEC trace of the linear polymer mionomemx-MOMP (1) with G1.
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Figure S53. SEC trace of tharear polymer omonamerx-MOMP (1) with G3.
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Figure S54. SEC trace of the linear polymer mionomerx-ME 6 (B) with G1.
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Figure S5%. SEC trace of the linear polymer mionomenx-ME 6 B) with G3.
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Figure S%. SEC traceof the linear polymer afnonormer x-EMP (3) with G1.
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Figure S57. SEC trace of thatear polymer omonomex-EMP (3) with G3.
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Figure S58. SEC trace of the linear polymer mfonomemxx-IMP (4) with G1.
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Figure S3. SEC trace bthe linear polymer omonomemxx-IMP (4) with G3.
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Figure S&). SEC trace of the linear polymer mionormer xx-IMe (5) with G1.
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Figure S6L. SEC trace of the linear polymer nfonomemnxx-IMe (5) with G3.
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Figure S&. SEC trace of the linear polymef monomemxx-IMEM:2E 6 (B) with G1.
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Figure S63. SEC trace of the linear polymer afonomemxx-IMEM:2E 6 (B) with G3.
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Figure S64. SEC trace of the linear polymer of monomed MEMP (7) with G1.

113



12 14 16 18
Retention Time (min)
Figure S&. SEC trace of the linear polymer of monomed MEMP (7) with G3.
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Figure S6. SEC trace of tl linear polymer omonomemnxx-IM2E 6 (B) with G1.
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Figure S&/. SEC trace of the linear polymer mionomemnxx-IM2E 6 B) with G3.
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Figure S68. Measured opsversts HOMO/LUMO energy gap for mononseti 8 with G1
catayst (A) and G3 catalyst (BMeasured obsversus LUMO energy fomonomersli 8 with
G1 catalyst (C) and G3 catalyst (D).
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Metallocyclobutane Intermediate Calculations

Monomer 4

N
Monomer 1

Monomer 1 3 4 7
O23a/° 127 118 11.2 11.0
ro/ A 195 1.96 1.95 1.93
s/ A 1.65 1.65 1.66 1.66
ris/ A 229 229 230 229
@ /° 785 785 789 788
0,4 /° 856 857 857 85.2

Monomer 7

Monomer 3

Figure S6Q Geometrmes of the metallocyclobutane intermediatesnied inthe ROMP reaction
of monomers 1, 3, 4, and 7 with Ru=gHatalyzed by G3. Thegeometry of the
metallocyclobutanés very similar among mononers. Color code: Ru: gold, CI: green, C: brown,

H: white, N: bue, O: red.

Monomer Chelation Analysis
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Figure S70. 'H NMR spectrunof the poly() bound Ru alkylidene species
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Figure S71. *H NMR spectrum of the polg) bound Ru alkylidene species
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Figure S72. *H NMR spectrum of the pol@} bound Ru alkylidene sgies.
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Figure S73. 'H NMR spectrum of theqly(4) bound Ru alkylidene species.
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Figure S74. 'H NMR spectrum of the pol$j bound Ru alkylidenespecies.
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Figure S75. 'H NMR spectrum of the polgj bound Ru alkylidene species.
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Figure S. *H NMR spectrum of the poly] bound Ru alkylidene sgies.
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Figure S77. *H NMR spectrum of the polgj bound Ru alkylidene species.

Catalyst Decomposition Analysis
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Figure S78. 'H NMR spectrum ofthe benzylidene proton of Gbefore initiation and the
alkylidene protorat 4 propagatiomalf-lives of monromerx-MOMP (1). Phenanthrenevasused
as an internal standard.
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Figure S79. 'H NMR spectrum of the benzylidene proton of G3 before initiation and the
alkylidene protorat 12 propagatiomalf-lives of monomerx-MOMP (1). Anthracenewvasused
as an interrisstandard.
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Figure S80. 'H NMR spectrum of the benzylidene proton ofl Gefore initation and the
alkylidene protorat 4 propagatiohalf-lives of monomenx-ME 6 B). Phenanthreneasused as
an internal stashard.
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Figure S81. H NMR spectrum of the dnzylicene proton of G3 before initiation and the
alkylidene protorat 12 propagatiohalf-lives of monomerx-ME 6 R). Anthracenevasused as
an internal standard.
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Figure S82. 'H NMR spectrum of the beglidene proton of G before initiation and the
alkylidene protorat 4 propagatiomhalf-lives of monomerx-EMP (3). Phenanthreneasused as
an internal standard.
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Figure S83. 'H NMR spectrum of the benzylidene proton of G3 before initiation and the
alkylidene protorat 12 propagatiohalf-lives of monomerx-EMP (3). Anthracenevasused as
an internal standard.
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Figure S84. 'H NMR spectrum of the benzylidene proton ol Gefore initiation and the
alkylidene protorat 4 propagatiomalf-lives of monome xx-IMP (4). Phenanthreneasused as
an intenal sandard.
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Figure S85. 'H NMR spectrum of the benzylidene proton of G3 befimiiation and the
alkylidene protorat 12 propagatiohalf-lives of monomemxx-IMP (4). Anthracenavasused as
an internaktandard.
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Figure S86. 'H NMR spectrumof the benzylidene proton of G before initiation and the
alkylidene protorat 4 prgagationhalf-lives of monomemxx-IMs (5). Phenanthreneasused as
an internal standard
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Figure S87. 'H NMR spectrum of e benzylidene proton of G3 before initiatiand the
alkylidene protorat 12 propagatiohalf-lives of monomerxx1Me (5). Anthracene wasused as
an internal standard.
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Figure S88. 'H NMR spectrum of the benzylidene proton ofl Before initiation andthe
alkylidene protorat 4 propagatiomalf-lives of monomemxx-IMEM2E 6 B). Phenanthreneas
used as an internal standard.
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Figure S89. 'H NMR spectrum of the benzylidene proton of G3 before initiation and the
alkylidene protorat 12 propagatiomalf-lives of monomerxx-IMEM2E 6 B). Ahthracenewas
usedas an internal standard.
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Figure $90. 'H NMR spectrum of the benzylideneotwn of G1 before initiation and the
alkylidene proton at 4 propagatibalf-lives of monomexx-IMEMP (7). Phenanthrene wased
as an internal standard.
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Figure $91. 'H NMR spectrum of the benzylidene proton of G3 before initiation and the
alkylideneproton at 12 propagatiomalf-lives of monomexxIMEMP (7). Anthracene was used
as an internal standard.
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Figure S92. 'H NMR spectrum of the benzylidene proton ol Before intiation and the
alkylidene protorat 4 propagatiohalf-lives of monomemxx-IM2:E 6 B). Phenanthreneasused
as an internal standard.
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Figure $93. 'H NMR spectrum of the benzylidene proton of G3 befinitiation and the
alkylidene protorat 12propagéion half-lives of monomemxx-IM2E 6 B). Apthracenewvasused
as an internaltandard.

Deconvolution of linear polymer SEC traces
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Figure S94.SEC trace (dRI signal) of the linear polymer of monomeMOMP (1) with G1
(solid, black), deconvoled living linear polymer (dash, blue), and deconvoluted dead chains
(dash, red).
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Figure S95.SEC trace (dRI signal) of the linear polymer of monom&tOMP (1) with G3

(solid, black), deconvoluted living l@ar polymer(dash, blue), and deconvoluted dezhairs
(dash, red).
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Figure S96.SEC trace (dRI signal) of the linear polymermbnomerx-ME 6 R) with G1
(solid, black), deconvoluted living linear polymer (dash, blue), and deconvoluted dead chains
(dash, red).
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Figure S97.SEC trace (dRI signaldf the linear polymer of monomex-ME 6 @) with G3
(solid, black), deconvolutedving linear polymer (dash, blue), and deconvoluted dead chains
(dash, red).
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Figure S98.SEC trace (dRI signal) of the liaepolymer of monomex-EMP (3) with G1 (sold,
black), deconvoluted living linear polymddash, blue), and deconvoluted deadimhgdash,
red).
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Figure S99.SEC trace (dRI signal) of the linear polymer of monorEMP (3) with G3 (solid,
black), deonvoluted living linear polymer (dash, blugnd deonvoluted dead chains (dash,
red).
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Figure S100.SEC trace (dRI signal) oh¢ linear polymer of monomeo-IMP (4) with G1
(solid, black), deconvoluted living linear polymg@ash, blue), and deconutéd dead chains
(dash, red).
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Figure S101.SEC trme (dRI signal) of the linear polymer of monomerIMP (4) with G3
(solid, blck), deconvoluted living linear polymer (dash, blue), and deconvoluted dead chains
(dash, red).
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Figure S102.SEC trace (Rl signal) of the linear polymer of monomex-IMs (5) with G1
(solid, black), deconvoluted living linear polymer (dash, blue), @acbnvoluted dead chains
(dash, red).
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Figure S103.SEC trace (dRI signal) of the linear polymer of monometMs (5) with G3

(solid, black), deconvoluted living linegolymer (dash, blue), and deconvoluted dead chains
(dash, red).
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Figure S104.SECtrace (dRI signal) of the linear polymer of monomei MEM2E 6 (B) with
G1 (solid, black), deconvoluted living linear polgm(dash, blue), and deconvoluted dead chains
(dashred).
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Figure S105.SEC trace (dRI signal) of the linear polymer of monomerMEM:E 6 (B) with

G3 (solid, black), deconvoluted living linear polymer (dash, blue), and deconvoluted dead chains
(dashyred).

Normalized dRI

o
N
1

0 —
12 14
Retention Time (min)
Figure S106.SEC trace (dRI signal)fdhe linear polymer of monomexx-IMEMP (7) with G1
(solid, black), deconvoluted iirg linear polyner (dash, blue), and deconvoluted dead chains
(dash, red).
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Figure S107.SEC trace (dRI signal) of the liaepolymer of monomexx-IMEMP (7) with G3
(sdid, black), deconvoluted living linear polymer (dash, blue), and deconvoluted Haats c
(dash, rd).
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Figure S108.SEC trace (dRI signal) of the linear polymer of monomelME 6 (8) with G1

(solid, bla&), deconvoluted living linear polymer (dadblue), and deconvoluted dead chains
(dash, red).
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Figure S109.SEC trace (dRI sighpof the linear polymer of monomex-IM2E 6 B) with G3
(solid, black), deconvoluted living linear polymer (dash, blueyl daconvoluted dead chains
(dash, red).

Table S2.Pecent dead chairisa the ROMP oimonomerdli 8 with either G1 or G3 catalyst

Anchor Group Catalyst % dead chaing
x-MOMP (1) 18
x-ME 6 (2) 11
Xx-EMP (3) 21
xx-IMP (4) 19
xx-1M¢ (5) Gl 20
xx-IMEM:2E 6 (B) 19
xx-IMEMP (7) 20
xx-IM2E 6 (B) 17
x-MOMP (1) 13
x-ME 6 (B) 11
x-EMP (3) 15
xx-IMP (4) 15
xx-IMs (5) G3 13
xx-IMEM2E 6 (B) 18
xx-IMEMP (7) 17
xx-IM2E 6 (B) 16

#Percent dead chains calculafedm the area under thdeconvoluéd SEC tracegdRI) of the
linear polymers sythesizel from monomerdi 8 with either G1 or G3 catalyst
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XYZ Coordinates (Anggrom) of B3LYP/6i 31G* geometry optimizations of anchor groups

Anchor Groupx-MOMP (1)

6 4.312510 0.304569 0.216697
6 4.456%7 1.198527 0.011966
6 3.270096 1.757129 0.2852

6 2312981 0.636729 0.671935
6 2.028474 0.149218i 0.663306
6 3.405681 0.8319221 0.947532
1 3.805552 0.580126i 1.934044
1 3.324216 1.925691i 0.894818
6 0.886153 1.152915/ 0.551412
810.3199011 0.4460221 0.311873
611.44933311.291311i 0.206482
612707727 0.465945 0.058753
613.81442110.991999 0.617212
615.000864i 0.264051 0.72911
615.090086 1.06915 0.144504
613.986655 1.5413760.523613
612.803789 0.8086910.628449
171941143 1.2230211.139616
174.046289 2.5328960.965376
176.0109891.5785%5 0.224648
1715.8512570.685866 1.244471
1713.747326i 1.977493 1.074136
1715207511 1.928402i 1.107527
171.342493i 1.975532 0.652710
1 0.802419 1.738025i 1.484337
11.0712821.873490 0.264281
11.76€111 0.5555821.457943

6 3.296851 0.323795 1382963

1 3.701447 0.095576 2.309136
12.8821521.318873 1.586107
1 1.408054 0.928371.207308
12.9824872.795241 0.151255

1 5.338737 1.687037.391190

1 5.240563 0.866418 0.349630

Anchor Groupx--ME 6 B) (
612617336/ 1.101288 0.657556
613.797639 0.6314651.498309
614.630919 0.032143 0.685347
614.022468 0.01202P0.711085
613.33654411.374036i 0.686627
174.047422i 2.203193i 0.620897
1712.659149i1.541323i 1.533029
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612.766109 0.9465480.667818
611.801393 0.204224 0.312918
610.431368 0.1064311 0.28541
8 0.205845 1.14124i8.637138

6 1.459038 1.475458).222718

8 1.726892 2416971 0.040829

6 2.485923 0.393088).069649

6 3.477968 0.564864 0.906182
6 4.49597110.375237 1.045489
6 4.549798 1.4799080.191180

6 3.581420 1.641960i 0.801409
6 2.54838210.7134511 0.927876
1 1.805986 0.834753/1.710758
1 3.631685 2.4893651 1.4795/6
15.349602 2.208402 0.293800
15.2537300.242354 1.812696
1 3.438471 1.443655 1.541855
1 0.186039 0.656290 0.434389
170.521674i0.7112511 1.192340
171.635372 0.79399 1.21034
173.008135 1.9571080.329041
172.318018 1.0358711.664021
174.705320.217216 1.539171
115.520907 0.586749 0.966052
173.862181i0.725672 2.577861
1712.01756111.912035 1.081346

Anchor Graip x-EMP (3)
612.437354 0.625048 0.907466
613.31328% 1.838549 0.636003
614.419349 1.403724 0.016215
614.294754i 0.1056D710.13B47
613.178850i 0.356813/ 1.212470
611.890300 0.1732660.517047
610.813470i 0.881378/ 0.356967
8 0.405695 0.303491i 0.233568
6 1.512305 1.213731i 0.019685
6 2.790154 0.417076 0.009574
6 3.672761 0.532992 1.087858
6 4.877186 0.174212 1.101%4

6 5.201901 1.014219 0.037739
6 4.325011 1.1418251.040889

6 3.128641 0.42784i21.056390
12.443703 0.5314581.893731
14.574143 1796640i 1.871777
16.139381 1.568876 0.047713
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1 5.58577 0.072498 1.946025
13.416843 1.180793 1.923261
1 1.354383 1.756/80 0.97161
11.507161 1.95218310.829133
810.9859421 2.0822541 0.294175
171.447495 1.03085b61.028272
173.382096 0.16245v2.153228
173.082306i 1.4262211 1.419442
613.51618710.455316 1.150828
1713.119765 1.475765 1.157179
174.0940251 0.269018 2.061122
115.221916i 0.651878i 0.328076
1715.214657 2.0081500.409224
173.014935 2.866498 0.816597
171.654480 0.747028 1.659181

Anchor Groupx-IMP (4)
610.0335091 3.157826i 1.130264
6 0.936485 4.240469i 0.670144
6 0.936485 4.240469 0.6@144
610.033509i 3.157826 1.130264
6 0.669780 1.792485 0.775396
6 0.669780 1.792485 0.775396
610.148179 0.567962 1.169282
710.565292 0.027017 0.000000
610.148179 0.567962 1.169282
810.4234671 0.193525 2.292055
611.384410 1.2889980.000000
610.557474 2.5599070.000000
610.166500 3.150331 1.208261
6 0.600336 4.316240 1.207931
6 0.984631 4.9017280.000000

6 0.600336 4.31624i01.20793
610.166500 3.1503311.208261
170.455738 26845711 2.146904
1 0.898847 4.7660832.151412
11.578909 5.81177#0.000000
10.89847 4.766083 2.151412
170.455738 2.684571 2.146904
172.015057 1.2381850.890854
172.015057 1.238185 0.890854
810.423467 0.193525i 2.292055
11.6571191.719611i1.237789
11.6571191.719611 1.237789
611.087099i 3.245110 0.000000
171.619493i4.19951 0.000000
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171.8158951 2.426618 0.000000
170.3836091 3.210376 2.162665
11.5755204.817829 1.330900
11.5755204.8178291 1.330900
170.3836091 3.210376i 2.162665

Anchor Graip xx-1Ms (5)
613.5910251.143134 0.1838P
614.8005371 0.702320i 0.633460
614.814472 0.63806%0.644965
613.614542 1.117996 0.164376
612.355043 0.7681360.715106
612.33901110.78240710.701751
611.009330i 1.156369i 0.056270
770.330542 0.02223 0262669
611.033650 1.1810810.076556
810.636080 2.310328 0.131120
6 0.980909.040335 0.906681

6 2.135150 0.002738).102160

6 3.505628 0.021840 0.585793
6 4.678556 0.0145511 0.402241
6 6.052574 0.0P2 0.279683

6 7.219200 0.03108210.712675
18.1853810.016036i 0.195482
17.1866070.93650711.331168
17.190272 0.83184i21.389453
16.132756 0.903418 0.907090
16.128148 0.852022 0.964882
1 4.597285 0.914595 1.029561
1 4.602488 0.8420881.088251

1 3.586487 0.922522 1.212123
1 3.581246 0.835488 1.70832

1 2.0385500.901914i0.716208
12044388 0.8639910.776828
11.0252910.952557 1.508479

1 1.023048 0.828819 1.569662
810.58769512.273175 0.170853
1712.397923i 1.253558i 1.686366
1712.423690 12208311 1.707713
61 3.546357 0.002934 1.2300D
174.419759 0.006396 1.887380
1712.636755 (011826 1.841079
113.629707 2.152515.911019
115.480676 1.28718D1.204000
115.452976i 1.3746271 1.181211
113.584727 2.171647 0.548156

140



Anchor Groupxx-IMEM2E 6 B) (

6 4.907716 0.856068).727647

6 6.23340 0.181481 1.243439

6 7.3597631.091283 0.767446

6 7.452222 0.959537 0.563251
6 638918710.041776 1.002024
6 5.014146 0.704116 0.813396
6 3.804746 0.130614 1.214485
7 3.094053 0.444742 0.051199
6 3.644658).0980111 1.114255

8 3.173713 0.055706i 2.221932
61.838697 1.153169 0.06247
11.8158401.811984 0.935315
11.752394 1.7554111 0.845294
6 0.660555 0.183777 0.136060
8 0.746482 1.014803 0.251965
810.498189 0.867976 0.057025
611.699275 0.072167 0115586
612.85487711.0481150.019256
814.04673710.248756 0.033263
615.2138B610.9308851 0.100438
815.2550841 2.1352921 0.251077
616.404860i 0.039663/ 0.041375
617.66857310.631823/0.173697
618.816291 0.1549260.126403
618.708784 1.536657 0.0583
617.451108 2.130150 0.186076
616.299386 13467420.139165
115.320775 1.801934 0.241732
1717.367665 3.204306 0.326010
179.604770 2.150642 0.090520
179.794160i 0.307037 0.229619
117.727353i1.706336i 0.312412
172.8097251 1.593216i1 0.966667
1712.85822711.780716 0.793439
171.738044 0.468746.065531
171.6961670.660252 0.696552
8 3.488454 0.500630 2.325952
14.987914 1.6489 1.370844

6 6.383333 0.980710i 0.229349
17.327905 1.5177461 0.348024
1 5.556501 1.6999691 0.242635
1 6.5084220.493148 1.988284

1 8.083687 1.524744 1.241002
1 7.9®M035 17863851 1.401855
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16.211143 0.068855 2.305602
14.817824 1.8857311.082577

Anchor Groupxx-IMEMP (7)

6 3.631101 0.775316i 0.705132
6 4.117652 1.130336 0.751945
6 5.569724 0.670294 0.809561
6 5.56855 0.670220 0.810930
6 4.117031 1.129585 0.7885

6 3.630620 0.77732%0.703505

6 2.184755 1.173459.971192

7 1.440770 0.00077191.138896

6 2.185501 1.17179210.973732
8 1.717151 2.289220i 1.044832
6 0.009247 0.000498L.308759
110.282216 0.89161D1.870848
170.281625 0.889701i 1.872617
610.72071410.001110 0.034184
810.188966i1 0.001918 1.121787
812.046510i 0.0008851 0.174100
612.87733210.001908 1.025593
614.316907i 0.000762 0.593864
614.995477 1.206788 0.380961
616.325138i 1.207603/ 0.040163
616.990726 0.0014180.252438
616.3226851.2093F 10.041656
614.993058 1.206387 0.379505
114.473627 2.147647 0.543888
1716.837591 2.1526730.202276
178.027682 0.0022660.577509
176.841941i 2.150067i 0.199625
114.477947i 2.148898 0.546470
172.62333510.887746 1.614371
112.622486 0.882341.6164@

8 1.715716 2.29074i41.039990
14.269326 1.2387001.461293

6 3.440454 0.001404 1.567598
1 3.759054 0.002397 2.613506
12.3464100.001655 1.521694
1 3.909626 2.161204 1.043156
1 6.428706 1.330846 15427

1 6.429438 1.3303320.752706
13.910881712.162667 1.038667
14.270137 1.234709 1.463845
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Anchor Groupxx-IM2E 6 B) (

6 37659941 0.633903 0.815045
6 4.314047 0.818473 1.086102
6 5.769520 0.787633 0.633321
6 5.775655 0.706990.704673

6 4.3244370.682990/ 1.171465

6 3.77349710.7270511 0.733642
62.31887010.962939i1.122761
7 1.5575121.016181 0.050805
6 2.307824 0.8209% 1.215935

8 1.836975 0.805094 2.334911
6 0.117743 1.235627 0.058427
170.129962i 1.848221i 0.811523
170.1332391.7769620.973724
610.645561 0.0856D0.004969
812.041013i 0.258399 0.016769
612901877 0.7894010.030133
812.528859 1.94466P0.078443
614.327379 0.3581960.015876
615.310684 1.3561860.059653
616.658975 1.0088170.049710
617.032759 0.336691 0.003840
616.055533i 1.334008 0.047675
614.704714i 0.9909160.038095
173.941560i 1.760179 0.071932
176.346506i 2.379987 0.089436
178.08517110.607986 0.011505
1717.418592 1.7848160.083697
174.996291 2.3938320.101289
170.413145 0.713785 0.869997
170.410%7 0.643365 0.906689
8 1.8593321.084148 2.239859
1 4.380770 1.537854i 1.143858
6 3.683104 1.59356120.096202

1 4.040535 2.62485 1 0.156479
12587116 1.593860.101217

1 4.135044 0.9183752.219923

1 6.634555 0.5766511.354944

1 6.622332 0.736766302407
14.114756 1.177300 2.097066
1 4.369087 1.38H493 1.325144

Anchor Group 9

6 4.335565 0.512511 0.606694
6 4.494655 1.35537810.655491
6 3.279726 1.810848i 0.991659
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6 2.287834 1.260453 0.024877
6 2.212200 0.28431i0.315959

6 3.593858 0.8035131P5082
14131243 1.3664650.573218

1 3.48830 1.45828 1.066170

7 1.035136 1.002829 0.200765
610.096332 0.92190P0.590984
7711.169158 1.7695060.225626
612447864 1.40766P0.865511
613.041271 0.12409%0.318660
613.0648911 1.045290i 1.085934
613.6322411 2.216428 0.579660
614.178290i 2.233338 0.04309
614.15427711.072337 1.481207
613.590715 0.096235 0.970245
173.5751280.999588 1.576551
174.579274i1.076734 2.481841
174.620014i 3.144841 1.098838
1713.64251113.117192 1.188039
1712.6177B711.036700i 2.075172
173.134192 2.23594P0.656493
1712.329273 1.33850b61.954486
610.905439 3.2126750.245778
1 0.087992 3.426310.149394
170.958987 3.62438B1.266492
171.642656 3.734077 0.374469
810.170111 0.1524701.547106
6 0.977783 1.48853b574778

1 1.416633 0.759208 2.261351
11.507136.441'80 1.709734
170.067105 1.626335 1.853343
12.142028 0.3827741.397815

6 3.1P36811.279782 1.290605
1 3.462555 2.294128 1.587879
12.7585790.756930 2.156375
11.310208 1.741298 0.065053
13.002345 2.3560041 1.888149
15.419168 1.4657221 1.213940
15.2416730.345175 1.194717

Anchor Group 10

614.658126 0.349982 0.900482
615.305584i 0.5916211 0.110975
614.5340421 0.597917 1.206250
613.349660 0.32358#0.937261
612.480658i 0.469777 0121800
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613.359249 0.354693 1.412405
1713.558211i 1.333125 1858337
1712.868200 0.257608 2.176484
711.080880i 0.046026 0.270661
610.11991710.941743/0.129319
8 1.13531110.428257 0.026028
6 2.204343 1.3304751 0.346334
6 3.508633 0.602219i 0.159891
64.23235010.728829 1.031359
6 5.4348200.043631 1.21018

6 5926198 0.779636 0.195503
6 5.211565 0.9135910.997054

6 4.011239 0.22534001.171856

1 3.457381 0.3273372.102381

1 5.591918 1.5498601.791801
16.864117 1.311625 0.331271
15.9884420.154479 2.13812

1 3.851126 1.370852 1.822212
12.147309 2.2257320.279935

1 2.055681 1.641438i 1.384487
810.3244241 2.064433/ 0.566581
6710.702125 1.291167 0.746321
610.411622 2.30297%0.367555
170.131600 3.269292 0.069037
1 0.419872 1.958778).989123
171.28459 2.460701 1.008996
171.512496 1.656346 1.3897
10.178065 1.189916 1.385007
172.406347 1.506960i 0.195655
6714.047873 1.394881 0.064880
174.807618 1.9556870.617615
173.367826 2.098394 0.427053
1712.784568 0.65540b1.810496
174.634071i1.231698i 2.081712
1716.17488511.211141 0.086569
175.3062260.726957 1.695761

Anchor Group 11

6 4.719898 0.39234i0.801966
6 5.306688 0.359158 0.389487
6 4.454994 0.218861 1.414247
6 3.275754 0.610133 0.917825
6 2.508894 0.367903/ 0.060611
6 3.477303 0.42286111.289147
1 3.727253 1.450801i 1.565559
1 3.028%07 0.052037 2.168603
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7 1.122052 0.0025118).371134

6 0.137425 0.846714 0.08744
811.10982710.34785410.171832
612.19597311.215357 0.217785
613.481613/0.433483 0.133478
614.5542321 0.909274i 0.626630
615.761485 0.207997 0.672983
615.902974 0.85080 0.034990
614.833399 1.472320 0.791795
613.633578 0.765775 0.843252
172.801717 1.146398 1.430005
174.937306 2.402000 1.345223
176.839904 1.53449B0.002111
176.5865901 0.591825 1.267112
174.4450571 1.835383i 1.186475
1712.216768i 2.088P710.442836
172.002978i1.577783 1.232431
8 0.3234011 1.927888 0.607660
6 0.8098101.3035011 0.951574
11.470530 1.5021731.800925
170.217905 1.3061071.307251
1 0.930413 2.11711i0.223801
12.425907 1.346748 0.404905
6 4.016133 1.5543040.061118
14.71853 2.218727 0.450761

1 3.359977 2.14771%.705791

1 2.639793 1.058246 1.68486
14.501276 0.704612 2.383773
16.2013190.973102 0.355818
15.419674 0.6608361.597466

Anchor Group 12

6 4.244896 0.507401 0.415253
6 4.456454 1.242437i 0.905035
6 3.2952711.827407i 1.229534
6 2.284861 1.477515i 0.142390
6 1.993363 0.05904i10.379040

6 3.325443 0.720577 0.112408
1 3.749670 1.3893910.641982
13.168876 1.310922 1.021914
7 0.761452 0.612387 0.215537
610.178002 1.09315P0.663329
711.311888 1.742511 0.055047
612575702 1.32720P0.696739
612922780 0.117920i 0.408861
612.53118711.141453/ 1.282379
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6128628741 2.4711191 1.014037
613.595762 2.795799 0.128646
613.995540i1 1.783234 1.003863
613.6597501 0.456108 0.734553
1713.974697 0.330528.41692
174.572588i 2.026423 1.892454
173.859191i 3.830158 0.333899
1725528661 3.253188i 1.702482
171.957049i 0.8886351 2.169093
173.363521 1.97120P0.291326
1712.533379 14930251 1.783035
611.173636 3409401 0.251223
6 0.035017 3.863675 0.445069
1 0.042439 4.943238 0.257400
170.001598 3.710202 1.528468
1 0.979993 3.457336 0.084r
171.139448 3.4782311.328017
172.088527 3.692134 0.150133
810.077978 0.992428B1.883797
6 0.539206 0.592141 1.670721
610.1088021 0.690412 2.203428
170.249260i 0.6017483.288057
171.088706i 0.845621 1.745014
1 0.502867 1.577156 2.017229
1 1.50432 0.759849 2.158385
170.100975 1.435512 1.919169
1 1.860216 0.2230921.444751

6 3.2544071 1.457808 1.087468
1 3.646342 2.443068 1.309507
12.778763 1.041643 1.996263
1 1.3866312.097132/0.100419
1 3.051552 2.345467 2.151569
1 5.361655 1.196645 1.502580
1 5.145885 0.262348 0.983497

Anchor Group 13

6 4.482446 1.360118 0.107049
65.427063 0.2901400.431901
6 4.951013 0.899976i 0.042824
6 3.682318 0.646546 0.76034
6 2.602604i 0.169168i 0.281793
6 3.156802 1.23313%.711667
1 3.319618 1.3071821.790288
12.450212 2.024488).431885
7 1.2593770.116775 0.280707
6 0.195525 0.752534i 0.332745

147



711.034955 0.458802 (39873
612.21882311.2132951 0.152745
613.487208i1 0.3914781 0.032444
614.622776i 0.927193 0.584438
615.806308 0.190172 0.669%
615.865193 1.099613 0.141862
614.734639 1.6462250.471694
613.55636 0.906369 0.558129
1712.675905 1.3329471.031060
114.772799 2.6505960.885913
176.783453 16769980.209402
1716.67840710.622805 1.152861
174.580793i1.931043 1.002060
1712.04450211.522448 1.187770
1712.320976i1 2.137472 0.436062
171.034703/0.106693 1.189042
8 0.3172551.497980i 1.299271
11.046877 0.657551 0.895584
1 2.534540 0.861886i 1.120110
6 4.053911 0.694307 1.437663
1 4.875766 0.598021 2.153397
1 3.207628 1.196990925854

1 3.332033 1.461869 1.396017
15.312126 1.8818681 0.331761
1 6.260359 0.4809371.101008

1 4.881594 2.375962 0.1627

Anchor Group 14

613.740210 0.363629 028398
614.432963i 0.477416 0.244060
613.609900i 0.5467231 1.299476
612.350295 0.38123i 0.948373
611.611705 0.648077 0.131210
612.549700i 0.489555 1.373678
172.877343/1.452676 1.777588
172.036408 0.08046 2.170300
610.142909i 0.305042 0.424396
60.79135710.580114i 0.779477
6 2.243808 0.302914i 0.458585
6 2.778636 0.986765.606888

6 4.104193 1.2594340.260339

6 4.920052 0.244617 0.2495

6 4.401816 1.043584 0.392302
6 3.0770271.311583 0.047601
1 2.682783 2.318748 0.165946
1 5.031487 1.842011 0776499
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1 5.952799 0.453297 0.506891
1 4.499406 2.2637910.389098
12.151499 Ir78398i 1.010769

1 0.668757 1.6275891 1.082294
1 0.469882.043360' 1.621247
810.050788 1.056129 0.839753
10.877330 1.2253 1.070270

1 0.1838010.961420 1.250498
171.6082811.690756i 0.208473
612.965729 1.3581980.074808
1713.629442 2.0141780.647499
172.217985 1.945498 0.462962
171.7294410.549734 1.791316
1713.736483i 1.146307i 2.196258
1715.37347711.002900i 0.107480
174.383138 0.786203 1.598011

Anchor Goup 15

6 2.662075 1.407858i 0.059606
6 3.450958 0.765158 1.074380
6 3.278944 0.56064 0.981097

6 2.369754 0.824045).212096

6 0.943452 0.318157 0.232995
6 1.144674 1.230716 0.285885
1 0.884056 1.655128 1259430
10.5277711.7384711 0.464774
610.181145 0.74980i 0.712902
611.553069 0.2653450.296850
612.181206i 0.774274i 0.992496
613.4337421 1.246904i 0.594862
614.079703i 0.675676 0.502050
613.467279 0.371314 1.195943
612.214975 0.838235 0.799060
111.743993 1.662227 1.327850
1713.968124 0.82808 2.@7031
175.056450i 1.038520 0.810946
173.906745i 2.054809i 1.147201
1711.6884111.214212i1.857289
810.1408062.207136 0.708332
170.901140 2.5190061.224320
1 0.033190 0.398678L.726984
10.704131.719921 1.223146

6 2.819316 0.322054i 1.149774
1 38518311 0.206097 1.493448
12.1631770.474056i 2.015831
1 2.367950 1.838671).610846
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1 3.611166 1.320089 1.8818
1 3.9571591.310973 1.864798
12.942626 2.43042710.325321

Anchor Group 16

612.955750i 1.698819 0.254587
614.255380i 0.9002® 1 0.236654
614.004965 0.261977 0.381570
612537766 0.259221 0.784621
611727183 (B95938i 0.561319
612.003116/ 0.971520i 1.261271
1712451127 0.851988i 2.251168
171.073383i 1.540473i 1.390544
710.3011010.6160111 0.353770
6 0.200479 1.8463720.058313

6 1727789 1.940374 0.143946
6 2.520544 0.654204 0.106826
6 2.7112550.106737 1270408

6 3.420966 1.307757 1.234037
6 3.9531921.771286 0.029187
6 3.770860 1.025573 1.136909
6 3.060291 0.1751041.09638

1 2.926070 0.753938.007629
14.186082 1.375156i 2.078526
1 4.509412 2.704296 0.000195
1 3.562368 1.878800 2.147921
12.30341 0.251049 2.21311

1 2.084683 2.635801.624845
11.865773 2.454321 1.101755
810.497039 2.850790 0.028669
1 0.3303950.172493i 0.364723
1712.098616 1.2474161.1342%
6123379221 1.243340 1.089760
172.909489i 1.581469 1.959159
171.285912i1.5324571.210063
1712.234343 0.987704 1.537508
174.671469 1.112198 0.484932
1715.1706411 1.197344i 0.739344
173.049390i 2.773923i 0.426426

Anchor Group 17

6 4.675549 0.0355@11.031619
6 5.4579730.123076 0.271376
6 4.701061 0.422947 1.233530
6 3.402041 0.81949 0.588281
6 2610563/ 0.449565 0.242349
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6 3.488569 1.0506451 0.911511
1 3.823514 2.0665881 0.684747
12.926968 1.091%61 1.852540
6 1.194296 0.1913261 0.170424
70.2302410.687350 0.505828
811.010339 0.298088/ 0.032352
612.0586461 0.966015 0.89571
613.375536i 0.348729 0.277957
614.45327311.154712/ 0.101662
615.6862411 0.5874191 0.431356
615.848641 0.7974170.396414
614.773692 1.61117#40.028100
613.547418 1.841927 0.310268
172.709539 1.673992 0.590212
174.892998 2.6913080.002807
176.80534 1.242095 0.657613
1716.514858i 1.227508i 0.722874
174.327098i 2.234397i 0.140899
172.044592i 2.039863 0.450406
171.877824i0.852791 1.756932
1 0.989936 0.43305711.046603
12.584507 1.107625 1.114581
6 3.919813 1.29561100.808814

1 4.58511€.163374i 0.770230

1 3.126404 1.4767501.544499
12.811649 1.610953 1.147812
1 4.897898 0.437214 2.300949
1 6.404246 0.64165 0.392408
1 5.2545100.1344091 1.953064

Anchor Goup 18

614.444332 0.869104 0.547588
614.277103 1.9569510.506740
61299456 1.945667 0.894642
612.286526 0.8480660.109977
612.834636/ 0.509128/ 0.690643
614.320307 0.501737 0.199886
175.0307910.595462 1.020522
174.507213i 1.3288120.49752
612.066674i 1.748471i 0.205773
710.694316i 1.8067321 0.694735
6 0.382681i 1.754424 0.164508
7 1.607116 1.974725/0.453173
6 2.845896 1.731959 0.289201
6 3.3805330.316661 0.161188
6 4.528379 0.0519171 0.593732
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6 5.011021 1.252259.729324
64.345417 2.308752 0.108165

6 3.198535 2.054539 0.649932
6 2.719006 0.752580.7853b

1 1.831095 0.549253 1.377854
1 2.680288 2.873630 1.142138
1 4.718883 3.3244500.209441

1 5.905644 1.4401591.317578

1 5.(636351 0.8743591 1.07/6102
1 2.619000 1.9659831.33182

1 3.5979317 2.4478691 0.061815
11.653258 1.7615071 1.442510
8 0.2@701711.548055 1.371124
170.5451351 2.185873i 1.619543
1712.5997721 2.6562161 0.521463
172.006484i 1.768243 0.885031
1712.786681i 0.486849i 1.786374
613.057440 0.933951 1.2289
1712.883861 1.877990 1.754146
172.858153 0.098476 1.909734
171.197280 0.9046710.065918
1712544435 2.51901B1.699817
175.088726 2.5427160.927694
1715.324568 0.949967 1.190594

Anchor Group 19

6 3.535661 0.408171i 0.558003
6 3.443831 1.5497140.44916

6 2.567590 1.181656 1.393514
6 2.061749 0.208182 1.038

6 1.143200 0.010/270.237191

6 2.184303 0.386906i 1.337075
1 1.955493 1.348058i 1.806280
1 2.198591 0.3728222.126446

7 0.391493 1.2139310.597487
610.904413 1.5362010.247639
611.9126200.429032 0.116335
611.949228i 0.6755271 0.978971
612.9602251 1.629897 0.857984
613.936570i 1.493644 0.130376
613.912274i 0.388421 0.985170
612914380 0.574474 0.852819
172.899383 1.454017 1.488b1
174.677713i0.272974 1.747854
174.719930i 2.2406%6 0.227914
1712.988194i 2.475931i 1.539484
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171.20419210.772310i 1.763415
811.241022 2.7082480.102817
1 0.947801 2.060332.679858
1 0.4201420.781636i 0.053590
6 3.335740 0.802260 0.385622
14.15293 0.932520 1.101347
13.170878 1.7481310.147326
11.579475 0.777465 1.830242
12.182904 1.785025 2.209618
1 3.926729 2.5155900.338154
1 4.425022 0.3984831 1.197988

Anchor Group 20

613.304695 0.0057610.396497
613.443063/0.155131 1.112613
612.272968i 0.615468 1.575890
611.3335270.763826 0.3%632
610.972874 0.7049610.056584
612.3365L1 1.2134390.633589
1712.6867262.12884010.146777
172.251446 1.4225771.707473
6 0.186250 0.798873L.075754

6 1.530407 0.373065).521856

6 2.242035 1.21134 0.349596

6 3.469970 0.819440 0.882263
64.0144%10.423439 0.550641
6 3.321169 1.266287i 0.318365
6 2.091870 0.8685111 0.848475
11.561638 1.529313i1.531028
1 3.737532 2.233502i 0.588412
1 4.972554 0.728883 0.962678
1 4.005250 1.487023 1.552866
11.829942 2.184587 0.608388
170.053681 0.1685611.961517
1 0.249818 1.8397618L.422229
170.686605 1.286944 0.826614
612.3498211.170698/ 0.708651
172.801759i 2.149760i 0.522064
171.94434711.145672 1.727599
170.466271i1.410329 0.534548
171.98(060510.749572 2.612929
1714.304747 0.160221 693137
174.236713 0.05912B0.965257

Anchor Group 21
614.478026 1.083406 0.708384
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615.359033 0.1488370.114599
614.594844i 0.3768371 1.081521
613.193633 0.19415B0.918730
612.6138411 0.471939 0.388733
613.490934 0.171571 1.509359
174.007160i 0.5758662.117174
1712.872952 0.773093 287740
711.197064i 0.213463 0.604123
610.2330310.9561571 0.009360
8 0.999236 0.442690 0.274951
6 2.1082941.1756121 0.286527
6 3.357305 0.3453941 0.137088
6 4.49604 10.880560 0.472461
6 5.669010 0.129122 0.53698
65.709798 1.172666.077323

6 4.573704 1.718608.527036

6 3.407992 0.963268).636643
12.524256 1.3897591.103728

1 4.598829 2.7331380.916257

1 6.619856 1.760952 0.159682
1 6.546210 0.559759 1.05127

1 4.465507 1.892407 0.870219
1 2.206645 2.1356630.231354
11.8842811.3924171.336471
810.4289631 1.9439421 0.696437
170.900464 0.630536 1.072884
1712.726590i 1.555818 0.338396
613.531944 1.6101670.398066
174.044059 2.227168B1.142140
1712.663822 2.1572960.007781
1712.524383 0.1031541.77599
174.865533i 1.155325i 1.787556
1716.38511210.108197 0.129506
174.996602 1825354 1.320390

Anchor Group 22

614.683387i 2.345657 0.254576
616.118197i 1.835652 0.168134
616.090430i 0.664446 0.48926
614.639984i 0.372389 0.838410
613.9276(3 10.032429i1 0.527221
613.940516i 1.4086191 1.264195
174.438882i 1.358413/ 2.235752
1712918212 1.767520i 1.441533
712571241 0.4785610.361289
612.328495 1.7954140.083870
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610.870048 2.221655 0.102682
6 0.220207 1.173660.128706

6 1.619521 1.73887 0.A.8036

8 2.543468 0.7667010.031936

6 3.928872 1.200735 0.077594
6 4.8036740.022157 0.051499
6 5.352385 0.4805651 1.151831
6 6.149601 1.62531911.178742
6 6.405381 2.325374 0.001647
6 5.862643 1.876034 1.207573
6 5.0677250.730519 1.230410
14.6476210.380074 2.170420
16.062442 2.415066 2.129743
1 7.028885 3.215238 0.0153
16.572691 1.9684031 2.119026
1 5.154646 0.0644432.072008
14.146184 1.8781390.753429

1 4.039168 1.765822 1.007628
81.886644 2.924615 0.151972
1 0.139321 0.330&20.56994

1 0.153588 0.7440951.137655
170.709572 3.0771800.560671
170.788532 629363 1.116697
813.231430 2.619942 0.006361
171.8078591 0.180925i 0.357500
174.486701 0.73893B1.058351
614.122890i 1.808744 1.084752
1714.577619 2.281967 1.959945
1713.029738711.878170 1.161665
174.465972 0.381423 1.607374
176.913791 0.025538 635716
176.970490i 2.302993 0.651560
174.558793i 3.411603i 0.460227

Anchor Group 23

614.010807 1.085497 0.024088
614.63065910.112133/1.017503
613.987037 1.056361 0.892670
612.930643 0.880247 0.188376
611.818742 0.069154i 0.440372
6125768211.425606i 0.557389
1712595465 1.797934i 1.585789
172.098554i2.173184 0.079373
610.591328i 0.151744 0.473090
7 0.34482 0.853264 0.370057

6 1.544902 0.774291 1.2154
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6 2762815 0.221725 0.495712
6 2.802628 1.127568 0.111740
6 3.913936 1.639909 0.555555
6 5.003562 0.8139371 0.847408
6 4.974706 0.527228).466567

6 3.858514 1.039473 0.199884
1 3.842392 2.085990 0.49843
15.818421 1.17624i0.686832
15.8702191.2161741 1.365452
1 3.933956 2.687860i 0.843731
1 1.958333 1.769383 0.348430
11.76@122 1.782145 1.590469
1 1.280953 0.139213 2.062100
6 0.355721 1.8717800.673033
170.656431 2.1843110.931052
1 0.886610 Z51988i 0.296466

1 0.869075 1.5339521.583%03
810.468058i 1.051699 1.306433
171.526489 0.3010081.425359
613.6496191 0.1175241.126596
174.528685 0.323214 1.606857
172.9892261 0.563012 1.877115
1712.536246 1.794523 0.638944
1714.097777 1.94210P1.511700
175.378540i 0.373988i 1.759897
1714.60943711.963396 0.230677

Anchor Group 24

613.883033i 1.452901i 0.277159
614.688476i 0.312373/0.883821
614.199668 0.83396B0.389676
613.059763 0.472359 0.551655
611.883920i 0.032100i 0.397876
612.453588i 1.390786i 0.918331
172.484973i1.432126i 2.011183
171.841588i2.219419i 0.553345
610.5853421 0.199706 0.389917
7 0.402616 0.74364 0.250930

6 1.572044 0.660042 1.142217
6 2.794410 0.045041 0.486242
6 2.787093 1.306390 0.107225
6 3.906746 1.876099 0.495714
6 5.051219 1.106937i 0.728460
6 5.069B7 0.23%37710.352252

6 3.944865 0.805703 0.251232
1 3.965996 1.852159 0.550001
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1 5.%5246 0.8404180.526602
15.923642 1.55450211.197373
1 3.890330 2.9249941 0.780777
11.898746 1.901794 0.298388
1 1.80863 1.672456 1.491266
11.262303.065499 2.00336

6 0431321 1.83154bB0.736313
6710.205231 3.1354110.244081
170.083990 3.92602%0.993842
171.275765 3.00668P0.053752
1 0.263142 3.477035 0.685727
11.484773 2.000522.985594
170.041914 1.5016901.664111
810.450714i 1.140479 1.18252
171.76%87 0.6897111.214765
613.5774821 0.868051 1.121139
174.47617610.737514 1.732168
172.813696i1 1.423905 1.670221
1712.754922 1.239949 1.267343
174.465959 1.8457770.680610
175.441134i0.425605 1.658318
174.342016i 2.443828i 0.316063

Anchor Group25

615.101020 0.229734 0.330656
614.950004 1.733040 0.129822
613.642676 2.018812.203219
612.899804 0.711206 0.447124
613.004679 0.091324i 0.904886
614.525594i 0.455653/ 0.954385
1715.014828i 0.107355 1.868961
1714.669517i 1.542513i 0.896816
612.105012i 1.336634i 0.968927
710.681735 1.038209 1.024609
6 0.1375511.143817 0.05269

8 1.407241 0.782944i 0.289601
6 2.384028 0.885668 0.769705
6 3.6267270.147297 0.344927
6 4.849202 0.815476 0.228408
6 6.006989 0.124873i0.137647
6 5.949137 1.2365581 0.399771

6 4.729947 1.919073.292172

6 3.578772 1.228512 0.080664
1 2.631033L.754669 0.162643

1 4.679110 2.985683).494867
16.847793 1.783128).686771
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1 6.950302 0.6578861 0.222042
1 4.896154 1.884075 0.425460
11.950196 0.466836 1.683040
12.5967511.942963 0.960609
810.1957881 1.509926 1.172004
1710.27475310.684342i 1.878512
172.365956i1 1.931986i 1.853744
1712.25761211.9707311 0.091745
1712.734453 0.56190b1.743628
613.94032710.031464 1318774
174.090239 0.446605 2.291318
1713.716(®6711.093906 1.468648
171.886834 0.789994 0.845029
173.165604 2.975058 0.010204
1715.759333 2.4080660.131509
176.095049i0.122472 0.617992

Anchor Group 26

6 3.689995 0.0217031.026503

6 4.454052 0.173420 0.277435
6 3649943 0.215860 1.276133
6 2.334813 0670806 0.655163

6 1.626099 0.641030 0.138196
6 2.557166 1.057446i 1.051133
12.948527 2.07393210.945177
1 2.013950 1.0106521 2.003273
6 0.158892 0.454082i 0.282074
610.808626i 0.218256 0.896758
612.248049 0.062906 0.452996
612.769800 1.18062 0133484
614.084861 1.3412010.310862
614.905217 0.2194510.443591
614.39978211.042946i 0.127645
613.083897 1.179664 0.316302
1712.699400i 2.166654 0.566012
1715.032024i 1.922299i 0.222001
175.93041 0.328582 0.785795
114.470144 2.3295610.548654
172.138093 2.077927 0.239408
170.500752 0.676020 1.452773
170.726814i 1.061839 1.595519
1710.17233211.348311i 0.828242
1 0.072811 0.379355).993047
11.656613 1.401763 0.928017
6 2.858744 1.276245).669694

1 3.474346 2.167268).512248
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1 2.0r2035 1500747 1.400159
11.707950 1.310337 1.281475
1 3.829379 0.120117 2.342797
15.42659710.648918 0.361105
1 4.291459 0.0629901.938294

Anchor Group 27

614.450035 0.312314i 0.019353
614.693571 0.980351 0.784293
613.634048 1.77616B0.580416
612671485 1.026200 0.327646
612.065410i 0.143996i 0.572572
613.300973i 1.071526i 0.770134
1713.530151i 1.232834i 1.827364
1713.1187722.042116i 0.299985
610.892908i 0.805536 0.143425
6 0.490986 0.261644i 0.193252
6 1.615144 0.837460 0.681491
6 2.97613410.294841 0.302298
6 3.739409 0.906045 0.702373
6 4.979466 0.3885011 1.078435
65.480921 0.75414%0.452205

6 4.733792 1.371558 0.552381
6 3.493921 0.849689 0.924005
12.920801 1.332344 1.7133
15.11890 2.257209 1.051755

1 6.448301 1.1566260.740688
15.55677610.881127i 1.856762
1 3.359088 1.801463i 1.190240
11.395948 0.613X07 1.731517

1 1.600003 1.929400 0.596200
1 0.6832020.473573i 1.256142
1 0.465522 0.83584190.126771
811.044234i 1.6962520.962933
171.705646 0.2801981.515468
613.665788 0226311 1.199640
174.268405 0.875431 1.842297
173.190479i 0.560315 1.793459
171.919995 1.630968 0.842170
1713.419657 2.7291501.054144
175.526979 1.1569901.457430
1715.3293170.928248 0.183707

Anchor Group 28
614.345963i 0.798703 0.155374
614.881265 0.6171980.033462
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613.902554 1.466220 0.307831
612.698983 0.634314 726653
612.152369 0.0157531 0.603230
613.2854661 1.0258351 0.972026
1713.691358/0.852773i 1.972044
172.908604i 2.056125i 0.947883
710.865758 0.6910671 0.461426
6 02985050.057388 0.402957

7 1.423300 0.716558/ 0.140418
6 2.764461 0.300959i 0.022B0

6 3.731005 1.302842 0.165876
6 5.076654 0.973629 0.301912
6 5.483741 0.360593 0.254276
6 4.522070 B54347 0.067479

6 3169631 1.0423640.072021
12.429569 1.8146590.226 41
14.823177 2.398075 0.025907
1 6.533100 0.620348 0.359939
1 5.806581 1.7687 0.445805

1 3.422926 2.346539 0.206940
11.2952721.719247 0.158003
8 0.318479 1.267059.596193
170.876463i 1.5809590.020689
172.010148 0.75174B1.363912
613.4141421 0.575666 1.371306
173.955033i 0.314424 2.285474
1712.75111111.427419 1.57580
171.925837 1.147383 1.300368
1713.897892 2.546273 0.202355
1715.844475 0.8607580.470915
175.09228711.593047 0.233717

Anchor Group 29

616.398588 1.400080 0.377Z6
616.157606 2.25058D0.863797
614.872960 2.0964181.213324
614.237501 1.1362770.215537
614.857090i 0.275947 0.536997
616.343730i 0.095328/ 0.083761
177.058780i 0.312966i 0.8828%
176.579658/0.757381 0.759165
614.1652571 1.443672 0.185146
712.8094®11.705734i 0.284043
611.692614i 1.345394 0.413638
610.371127i 1.803595 0.203853
6 0.777765 0.870960 0.174061
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6 2.134768 1.5066341 0.044721
8 3.110912 0.571699 0.043001
6 4.4623461 1.0765361 0.17/5021
6 5.421193 0.082083).089139

6 5.345250.9985@ 0.968477

6 6.258540 2.046962 1.061831
6 7.266513 2.188354 0.104012
6 7.3504@ 1.279426 0.950387

6 6.427703 0.23551i71.047654

1 6.490713 0.465981i 1.876528
18.1276921.384923 1.702524
17.979888 304679 0.179424
16.186125 2.753998 1.884031
14.559561 0.893579 1.711243

1 4.631949 1.809159 0.622382
1 4.555566 1.6063291 1.127863
8 2.344792 2.6937651 0.184347
1 0.734071 0.077733.371135

1 0.683669 0.610582 1.23582
170.147362 2.808809 0.174559
170.457126i1 1.898723i 1.293322
811.739928/0.73108 1.475587
1712.691693i 2.1901551 1.162859
174.757139 2.359169 0.055330
174.089022i1.247039 1.257328
174.801632 0.466353i 1.616018
615.017700 1.521635 1.063992
174.794839 2.538541 1.400266
174.873517 0.824965 1.897813
173.148352 1.14350P0.1518%B
174.382354 2.47828b2.103728
176.929718 2.7861801.407855
1717.279946 1651806 0.973213

Anchor Group 30

613.4357511 1.619234i 0.218083
614.641488i 0.707710i 0.040088
614.250825 0.337540 0.7022
612777979 0.142243 1.027529
612.008251 (B85937i 0.345494
612443682 0.8754021 1.175026
1712.903880i 0.601087i 2.128715
171.581728i1.515744i 1.396711
610.523922 0.4840080.158923
6 0.270684 1.56015i 0.343254
61.716710 1.503715 0.047829
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6 2.42015 0.214536 0.017989
6 3.547242 0.065947 (B2029
64.3398841.077958 0.918137
6 4.108313 2.078464i 0.030791
6 3.080334 1.928125710.962531
6 2.27139110.791074i 0.935370
11.4827190.67109411.671201
1 29091031 2.694289 1.714037
1 4.732565 2.96803110.047722
15.144382 1.188551 1.640352
1 37308180.864131 1.644187

8 2.283387 2.533131 0.405157
610.190620 2.92977%0.778559
171.241818 2.94597%1.072359
170.040429 3.650544 0.032115
1 0.410058 3.289B11.622256
170.053023i0.424284 0.213816
172.391894 1.2974480.807101
6127226321 1.398051 1.B6778
113.296024i 1.779347 1.987467
171.706405 1.809732 1.169723
1712.3799%5 0.724830 1.861025
1714.822123 1.229840 0.939556
115.600747i 0.846086i 0.529278
1713.6472161 2.650623i 0.511039

Anchor Goup 31

6 3.879416 1.127025 0.016931
6 4.549442.33538211.097133

6 4.035838 0.902758/ 1.077428
6 3.015921 0.953214 0.051003
6 17916021 0.072134i 0.449375
6 2.394753 1.36618(0.427268
12.324276 1.8594311.401036
11.873381 1.978104 0.313850
6 0.5872D10.228611 0.475580
8 0.513255 0.314457 1.59%61
770.384779 1.075212 0.014412
611.615959 1.337348 0.756790
612.802290i 0.52245 0.274870
613.880784i 1.134623/ 0.371320
614.965839 0.378261 0.822305
614.979652 1.00288P0.630679
613.906408 1.623%7 0.015825
612.825957 0.867291 0.466354
1711.9925461.345220 0.974719
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173.915358 2.698940 0.173659
1715.822431 1.59402B0.979238
1715.7973291 0.8691451 1.321547
1713.87554212.2128411 0.520087
171.8426691 2.407695 0.689982
171.3870781.103908 1.79961
170.344488i 1.372218i 0.950649
11.5143490.3780r711.464075
6 3.669663 0.011172 1.067497
1 4.610888 0.380957 1.465161
1 2.98306 0.298554 1.881239
12.728676 1.945954 (405943
14.2070101.7013421 1.792992
15.231919 0.7517161.831957

1 4.394262.033283 0.344864

Anchor Group 32

6 4.138472 0.5310007 1.013450
6 4.819456 0.811817 0.320478
6 4.164507 0.116641 1.260105
6 3032477 0.634287 0.569735
6 1.977763 0.4656020.160809

6 2.744538 1.2405017 0.964735
1 2.829074 2.311536i 0.756545
12.232641711.130966i 1.929014
6 0.621792 0.08433(0.313096
610.214093 0.731328 0.813858
611543135 1.257182 0.285093
612717510 0.33056 0.149623
613.901585 0.8502070.399273
615.025116 0.0446580.552297
614.982415 1.2969451 0.160025
613.811709i 1.825723 0.385528
612.685583i1.016938 0.540910
171.7844%11.444616 0.968636
1713.774783i 2.867539 0.692064
175.859678i 1.9274411 0.278893
175.935687 0.4584450.977250
173.910942 1.89355P0.697098
811.636915 2.42587P0.064051
1 0.315978 1.594521 1.2249
170.362357 0.010015 1.626326
1 0.0467550.736879i 0.761986
1 0.769186 0.8245791.110322
11.7928131.124853 1.018071
6 3.701126 0.9361720.793074
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14.5453171.626615 0.704478
1 3.006895 1.3054301.557354
12.617187 1.482296 1.119404
1 4.314169 0.156550 2.334845
15.6167911.533474 0.469893
14.7250210.7499731 1.910971

Anchor Group 33

6 4.814539 0.574424i 0.439059
6 5201628 0.8858540.639731

6 4.06870 1.581096 0.814696

6 2.908765 0.597768).727369

6 2.824303 0.173837 0.786258
6 4.130573 0.668284 0.967095
14.7719530.289348 1.76815
138926671 1.713718 1.201671
6 1.564061 0.626242 1.141958
7 0.348106 0.169926019165
610.811892 0.379876 0.500547
711.901595 0.478495 0.593244
613.224463 0.263225 0.157916
614.120051 1.339120 0.2287
615.448038 1.20336#0.118251
615.908544i 0.007/58271 0.637519
615.017525 1.075155/ 0.754133
613.6835611 0.956644i 0.363926
1712.995395(1.7839D 1 0.463005
1715.359906i 2.024619i 1.157920
176.944139i0.116061i 0.946642
116.122229 2.0499780.0180F
1713.771145 2.287874 0.681263
1711.711763 14219190.902952
810.853780i 1.494327i 0.005863
1 0.260386 0.953036 1.653789
11.659851711.025446 2.1637®

1 1.434654 1.482782 0.477232
1 2.853383 1.069164 1.420979
6 3.568884 0.654450i 1.352973
1 3.806466 0.5196851 2.412334
1 2.988280 1.575510i 1.225156
11956641 0.9283271.147242

1 3.962970 2.65931i0.888141
16.209177 1.278998).544008
15.604995 1.311466i 0.601559

Anchor Group 34
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6 5.241594 0.0013791 0.700984
6 5.742757 0.874197 0.442985
6 4.70286 1.592592 0.886557

6 3.491588 1.208733 0.0483

6 31175911 0.259601 0.489737
6 4.322695 1.090722i 0.055037
1 4.828841 1.6563160.731515

1 3.984735 1.8105041 0.810579
7 1.8493720.7152561 0.057955
6 0.676839 0.613191 0.597255
610.50154211.1372611 0.252516
711.6695031 1.064777 0.415972
612.9496351 1.469434i 0.145844
613.986504i 0.3623011 0.112135
615.214748 0.557529 0.52701
616.178405 0.453709 0.545874
615.918662 1.6760980.072840
614.692500 1.8817040.711772
613.734511 0.8698460.7314%
172.781750 1.03332b1.229054
1714.484243 28317361 1.196859
176.664982 2.465828B0.057489
117.127726 0.285893 1.047632
1715.420128711.508603 1.013926
1712.7371851.7823391 1.173227
1713.328336i1 2.347608 0.392653
171.6109150.670145 1.349316
810.339608i 1.554529 1.398981
8 0.5097690.1747381.734%4
11.780636 1.0784331 1.003035
13.0173730.315822 1.574685
6 4.172668).9364131 1.313086

1 4.599965 1.837908L.761606

1 3.520978 0.4408942.044230

1 2.640985 1.892432 0.071362
1 4.670581 2.2442656.753770

1 6.739135 0.822533 0.870805
1 6.00242710.40192071 1.374966

Anchor Group 35

615.239765 1.129179 0.584250
615.1010701.999954i 0.658703
613.825168 1.9255861.061682
613.093676 0.9985150.098933
613.640674i 0.445154i 0.409114
615.115171i 0.357598 0.107603
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1715.84832910.6127591 0.663214
115.275682i 1.038557 0.953544
612.850154i 1.575244 0.270659
7711.4988321 1.72605210.247287
610.390305 1.361294 0.424822
6 0.890981 1.6329751 0.394532
7 2.001238 1.283904 0.284951
6 3.348986 1.4176931 0.247013
6 4.1645140.1460611 0.109746
6 5.42326510.174313 0.499045
6 6.189620 0.988344 0.608127
6 5.699205 2.196336.113041

6 4.440548 2.23545P0.493227

6 3.680039 1.0727340.604373
12.700577 1.1075181.074727

1 4.052156 3.1734020.881296

1 6.29446 3.103296 0.199921
1 7.165520 0.949118 1.8875
15.807499 1.113526 0.891203
1 3.868085 2.245223 0.254264
13.2279411.70163711.297788
11.8419760.901136 1.211383
8 0.846799 2.106595i 1.529240
810.3438371 0.870394 1.552399
171.331800i 2.096640i 1.177097
173.3806161 2.527114 0.138779
1712.753628i 1.395474 1.344783
113.618528i 0.623733 1.490900
613.841662 1.38935 1.21563
173.666055 2.355256 1.550580
1713.624143 0.636996 2.036951
172.004674 1.0726400.084223
173.394638 2.33994%1.968273
175.925514 2.49131B1.166363
1716.109239 1.23703 1217261

Anchor Group 36

614.536566 0.215628 0.754044
614.645423 1.5028310.054828
613.402785 1.86708D0.400062
612.445032 0.825693 0.165567
612.680383i0.472478i 0.695744
614.114160i 0.910890i 0.247708
174.808496i 1.006707 1.087868
174.085082i1.880112 0.267239
611.636802 1.578981i 0.470197
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7710.30898511.2530421 0.972230
6 0.695516 0.820372 0.166224
8 1.800839 0.557561i 0.950791
6 2.9875220.114687 0.372268
6 3.651812 0.9052241.0524)7

6 4.888985 1.34924(00.585917

6 5.453846 (.799040.556689

6 4.775935 0.240735 1.226207
6 3.541184 0.70098B 0.766623

1 3.0098811.486731 1.287731
1 5.209900 0.689462 2.115692
1 6.415707 1.127957 0.922503
15.408120 2.1426621.116699

1 3.193532 1.3807071 1.938146

8 0.642519 0.688900 1.040050
170.135721711.250995 1.967350
171.968241i 2.502489i 0.962033
171.524413i1.7979190.594737
172.669955 0.214603i 1.761910
613.188228 0.457736 1.472061
113.223722 1.289152 2.182071
1712.788537 0.430560 1974825
171.399081 1.122154 0.258128
173.11337 2.6889071 1.058138
1715.578536 1.95981B0.370073
175.398518i0.039474 1.375817

Anchor Group 37

6 5.007984 1.818396 0.442238
6 6.211616 0.949356 0.778740
6 6.110406 0.175956 0.057297
6 4.838342 0.071653).771201

6 3.645315 0.212529 0.270696
6 3.75014711.119391 1.074414
1 3.870655 0.946945 2.148354
12.860794i 1.727248 0.911487
6 2.306129 0.3696360.443693

8 1.698464 0.572677i 0.953486
7 1.847688 1.6532240.544756

6 0.555477 1.946238L.167095
610.623381 1.66336v0.282146
711.290980 2.657500@.374%19
712.245960 2.132475 1.093980
712.198018 0.90137 0.911623
611.203106 0.86849 0.054473
170.971982i 0.556847i 0.232958
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613.187624i 0.065509 1.563614
614.279293i 0.547327 0.627266
615.062227 0.3353810.079279
616.0786211 0.066637 0.923780
616.3272891 1.434638 1.068888
615.552374i 2.3577741 0.367586
614.5303461 1.913863 0.474969
113.925596i 2.636754 1.018485
1715.7374051 3.422910i 0.477400
117.12121711.77727711.726972
1716.679625 0.656331 1.468468
174.865392 1.438883 0.032185
172.6646091 0.914301 2.014763
173.599902 0.54521 2.372021

1 0.543648 3.0046671.439911

1 0.498116 1.3498272.080618
12.262689 2.366058 0.038837
1 3.821698 1.086276 0.907326
6 4.801968 1.449471i 1.045445
156292631 1.776003 1.683126
13.8459221.79136¢11.451774
1 4.755654 0.7446271.627938

1 6736458 1.060841 0.120494
16.942932 1.172007 1.549829
15.0931412.879715 0.687933

Anchor Group 38

615.554604i 1.0820751 0.120421
615.718130i 0.829777 1.3737®
614.501866i 0.571707 1.873637
613.508330i 0.6407&8 0.720661
613.8000710.632182 0.160347
615.200063 0.296168B0.773556
175.949042 1.0648850.561676
175.135452 0.1900021.864238
612.741004 0.905618B1.240684
711.457041 1.3234410.696707
610.350963 0.54217%50.708149
6 0.839815 1.2713500.0456B

8 1.943488 0.5319680.095469

6 3.129295 1.105526 0.489369
6 4.291692 0.16488 0.274574

6 5.553104 0.543432 0.752432
6 6.655608 0.290774 0.577844
6 6.509218 1.515419 0.078591
6 5.255135 1.895442 0.555422
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6 4.1477911.061349i 0.381196
13.17D14711.35753310.752820
15.1228212.8461001 1.067566
1 7.368019 2.1668181 0.216441
17.628494 0.015298 0.953260
15.674253 1.496616 1.264013
1 3.308145 2.084079 0.029128
12.940374 1.281370 1.555063
8 0.75429 2.378020 0.451659
810.2610411 0.585593 1.169517
1711.360578 2.2276160.250110
173.101443 1.68898b61.920247
172.548322 0.008961 1.838344
173.861783 1.519402 0.481597
614.161477 1.753722/0.133140
174.150494i 2.726515 0.367013
173.729646i 1.857/16111.135558
172.458050i 0.769993 0.989311
174.257084710.2536702.882523
176.670544i0.769343 1.891507
1716.37265211.612804i 0.613987

Anchor Group 39

615.408492 0.551227 0.031500
615.881717 0.89778R0.083145
614.905631 1.659332 0.429419
613.765932 0.733644 0.829151
613.141328 0.2250070.52885
614.273165 0.685716i 1.100008
1714.593952i 0.375672 2.097760
173.9334761 1.7263321 1.173740
711.895222i 0.506245 0.350352
610.688233 0.1073310.324675
6 0.444198 0.915356i 0.085393
8 1.636613 0.327680i 0.116500
6 2.778656 1.174830 0.18630

6 4.033352 0.334322 0.080934
6 5.273473 0.980569 0.164881
6 6.457188 0.2451000.151887

6 6.414286 1.147670 0.050941
6 5.181694 1.7941080.035967

6 3.993386 1.059500.020358

1 3.035441 1.5628920.09580
15.139179 2.8770340.117325
17.336328 17226310.038440
17.4124390.759226 0.217484
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1 5.313995 2.065725 0.240373
12.649P811.669337 1.088729
12.794824 1.962158/ 0.643701
8 0.247604 2.099630 0.110780
810.482545 1.3025360.474688
171.89712911.502849 0.170220
172.909688 1.07222B1.1/6092
614.564844i 0.516210 1.265930
175.1661611 0.343158 2.163043
1713.9449251 1.410385 1.410821
173.021649 1.138647 1.516888
174.858770 2.743116 0.458372
1716.800613 1.2318710.554754
176.18323211.31796 1 0.105632

Anchor Group 40

614.950604 0.26685 0019814
615.308559 1.168664i 0.364475
614.198849 1.744988/ 0.846398
613.08186210.7108221 0.786325
612.747596i 0.542545 0.743109
614.031528 0.168135 1.285588
174.501857i 0.383889 2.104051
113.800612 1.174740 1.658213
611.490584 0.270520 123062
810.346660i 0.446611 0.496522
15 1.149887 0.003096 0.967096
8 1.395653 0.136832.434276

6 2.130964 1.304183 0.178208
6 1.7982121.870805 1.061119
6 2.611363 2.855636i 1.620190
6 3.760224 3.280609i 0.947936
6 4.091782 2.725484 0.288963
6 3.2797601 1.740689 0.852611
1 3.518318 1.315586 1.822919
14.979269 3.062375 0.817772
14.3923371 4.048323 1.386529
1 2.346660 3.2957731 2.577944
1 0.896321 1.557215i 1.577390
6 1.444144 1.576637 0.091664
6 2.121231 2.596656 0.774133
6 2.378789 3.81FP 0141924

6 1.960427 4.0204351.173680

6 1.280408 3.0097401.858486

6 1.023029 1.79230 1.229421
10.487429 1.0126441.763930
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1 0.949366 3.17186i72.880854

1 2.160868 4.9686221.665674
12.902886 4.601142 (8163
12.429497 2.426553 1.801234
171.3554830.41097 2.101200
171.535725 1.259628 0.549725
1712.61025711.525381 1.204960
613.892465 0.5778561.063557
174.310844 0.6040112.074300
173.338136 1.5057370.876226
172.207960i 0.905582i 1.410989
174.0613641 2.786764i 1.119160
1716.26522711.6422710.166791
1715.785453 0.959017 0.124792

Anchor Group 41

6 4.087007 0.583232 0.26825

6 4.303151 1.469489 0.393565
6 3.107573 1.663055 0.967165
6 2.075327 0.9031451 0.144122
6 2.355369 0.6215510.424696

6 3.729430 0.844235 0.28%94

1 4.493359 2417431 0.384286

1 3.631468 1.547102 1.127506
6 1.276029 1.552711 0.107675
8 0.0650591.298941i 0.644090
611.042781 1.94529P0.226378
612.260561 1.5221691.035278
612.867878 0.2496450.465800
612.765429 0.966072 1.150744
613.31443512.1327451 0.614810
613.969441i 2.096854 0.616621
614.071426i 0.888206 1.309599
613.523317 0.27877 0.772808
173.594710 1.214608 1.317161
174.579364i 0.851633 2.269774
174.398930i 3.003770 1.033729
173.230629i 3.0683B 71 1.161549
172.256595/ 0.99886812.111218
172.978@6 2.346093 0.988724
171.968924 1.3677162.078002
811.064441 2.727716 0.6867

1 1.552607 2.6053740.020446
11.070402 1.393033 1.170990
1 2.439216 0.7919151.503236

6 2.685649 1.065722 1.269385
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12.6794111 2.104199 1.613573
12.224118 0.42054 2.(B3204

11.0319121.19273210.282871
1 2.900922 2.161388i 1.909344
1 5.273083 1.781060i 0.768967
1 4.880803 0.591001 1.577894

Anchor Group 42

615.303377 0.105974 0.370070
615.364862 1.5655250.062861
614.1304€0 2.073278 0.058048
613.2238620.95994 0.566840
613.073549 0.040726i 0.640830
614.5073271 0.658991i 0.741457
174.949314i0.533531i 1.733912
174.492110i 1.734446i 0.521351
612.011820i1.110074i 0.432517
810.726641 0.4477321 0.366984
6 0.324889 1.260703/ 0.196689
8 1.430547 0.500088i 0.137005
6 2.663641 1.239742 0.024408
6 3.810596 0.262978 0.043076
6 4.805%310.370012 1.019661
6 5.900219 0.497049 1.018185
6 6.002342 1.489458 0.043616
6 5.007398 1.6084990.930578

6 3.921262 0.7316110.934163

1 3.144593 0.8334971.687237
15.079D1 2.382779 1.689862

1 6.849869 2.169667 0.043563
1 6.665959 0.401408 1.783B4
14.7239201.135614 1.787922
12.616678 1.821082 0.950167
1 2.746750 1.951557 0.805166
8 0.288206 2.469503/ 0.109272
171.996864i 1.826990i 1.260454
172.165052i 1.6751520.492959
1712.814646 0.51122P1.550333
614.220101 0.194026 1.470665
174.538381 0.780535 2.337617
173.8588370.784964 1.808833
172273160 1.268731 1.004922
173.786392 3.0542650.254643
1716.2378192.048410710.491186
1716.254535i 0.360614 0.68062
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Anchor Group 43

6 3.023537 2.225276 0.319236
6 4.491603 2.625282 0.268908
6 5218303 1.515527 0.462005
6 4.245547 0.360254 0.646377
6 3.617532 0.1219300.797225

6 2.738612 1.399638).983992

1 3.0093681.9490201 1.890219
11.678276 1.1412771.04535

6 2903441 1.213503 0.883902
8 3.4032072.221614i 1.339435
8 1.653294 1.186601i 0.357978
6 0.950269 2.456714i 0.353977
610.4453511 2.220383 0.108160
710.826245i 2.455396 1.399508
712.087881i 2.1623901.537051
712539575 1.731143 0.332681
611.543576i 1.75103510.584129
171.68558911.436427 1.606927
613.9278151.294144 0.10273
614.067607 0.203826 0.000033
613.508741 1.090010 0.930796
613.655293 2.465939 0.766863
614.365451 2.9722380.325650
614.925625 2.0955491.254240
614.773334 01163041 1.092345
175.209863 0.0352161.819898
115.477116 2.48149P2.107248
174.479871 4.0454850.450964
1713.217349 3.144797 1.493536
172.955472 0.696087 1.779702
174.379705i 1.833638 0.648276
174.41%07711.628256 1.108506
1 0.989545 2.878634i 1.361654
11.459440 3.144610 0.325583
1 4.420508 0.0581521.534015

6 3.082851 1.084H 1.362312

1 3.365943 1.436491 2.358964
12.165128 0.492358 1.419912
1 4.646200 0.545603 1.106411
16.295624 1.407079 0.3844

1 4.857682 3.613364 0.007209
1 2.307247 $309930.497437

Anchor Group 44
6 5.674470 0.878103).621625
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6 6.144082 0.674692813527

6 5.052783 0.609564 1.588496
6 3.837340 0.762764 0.683791
6 3.76027110.577024i 0.141749
6 5.01L38701 0.4689931 1.072P4
15.689414 1.3223841 0.966134
14.721578 0.4109512.129068
6 2.476801 0.7342561 0.942238
8 1.375134 0.817643i 0.000314
6 01613591 0.938554i 0.526914
610.9295011 0.996928 0.566859
7712.15895211.129198 0.009733
613.38358211.189607 0.794205
614.4229291 0.181478 0.341864
615.716305 0.59634 0.008B56
616.683169 0.3303370.388325
616.362030 1.68537P0.462243
615.0710192.1092791 0.134777
614.109697 1.182749 0.264944
173.106607 1.516264 0.518972
174.8144393.164027 0.188540
177.111038 2.8832410.774025
1717.68347210.008910i 0.644124
1715.969826i 1.653063 0.060843
173.805803i 2.202061 0.748917
173.080264i 1.0107161.830909
1712.199013i1.158084i 1.002180
810.6809291 0.924968 1.760168
810.09080710.99%4211.715977
1 2.483151 1.646990i 1.547795
12.292813 0.1094921.615606

1 3.83814111.435226 0.533369
6 4.410168 1.734940.375747

1 4.636588 2.722237 0.037488
13.779832 1.8510961.266220

1 2.899660 1.033836 1.172060
1 5.006569 0.372937 2.646856
17174748 0.505455 1.109641
16.41598 1.267334 1.323692

Anchor Group 45

6 3.79360710.687414 0.244140
6 4.384203 0.705143 0.074952
6 3.496890 1.439645).610771
6 2301916 0.5457810.908964
6 1.576758 0.331342 0.490790
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6 2.604725 0.5553161.257841
12.911309 0.104427 2.205935
12.170531711.537814 1.461971
6 0.221175 0.350284 0.38085
80.103652 1.556013 0.118603
710.844968 0.523744 0.328749
612.219303 0.266856.131670
613.095163 1.360915 0.221331
614.463904 1.187743 0.037462
614.9816881 0.079116 0.238297
614.1096321 1.164764i 0.326493
612.735123/1.0088831 0.145083
172.0611091 1.850817i 0.212277
174.499311i 2.156615i 0.540525
176.049504i 0.216909i 0.381928
175.124996 2.047152 0.110840
172.698823 2.351861 0.436561
170.6180691.492183 0.509651
1 1.438730 1.300941 0.981799
6 3.004858 0.820518i 1.079946
1 3.6531310.8452451 1.961203
1 2.310904 1.665540i 1.091271
1 1.632894 0.8747351.708089

1 3.54233 2.503291'0.824178

1 5.307393 1.048302 0.532002
1 4.496932 1.485993 0.49850

Anchor Group 46

614.297705 0.726486 0.38140
614.855660 0.48848B0.348829
613.9116€& 1.43D90710.329784
612.709560 0.874917 0.413270
612.092737 0.214489 0.546529
613.18627711.328775 0.537118
1713.552258i 1.563157 1.539870
1712.791039i 2.258540i 0.108741
710.804922i 0.728515 0.097680
6 0.355008 0.065820i 0.347240
8 1.390193 0.7521910.257484

6 2.700855 0.295248 0.150480
6 3.669367 1.276011i 0.060899
6 5.016@410.915270i 0.096915
6 5.390032 0.419112 0.071566
6 4.408269 B89281 0.282117

6 3.057273 1.042277 0.328800
1 2.293895 1.73460 0.483818
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1 4.691862 2.429857 0.415070
1 6.4386320.701238 0.039806
15.771117 1.6795861 0.259795
1 3.355484 2.3070111 0.191QA5
8 0.469417 0.9486941.004190
170.7606761 1.529456 0.515548
171.932698 0.2073811.539922
613.4218731 0.023206 1.450712
174.007003 0.547133 2.177824
1712.745731i10.7051201.982611
171.971506 1.594923 0.770701
1713.927524 2.3964680.840492
175.804952 0.510854 0.874892
175.028513i1.457982 0.738135

Anchor Group 47

6 4.217301 1.775309 0.197292
6 5.423983 0.852599 076747

6 4.999852 0.29408(0.471854

6 3.50326 0.15%6310.721420

6 2.839898 0.188630 0.705688
6 3.302356 1.174184 1.318454
1 3.830917711.050309 2.267837
12.447617 1.838828 1.502022
61.321535 0.321492 0.673491
8 1.005643 1.606423 0.119418
610.2775681.974283 0.165933
810.486591 3.00991#40.762719
711.264378 1.105148 0.231920
612.669741 1.478114 0.085307
613.562647 0.257668.001137
614.640784 0.103103 0.878684
615.481054i 1.009446 0.790135
615.246163 1.985991i 0.177238
614.168696i 1.843596i 1.056334
613.334605i 0.730511i 0.967732
172.496858i 0.6210511 1.651790
173.981559i 2.599714i 1.814431
175.896809i 2.853553i 0.247606
1716.31497211.112675 1.479386
174.826531 0.861363 1.636258
1712.994183 2.123344 0.914112
1712.732564 2.0821120.8244%9
171.056899 0.389376 0.913098
1 0.922822 2445481.697115

1 0.864614 0.469677 0.064214
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1 3.226522 1.036977 1.279051
6 3.422905 1.3498551 1.060013
1 3.934379 1.599351 1.994225
12.401668 1.750299 1.089186
1 3.060826 0.8649601.425580
15.567410 208420i 0.613786
16.41143171.069549 0.4723D
14.43137512.839896 0.320166

Anchor Group 48

614.884265 0.310713 0.529115
615.293313 0.7401700.495127
614.2211401.50732010.735234
613.076761 0.975891 0.118112
612.67597710.401701 0.533804
613.914081i 1.2992821 0.202571
1714.361963i1.7416391 1.096863
113.639513i2.122731 0.469504
611.386398 0.994981 0.012237
810.30174170.1124071 0.368099
6 0.916636 0.512211 0.012645
8 1.787857 0.42928(0.425794

6 3.157898 0.286553.189721

6 3.826490 149241 0.187196

6 5.209816 1.414824 0.362247
65.91332 0.225800 0.162483

6 5.226718 0.928461i 0.218678
6 3.843374 0.908699i 0.402924
1 3.307409 1.803694i 0.691792
1 5.768567 1.856644i 0.378159
1 6.990561 0.198771 0.301251
15.734842 2.319547 0.655888
1 3.257413 2.361695 0.333718
8 1.1807931.517172 0.28943
171.191234i1.988457i 0.405287
1711.39717711.088198 1.103245
1712.552%26710.279869 1.614840
613.865941 0.502272 1.362619
174.325219 1.330590 1.910172
113.28077210.111526 2.058434
172.2336321.650883 0.276231
114.122458 2.2895271.481465
176.252812 0.77032B1.002138
115.6965070.802313 1.070122

Anchor Group 49
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615.97570710.650282 0.13479
616.371434 0.7463480.331438
615.320776 1.5518560.123928
614.204780 0.705901 0.474760
613.709204i 0.220809 0.699554
614.924906i 1.1848061 0.900679
175.3026261 1.173623i 1.926860
1714.6547351 2.2214571 0.660494
612.42998910.981759 0.387919
811.3634521 0.008336i 0.236463
610.151715 0.505611 0.019359
6 0.860023 0.644672 0.188498
8 2.103145 0.175492 0.044962
6 3.164439 1.140692 0.2453
64.491367 0.446811 0.070274
6 5.570758 1.150399.474953

6 6.825112 0.548979.587862

6 7.0061210.768783i 0.166985
6 5.930895 1.479477 0.368042
6 4.679830 0.875441 0.491012
1 3.840228 1.432819 0.88576

1 6.0644772.508742 0.690226
17.9814701.241811710.260596
1 7.654695 1.1069261.013773

1 5.430305 2.1742740.814903

1 3.88391 1.9600680.472591

1 3.048687 1.565628 1.246571
8 0.558328 1.789003 0.432910
8 0.130601 1.676048 0.127157
172.157528i 1.670002 1.195247
172.498763i 1.564868 0.58581
173.527036 0.3802601.596292
615.041660 0.292094 1.311186
175566331 0.19021 2.141095
174.470248i1.147492 1.692241
173.401740 1.247145 0.978371
175.213335 2.589028B0.425641
177.301435 0.9915170.835002
176.795043i 1.344780 0.332544

Anchor Graip 50

614.926638 0.419021 0.396247
615.308138 0.9512490.149905
614.2137% 1.723008 0.100677
613.082673 0.878350 0.471266
612.724586i 0.163329 0.655326
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613.990748 1.082823/ 0.670231
174.4565511.139708i 1.658087
1713.739679 2.106974i 0.365173
611.454304i 0.9578121 0.387516
810.341060i 0.0382051 0.421231
6 0.878763 0.594968i 0.190019
7 1.827760 0.3950440.251686

6 3.221449 0.286228).075559

6 3.975146 1.4661140.177278

6 5.357459 1.43581.10.015542

6 6.010033 0.230656 0.249772
6 52574341 0.940062 0.350095
6 3.871626 0.928004 0.190898
1 3.292096 1.837379 0.269939
15.751406 1.886128 0.555994
1 7.088494 0.205421 0.376193
1 5.923399 2.35993180.097722

1 3.473016 2.4094810.383482
11.46511 1.3186210.447559

8 1.064494 1.7765240.0310%
171.29877511.7292871 1.149616
1711.47333711.456781 0.587213
1712.598733 (B527181 1.613029
613.880120i 0.007923 1.458430
174.311069 0.564613 2.285120
173.309510i 0.853639 1.861000
1712.219542 1.21084 0.861741
174.095463 2.7259000.499345
176.268483 1.1961650.593061
175.751204i 1.056374 0.724839

Anchor Graip 51

6 5.45712212.074167 0.354855
6 4.761500 3.075074i 0.551408
6 3.472642 2.715204i 0.622114
6 3.299140 1.463950 0.228902
6 4.0266910.312170i 0.562451
6 5.531593 0.720997i 0.432520
1 6.022899 0.824878i 1.404067
1 6.096253 0.023165 0.143990
6 3.766734 1.0798210.005496
8 2.370737 1.3971210.228285
6 1.929774 2.554708 0.317934
6 0.475686 2.81890:30.023686
610.436179 1.595341 008694
611.850127 1.8910010.356485
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812.6738B39 0.8%47361 0.060362
614.056625 1.0282980.490115
614.802665 0.234897 0.159775
615.464753i 0.372156 1.065976
616.143925 1.549981 1.378656
616.167474i 2.605609 0.465248
615.51037712.478521 0.760452
614.833114i 1.299130i 1.069345
174.32364911.2003B12.025171
115.529016i 3.295737 1.476496
1716.699189i 3.522358 0.705727
176.656640i 1.642430 2.332302
1715.448736 0.449884 1.777945
174.476570 1.898343 0.023418
174.061665 1.23928v1.563324
812.203711 2.8987500.931522
170.050889 0.7608960.488M4
170.477890 1.231833 1.142018
1 0.136223 3.637447 0.614B

1 0.431358 3.1875711.055910

8 2.631876 3.295172 0.971299
14.377661 1.83584i0.510483
13.977070 1.149272 1.066246
1 3.705032 0.318451i 1.609193
6 4.326397 1.754975 1.349570
14.0442612.612997 1.967144
1 4.538795 0.895944 1.997541
12.278440 1.218204 0.528900
127016091 3.1435361 1.255106
15.2585193.8607071 1.112134
16.4246512.391746 0.774842

Anchor Group 52

615.737936 0.77326 0.571322
616.320407 0.0217410.619300
615.31341110.233434i 1.465869
614.041437 0.3364200.850897
613.716505 0.599814 0.33049
614.870047i0.257522 1.371901
1715.440819i1.140490 1.672882
174.480009 0.208838 2.286369
612.340988i 0.360378 0.98003
811.352302 0.706131i 0.003940
610.07842.10.409824 0.320010
7 0.864047 0.833545 0.4277&

8 2.098294 0.347002 0.065065
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6 31544451 0.965310i 0.676248
6 4.449475 0.285268/ 0.306775
6 5.563636 1.035123 0.082409
6 6.774603 0.408274 0.384833
6 6.88191 0.980751 0.312721
6 5.766692 1.7390540.065689

6 4.562598 1.110172.376863

1 3.696699 198822 0.666386

1 5.840555 2.82215/0.120790
17.817875 1.471683 0.552056
17.632352 1.005268 0.683516
15.483434 2.117754 0.149795
1 3.197104 2.0392781 0.450210
12.9394700.8587811 1.748230
1 0.09283 0.2G1809 1.207885
172.199781i 0.984855 1.873445
1712.212495 0.690524 1.276330
1713.756471i 1.648244 0.060850
614.622595 1.5793210.134685
175.010994 2.3252280.834349
173.926131 2.064509 0.560592
173.197633 0.4847991.526656
175.34537310.8360612.368154
117.346349i 0.326089 0.690217
1716.447903 1.330719 1.187237

Anchor Goup 53

6 3.062832 1.299234 0.219564
6 4.260480 0.363119 0.139177
6 3.8274740.872243 0.427771
6 2.332856 0.777818 0.699580
6 1.685322 0.497388 0.728133
6 2.146974 0.9865711.010450
12.680975 1.047801 1.961475
11.293560 1.65131i61.041994

6 0.193488 0.758390i 0.747320
810.320254i 1.743235i 1.221441
810.515165 0.2403080.121991
611.904674 0.156164 0.003314
612.6268651.291174 0.358825
614.010646 1.30694#0.181796
614.662597 0.193524 0.35091
613.923248i 0.935496 0.710022
612538325 0.963139 0.542165
171.962050i 1.838788 0.814245
1714.424890i 1.805030 1.125768
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175.740350 0.205089 0.486362
1714.576681 2.1910100.462022
172.098910 2.145958B0.769992
1 2.M40761 1.2027871 1.453642
6 2.257476 0.621487 1.352231
12.773319 0.654597 2.316547
11.238900 1.005133 1.457764
11.8813731.617062 1.233369
1 4.384365 1.801731 0.364022
1 5.250782 0.649783).200936
1 3.28%98 2.363135 0.330141

Anchor Group 54

6 3.2%7261 1.442675 (078488

6 4.1870570.528717 0.753728
6 3.407194 0.42864i31.273738
61.984126 0.1730300.792475

6 1.986694 0.523966 0.743017
6 2.868407 0.621895 1.342198
1 3.727503 0.243334 1.903684
12.28913i1.253472 2.023048
6 0.587856 0.581839380149
710.21630 1.697120 0.879304
611.269313 1.6606680.009829
612158943 0.4481370.021909
612.720431 0.0675081.248229
613.600141i1.010211i 1.316040
613.951458 1.701652 0.153404
613.420708i 1.308820 1.076378
6125241741 0.241227 1.142468
172.131013 0.075583 2.104150
173.708665( 1.829028 1.986032
174.644489i 2.5372321 0.204985
174.020473i 1.305967i 2.273499
172.461878 0.63443b62.136899
811.506936 2.6185760.740803
1 0.275358 2.582754 MB786

1 0.692334 0.672693 2.470602
1 0.045003 0.345916 1.190030
1 2.465643 1.499274 0.897789
6 1.989061 1.374253/ 0.746159
12.08%6226711.824201i 1.738678
11.122881 1.810105i 0.233542
11.189744 0.65941i61.362915

1 3.719929 1.30187101.837886

1 5.2689810.600702i 0.808491
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1 3.695261 2.434603 0.83943

Anchor Group 55

611.650905 2.8304190.348421
611.308596 4.0686961.168559
610.114445 4.5074680.748926
6 0.349032 3.582982 0.367055
6 0.733170 2.2209030.305366
610.669900 1.7111600.863385
610.998781 0.2551450.532751
810.496364i 0.6550311 1.200028
771.834832 0.014371 0.511196
612.243946i 1.334239 0.904047
613.6229611.717728 0.400358
614.694080i 1.871807 1.285993
615.963631i 2.218124 0.816236
616.172232 2.412007i 0.548950
615.1066612.261179 1.441494
613.840611i 1.917597710.970998
173.008344i 1.806094i 1.661336
1715.262674i 2.417762 2.505719
1717.158183i 2.682638i 0.917381
176.786059 2.336149 1.516938
174.534600i 1.724564 2.352465
171.484881i 2.006876 0.497568
172.208309i 1.399480 1.997033
172.278925 0.796231.97046
170.634571 1.7206641.955343
6 1.463729 1.297070 0.688728
7 1.989918 0.166684 (29559

6 2.637142 0.863085 0.935029
6 3.945422 1.343741 0.336514
6 4.1871792.709816 0.160037
6 5.403564 3.1600311 0.3589T

6 6.393101 2.243599i 0.713374
6 6.15870710.8757351 0.545485
6 4.945651 0.430643i 0.024724
14.764345 0.633629 0.101341
1 6.92997710.155360i 0.819514
1 7.339463 2.590260i 1.120087
1 5.573320 4.225567i 0.490488
1 3.416007 3.428352 0.429853
12.7977270.414884 1.920209
11.958324 1.716025 1.08325
11.608496 0.126490i 0.764193
8 1.616647 1.597386 1.869891
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11.410537 2.37801131.150952
611.008603 3.216282 1.007558
171.501180 4.073689 1.475337
170.918480 2.400251 1.731611
11.121985 3.956168 1.0852

1 0.478012 5.3115661.1739%
171.8928914.4310%12.008409
172.705010 2.53823P0.357808

Anchor Group 56

6 1.753471 2.7801F 0.744429

6 1.330054 4.243735 0.727154
6 0.590699 4.4377510.373546

6 0.509578 3.1048321.105439
610.438854 2.2030150.221282
6 0.450898 1.967162 1.0424

6 0.6256570.49296 1.417180
810.299260i 0.211696 1.773340
8 1.897239 0.070375 1.304574
6 2.133816711.343860 1.530811
6 3.177691 1.822712 0.536050
6 4.412680 2.316570 0.966659
6 5.351115 2.785959 0.044755
6 5.062167 2.754957 1.319254
6 3.831622 2.256631i 1.757312
62.891442 1.796710i 0.837008
1 1.936584 1.406040i 1.179667
1 3.602518 2.2300312.819398
15.791554 3.116372 2.039448
1 6.306518 3.169517 0.392964
1 4.642676 2.335026 2.029801
12.513821 1.4528892.558669
11.2032851.874183 1.438938
170.074943 2391836 1.932813
610.843464 0.9252870.933961
812.182837 0.7813410.930503
612.727134i 0.444625 1.483843
613.868588 0.912714i 0.618308
615.103044i 1.235150i 1.189720
616.148516i 1.715278i 0.39782
615.968153i 1.865018 0.977017
614.7387521 1.535516 1.555103
613.6915921 1.065413 0.764361
112.73762710.805324 1.215961
174594164 1.648083 2.626442
176.781300i 2.233698 1.596871
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1717.102941i 1.963306i 0.854775
1715.249333i1.110502 2.260623
173.062246i 0.230650i 2.503996
171.918328i 1.1783101 1.535836
810.074632 0.13861171.454280
171.352173 2.737209 0.041684
6 1.89708 2.512856/ 0.770815

1 2.711581 3.08858i71.220070

1 1.995456 1.4562561.025414

1 0.217819 3.14198%.157359

1 0.049178 5344931 0.657798
11.518589 4.952179 1.527875
12.60041 2.523739 1.381040

Anchor Group 57
612.65256111.151164 0.254047
613.8936510.723038/ 0.521567
613.919290 0.61711#40.536493
612.695896 1.109880 0.228758
611.465163 0.7675970.692880
611.4350610.782621i 0.675507
610.080568i 1.143279 0.07701L
7 0.600010 0.041730 0.212227
610.124979 1.19380560.104160
8 0.270107 2.32¥74 0.085012

6 1.935543 0.071513 0.804172
6 3.0486910.011947 0.247041
6 4.446208 0.019726 0.383884
6 5.569604 0.065758i 0.6541D

1 6.5553870.041567i 0.176431
1 5.5057710.993904i 1.234602
1 5.520585 0.7717371.360693

1 4.559501 0.941934 0.971000
14.5418570.811750 1.096305
12.9218280.937278i 0.823569
1 2.938365 0.825235).948909

1 2.008357 1.004321 1.370371
11.999829710.773543 1.496198
8 0.358434 2.255695 (0138764
171525109 1.257030i 1.656278
171572737 1.2161871.683923
612.581194i 0.007181 1.295107
173.43124210.015820 1.982317
171.650923 0.017225 1.873924
172.707935 2.145342 0.572710
174.610297 1258821 1.073570
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174.55929911.402434i 1.044112
1712.62483312.178483 0.620738

Anchor Group 58

6 5.911691 1.085636 0.265331
6 7.134488 0.570502 0.486003

6 7.092550 0.769035i 0.457986
6 5.840684 1.174336 0.312550
6 4.635325 0.800324i 0.629811
6 4.681630.749146 0.661427

6 3.344106 1.1964500.08505

7 2603587 0.055928 0.236215
6 3.271791 1.139676i 0.038257
8 2.817699 2.244844 (183338

6 1.264249 0.106073 0.818087
6 0.158688 0.0430940.242669
611.243078 0.078023 0.378581
612.3660930.020889 0.665195
613.769884 0.031808B0.047871
614.8950121 0.011442711.101452
616.280379 0.018636i 0.490536
616.924934 1.18047%0.156325
618.185824 1.176696 0.441217
618.8278911 0.032542 0.714801
618.199179 1.234518 0.385689
616.9377291 1.2243%4710.211352
176.456460i 2.165530i 0.469946
118.692757 2.181529 0589115
179.811823i0.037780 1.176291
178.669188 2.118480 0.688669
1716.433922.127570/0.371728
174.790348 0.85399b1.769794
174.763790i 0.904509i 1.726918
173.881683i 0.825066 0.81050
173.89462 0.929990 0.572966
172.263981 0.87163%1.355065
1712.245518i0.8843511 1.278349
171.352628i 0.764955 1.076505
171.353655 0.99415 0.981213

1 0.282302 0.886703.934332

1 0.2835250.877096i 0.827663
11.1821380.740117 1.506692
11.201256 1.038069.386781

8 2.960672 2.335870 0.090093
14.8025@ 1.18708i 1.655871
14.726689 1.285190i 1.605266
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6 5.7757910.019357 1.341864
1 6.62084410.031535 2.035148
14.841872 0.022177 1.913771
15.797663 2.197595 0.688998
17.753705 1.4615721 0.968833
17.83726 1.198404 1.024226
1 5.933867 2.124234 0.9984

Anchor Group 59

614.769624i 1.144606 0.376299
616.034926i 0.781028/ 0.392820
616.074523 0.5547260.498768
614.836842 1.108998 0.198262
613.626588 0.71444v0.730911
613.581046i 0.830613/ 0.609438
612.207437 1.138435 0.024864
711532048 (0696190.168133
612.276882 1.19150#0.206247
811.889658 2.3384860.103590
670.182014 0.147419 0.721055
6 0.902280 0.003119 0.353496
6 2.314703 0.063971 0.240508
6 3.402480 0.095980i 0.827509
6 4.844376 0.046659 0.345258
6 5.878123 0.169030i 1.287746
67.21618010.133818i0.902791
6 7.553912 0.025713 0.443998
6 6.539703 0.14888%.391360

6 5.197914 0.113217 0.999439
1 4.426658 0.210962 1.757254
1 6.787506 0.273708.442435

1 8.596704 0.053540 0.748454
1 7.996665 0.231039i 1.653223
1 5.625350 0.293920i 2.339129
1 3.263071 0.6822331.592221

1 3.242057 1.049060i 1.352655
12.42485710.721796 1.000677
12.445125 1.022578 0.761588
1 0.772692 0.7898741.101453

1 0.7806710.961852 0.867466
170.099486 1117146 1.219757
170.093605/ 0.647975 1.4667P
811.749468i 2.229842 0.250705
1713.692097i 1.371628i 1.552571
1713.763442 1.0931911.747043
614.682479 0.068514 1.334617
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1715.514307 0.099061 2.043007
1713.737685 0.18428 1.884998
174.849745 2.165433 0/8521
176.785665 1.1522111.059865
1716.707206711.5001791 0.849316
1714.721796i 2.144022 0.811467

Anchor Group 60

614.5990411 1.458978 0.130917
615.959760i 1.091115/ 0.450155
616.167492 0.2098580.202790
614.949611 0.735921 0.548400
613.784518 07571481 0.511605
613.545238i 0.747240i 0.799635
612.099475 1.001338/0.388479
711.559658 0.198756 0.081580
612.463196 1.266268.052198
812.210052 2.390671 0.435405
610.195171 0.316491 0.586745
6 0.824298 0.4484300.556150

7 2.189917 0.5411740.046175

6 3.185853 0.1207131.036271

6 4.552013 0.149720710.431541
6 5.714676 0.3200011.051167

6 6.974908 0.024672.525760

6 7.08509110.740421 0.635268
6 5.9287741.207731 1.266299
6 4.672933 0.916050 0.736010
1 3.770074 1.266789 1.227744
1 6.006949 1.802244 2.173135
1 8.0638850.968974 1.04851

1 7.867745 0.3984581.020468
15.633239 0.9226641.953461

1 2.814603 0.804094i 1.496624
1 3.291030 0.85795091.856874

6 2.495385 1.866502 0.488397
13.503296 1.866771 0.911452
11.796967 2.127767 1.28826
12.442335 2.65771i10.284423

1 0.745664 0.4516911 1.173933
1 0.551130 1.3120371.192656
170.184085 1.190448 1.240870
1 0.033G1710.578157 1.171175
811.4922261 2.0528641 0.434411
173.671831i1.044036i 1.843995
174.050715 1.35813v1.385030
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614.57380110.525286 1.366191
115.34210210.787410 2100264

173.603235 0.465333 1.867764
175.065421 1.678072 1.086471
176.990590 0.8238910.551063

1716.578078i 1.7580111 1.042275
174.395270712.519395 0.287790

Anchor Group 61
614.684871i1.198801 0.07785
615.983563i 0.606845 0.458852
616.0087610.6893410.118067
614.727460 0.987651 0.652949
613.573734 0.9241500.418178
613.546307i 0.574801i 0.814600
612.148643i 1.056150i 0.442673
711.445628 0.022466 0.102568
612.191407 1.203797 0.160133
811.779328 2.252510 0.614330
610.072740i 0.0805580.58431

6 0.949888 0.12860110.538922

7 2.300317 0.049790 0.004384
6 3.345024 0.10%11.020143

6 4.731433 0.02484i0.412410

6 5.755587 0.8666420.859981

6 7.041563 0.776568).322727

6 7.316246 0.155678 0678075

6 6.2982720.995801 1.137002
6 5.01621710.907045 0.595457
1 4.218957 1.550675 0.954847
1 6.504580 1.722980 1.918359
1 8315180i 0.225890 1.100619
17.824864 1.4391111 0.681979

1 5.544571 1.5998571.635752

1 3.183926 0.758738i 1.686321
1 3.277453 1.000846 1.661245
12.449144 0.816985 (68793
10.83027210.673230i 1.277319
1 0.735607 1.08297101.055532

1 0.047978 0.680881.360664
10.0613131.071276 1.023985
811.6940722.1751221 0.570898
173.717309i 0.774966i 1.875462
1713.756786 1.6171071.243561
614.528635 0.367626 1.374630
175.320730i 0.573904 2.099066
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1713.55496710.477152 1.865655

174.710726 1.895730 1.25TY

1716.739811 1.4357160.411590

176.689700i 1.138503i 1.088413

1714.629324i 2.285659 0.157166
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Chapter 3: The influence of thenorbornene anchor group in Ru-mediated ring-opening

metathesis polymerization Synthesis ofbottlebrush polymers

3.1 Authors

Samantha J. ScannelMohammed Alabdaat, Diego Troya, and John B. Matson
Department of Chemistry, Virginia Tech, Blacksburg, VA@4, United States

Macromdecules Innovation Institute, Virginia Tech, Blacksburg, VA 24061, éthBates

3.2 Abstract

Ring-openingmetathesis polymeration (ROMP) medat ed by G-genmdrationd t hi |
catalyst [G3, (HIMes)(Cle(pyr2RuCHPh] is widely sed to make bottlebrush lgmers by
polymerization of a macromonomer (MM), typically a low molecular weiglolymer
functionalized with a norbornene. Termee traftingthroughmethod, this strategy requires a
high degree of living charc t e r  ( A) ltoi farnmh wellrdefened balebrush polymersHere
we studied how various anchor groups, the series of satcomnecting the polymerizable
norbornene unit tahe polymer sidechain affect livingness in ROMP in a series exo
norbornengolystyrene MMs First, wecalculated the HOM@nd HOMO/LUMO gagenerges
of MM structures containindive different anchor goups using density functional theory
methods, findinghat theseenergies spanned a range of 10 kcal/mol. We then performed &inetic
experimentson ezh MM with target backbonalegrees of polymerizationNfs,) of 100 to
measure the propagation rate cons{&mtny under identical conditionsA positive corelation

between the HOMGCenergyand measurel, obs Valuesemerged revealing a/-fold variationin
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ko,obs Values across #ifive MMs, suggestinglifferent degres of livingness among the anchor
groups A series of studiesatgetingNowb» values ranging fromi00 to 2000further highlighted
these differencesThe MMs with highkp obsvalues reached higheonversions at high ta@gjNon
values with lower dispseities(n) thanthe MMswith lower kp obs Values.Finally, we evaluated
the synthesis obottlebrush pntablock cpolymersusing the MMs at the two extreméy
injecting an MM aliquot into a catalyst solution five consecutivetimes allowing for
polymerization of each block before the next injectidi conversiorat each stegvas higher
and then valuesfor each blok were lowey for the MM with the highestk, anchor group
compared to the loastk, anchor groupTaken togetar, these studies highlight hotlie anchor
groupdramaticallyaffect both k, and livingnessn ROMP, which iscrucial for hie synthsis of

precse bottlebrusiico)polymers

3.3Introduction

Complex synthetic polymer architectuas (topologies)have garned interest over the
yearsdue totheir ability tocapture intricate propertidsund in natureA particularlyinteresting
one isbottlebrush plymers,which containpolymer backborewith densely graftegholymeric
side-chairs, similar to the topology oproteoglycans'® The densely packesidechairs prevent
entanglement of thesaacromolecles, influercing properties such asasticityanddomain size
in solid state materiaJsand nanecopic size and shape inlstion>1° As a result, bottlebrush
polymers have mangotential applications oiuding as elastomersvith unusual propertigs' 16
as carriers in biomedicine/drug delivy,'"'® and as photonic crystald®??> and
semionductors¥?” Tuning properties in these materidts achieved throughadjustirg the

backbone andidechaindegree opolymerization(Nbp andNsc, respectively)as well as grafting

194



density ¢, the fration of monomer unitghat contairside-chairs).® However,control over thee
structural featres of tle resultingpolymers is sometimes lost at hifyl, or Nsc, especially when
zis near 1Therefore living polymerizations e vital for the synthesis dbottlebrush polymesr
as they allow for control over molecular weight, molecular weight digtab, ard retentionof
chain end functionalitiesn thesidechairs and backbon® 2°

Living polymerizations a& chain polymerizationghat lack chain termination and
irreversible chain transfeandin most cass a fag initiation process enables themnmintain a
constant number of kinefichain carriers througiut the polymerizatiof? Historically, aniont
polymerization was @ferred for synthesizingbottlebrush polymes®Y'33 although they were
simply referrel to as @nsely gratd polymers until thenidi 1990s3* More recentlymany other
polymerizationmethodsthat exhibit living characteristicéi.e., Alivingnes®) have been used to
synthesizeeither the bakdones orsidechairs of bottlebrush polymes;, such asatoni transfer
radical polymerization (ATRP) and ressible additionfragmentéion chain transfer (RAFT)
polymerizatiom®™ 3’ Since Bowded s s e mi nia |l 2004 ainglopening metahesis
polymerization (ROMP) is also commonly used due tohitgh propagéion rates Kp), high
functional group tolerancend relaitve insensitity to air and watef® Mediated by a transition
metal catayst such asGr u b b s-genetationcatalyst [G3, (HIMes)(Clg(pyr)2RuCHPh],
ROMP typically hashigh propagationrates ad evenhighe initiation rates enabling living
characteristic$® Low terminationrates k) are also critical in polymerizationsvith a high
degree of living charaet, where livingness is dfieed askpk:. In the context of ROMP,
termination occurrimarily through catalyst decompositi¢thwith a rate thats geneally low,
making it a well-suited methodfor the synthesi®f complex architecturesuch as bottlebrush

polymers
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In most ases ROMP enableshe synthesis ofvell-definedbottlebrush polymervia the
polymerization of norbornendunctionalized macromonoens (MMs).8® The collective
synthesis ofMMs followed by ROMP isreferred to ashie graftingthroughtechnique and it
enables control oveNsc and Nps,, With the capacity forperfect grating density ¢=1).4
However, despit¢he popularity of ROMP for making complex polymepologies bottlebrush
polymess prepared by ROMRraftingthroughtend tobe fairly small dueto the loss of living
character when polymerizing even moderately sMéts (Nsc = 50 100) to moderate degrees$
polymerization oo = 1001 200). This is becausk is lower in MMs than in smdl molecule
monomerg? 44 |t is worth noting thathis phenomenon is not limited to ROBIRSheiko and
coworkersrecently describedimilar rate decreases between monomersMhts in ATRP* In
contrastto kp, ki in ROMP s unikely to be affected by thlength of MMsidechairs because it
is a function of catalyst @emposition, which primarilffalthough not entirelybccus through
an intramogécular GH activation pathway that does not depend heavily on monomef&pe.
Therefore, whileATRP and RAFT achieve higlivingness (as quantified by higt/k: ratio9*®
by reducing k;, this option is not available in ROMP using @8talyst Instead one needs to
enhance, to increasdivingnessin ROMP.

In 2016 we enhanced thie, of ROMP mediated by GZXatalyst by tuning MM
reactivity*® In arecentpager, we pres@éteda thorougtinvestigaion of this phenomenon through
a combined computational and experimental approa&asuring propagan and termindabn
rates of small moleculemonomersn the synthesis of linear polymer8.In this recentwork, we
monitoredthe polymerizationof eight different monomenmmediated by G3 catalyst as well as the
less active GrubbsS1generation catalysfG1, (PCy)2(Cl);2RUCHPh] The monomershad

varyinganchor groug whichis the series of atoms directly connected to the polymerizable unit
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used in ROMRnorbornene hereé) We found that the anchor grougfluenced the energy the
HOMO localized on the norbornene olefandthat an increagig HOMO energy increaseg but
did not substantiallyaffectk.. Howeverwhen using théhighly active G3 catalysthe effecton k,
reached a plateau for the three monomers with the highest HOMO energieskieenained
flat despite acontinued increase ithe HOMO energy.Interestingly, when using1 catalyst,
wherek, valueswere 10 20-fold lower than in G catalystwe saw largevariationsin k, for the
threemonomers that plateaued in rate with &8alyst Therefore, we hypothesizédat adding a
sidechain (i.e., using an MMinstead of a small molecule norborngnveould slow down
polymerizationenough forthe HOMO energyo influencek, in MMs with these three anchor
groups In other words, we envisioned that addingside-chain would allow us to observe
di fferences among ki anehoregroupd thad wevunobservde in ,smah i g h
molecule norbornenes.

Here wefocus onthe ROMP of MMs quantitativelyinvestigaing how the anchor group
affectskp andlivingness inthe synthesis of bottlebrush polymé&cheme3.1). We set out to
studyfive anchor groups ahterest, spefically those suitable for attachiregpolymer chain to
the norbornene as well as easdigmparable to equivalent structuris our recent paper>®
Through the use afomputationamethodgo determine HOMO energyaluesandexperimental
methods to measukg values weinvestigated the effegbf the anchor group in ROMP of MMs.
Additionally, we aimed tostudy how kp affects livingnessin ROMP by monitoring MM
conversion and maximurobtainablebottlebrush polymeNps at high[MM]/[G3] ratios (up to
2000) We also anticipatedthat livingness could be assessed synthesizingbottlebrush
pentablockcopolymers in a sequential addition of MMs approbgfHollowing molecular weight

evoluion and inceases in dispersityn{ upon the addition of each new bloclOverall, we
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envisioned that these studies could reveal how the anchor group can be tyiedt raximum
(macro)monomeconversionand livingnessvhen synthesizingcomplexpolymertopologies by

ROMP.

Scheme 3.1. Representative scheme ajraftingthrough ROMP of norbornene MMs with

various anchor groupghere n =Nscand m =Npp

G3

S
ﬂjb Br ———= Br
n CDCly n
anchor group

3.4Results and Discussion

In the recent paper mentioned in the introductionwe calculated the HOMGnd
HOMO/LUMO gapenerges of 61 monomers with different anchor groups for the synthesis of
linear polymers via ROMP® All HOMOs were centered on the norbornene alkemhich
interacts with the Ruwenter in the ratdetermining metallacyclobutane formation step in
ROMP?>2 Of these 61 monomersve selectedeight anchor groupso synthesize and study
expeimentallywith the goal oidentifying the effects of the anchor group kyand livingnessn
ROMP.Herewe focus onfive of these eighaainchor groupsincluding the three that showed the
highestky in the ROMP of small molecule norbornengsthe form ofMMs to investigate the

effectsof the anchor group on livingnesshottlebrush polymer synthesis.

3.4.1 HOMO Energy Calculations
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We first calculated the HOMO enegs of the five selectedanchor groupsttached ta
polystyrene (PS$idechain(MMs 1i 5) (Figure3.1A). In these omputational studiegnly one
styrene repeat unit, representing #®sidechain was usedo calculate themolecular orbital
energiesbecause we aimetb investigatethe HOMO localized onthe reactie olefin, which
shouldnot be influenced byhe sidechain beyond the first repeat unitThe HOMO energies
were calculated from optimized geometries of the five monomer structures usinity dens
functional theory(DFT) (M06i 2X method and defZrZVP basis set)*>* Coodinates of the
five monomer structures and the HOMO energies are showreiSupporting Informatio©ur
goal was to investigate thebonding orbital of the olefin, as these electrons are involved in
the ratedetermining step of norbornenyl ROMP, whichooesponds formation of the
metallocyclobutane intermediate from thefoleand metal carben®.In MMs x-MOM:E &S
(1) andx-ME &S (2), thep bonding orbital was the absolute HOMO (HOMY), butin some
monomers, this orbital did not correspond to the absolute HOMO. For the anchor group in
MM x-EM2E &S (3), the olefin centered HOMO was HOMK, for MMs xx-IMEM2E S
(4) and xx-IM2E &S (5), it was HOMOI 2. For the sake of simplicitywe us the term
HOMO to refer to "olefific e nt e r e din the@estO@fthis paper

The HOMOs localized on the reactive olefispanenergiesn thei 197 to 1 187 kcal/mol
range similar to analogous small molecule structures in our related .paperthis related
paper® we also calculated the HOMO/LUMO energy gap for each mondrased on the
conceptthat multiple orbital interactionsccur during thdormation of the metallocyclobutane
ring, as suggestedybSuresh and Koh& Here, we hypothesized thaMMs with higher

norbornene HOMO energies and lower LUMO olefin energieswould exhibit faster
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polymerization rategkp, values)and higher livingness in general, as measured in maximum

obtainableNyy, studiesandbottlebrushpentablock copolymer chain extension studies

A

o
o B
ZbAo/\/ Br ibAo ol
0

x-MOM,E"-PS (1) x-ME'-PS (2)

o]
o M’\‘
o »O
MO/\/ nBr e} d \_\ o
o (0]

x-EM,E'-PS (3) xx-IMEM,E'-PS (4)
MO a
7 N
-
(6]
(6]

xx-IM,E'-PS (5) %Br anchor group

CuBr, CuBry,,
PMDETA

B S
Ao %Ej AS/W%

anchor group

Figure 3.1. (A) Norbornene MMs withvarious anchor groups (bluggomputationally and
experimentally investigated where nNse. For computationd)Nsc = 1 and the Br end group was
replaced with H; for experimentsc = 24i 28. All monomers exhibite@xo(x prefix) orexcExo

(xx prefix) steeoctemistry. Letters identify structural components of the anchor group from left
to right (M = methyl ene, O = oxygen, E =
carbonyl on the right, | = imideall MM sidechairs arepolystyrene(PS. Subscriptsndicate

the number of times that component is repeat@). Representative synthesis of PS MMs via

ATRP. Polymerizations were conducted at @for 3 htargeting 10% conversion sfyrene

3.4.2 Macromonomersynthesis andanalysis
We employedATRP to sythesizefive PSMMs (Figure3.1B), all with number average

molecular weighvalues(M:) near3 kg/mol. We designed these MMs to have the same polymer
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sidechainand M to isolate the contributions of the anchor groupkerEach was synthesized
using thedirectgrowth approach fronfive different norbornenederived initiators(Table 3.1).
Standard conditions o€u(l)Br, Cu(ll)Br, andN, N, N 6i,pé&htamethgldiethylenetmaine
(PMDETA) were used in all cases and polymerizations were conducted & & 3 h. We
targeted10% monomerconversionin the ATRP reactionso avoid termination by coupling,
which would result ifMMs with norbornene groups on both chain e

Because any residuahpurities in particular styrene monomer but also Cu catalyst or
ligand, coulddetrimentally affect the rate of RONMP>® we extensively purified each MMn
brief, crude MMswerediluted withwater and extracted witithyl acetate to remove Cu species
then purifiedby automated silica gel chromatograplhsing an ethyl acetate#xanegradient as
the molle phase After solvent removal, each MM wagassed through basic alumina in
tetrahydrofurar{THF), and finallyprecipitatednto methanal Automatedflash chromatography
which monitors UV absorbance throughout the separatfeigures S1B5S19), provided
confidence in the removal of all residual monomer through the clear separation between the
styrene peak that elutes first and the broad MM peak that ¢dieesas we showed previoust§
Passage of the polymer solution throughaumina plugafter column purification presumably
removel tracecatalystandor ligandthat remaied we observedower conversion ttottlebrush
polymerwhen this stepvasnot carried outA final precipitation stejmto methanolaffordedthe
final MM productsas whitepowders making them easy to work with for the subsequent ROMP

step.
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Table 3.1. Characterization of PS MMs

Mn,sed Mo NmR?
MM na
(kg/mol)  (kg/mol)

Y MOM:E ®S(2) 3.2 2.9 1.06
x-ME &S(2) 3.2 33 1.08
x-EM,E &S(3) 2.9 3.2 1.07
xx-IMEME &S(4) 2.9 33 1.09
xx-IM2E @S(5) 2.9 34 1.06

aMeasuredby SEC inTHF at 30°C with multiangle light scatteringMeasured bygnd group

analysis vidH NMR spectroscopySee Figures S2&29.

Each MM was next polymerized via ROMP to investigate the differenclsoisbased
on the anchor grougolymerizationsf all MMs were mediatedyoG3 catalyswith a targeted
Nbp Of 100 at a concentration of 20 mivt CDClk, under air and at room temperatudiquots
were removed and terminated wih excess ofthyl vinyl ether at predetermined time interyals
the solvent was remove@nd each &juot wasthenanalyzed bysize exclusion chromatography
(SEC) MM conversionat each time point waseasuredy comparingheareas of théM peak
and bottlebrush polymepeak Averageky obs valuesand half-lives were calculatedrom first-
orderkinetics plotsfor at least three polymerizations per MIVhe conversion versus time data
and firstorderfits are shown in Figur8.2 for a representative MMK-MOMzE &S(1). Similar

graphsfor theother four MMs arencludedin the Supporting Information (Figur&0i S3).
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Figure 3.2. (A) Representativ€ECtraces (dRI signalpf the ROMP ofMM x-MOM2E é°S(1)

at an [MM]/[G3] ratio of 100:1 As the plymerization proceeds, the MM signal at 17.2 min
decreases in intensity and thettlebrush polymesignal increases in intensity and shiiits
retention time from 15.2 min to 14 mi(B) Kinetic analysisof the ROMP ofIM x-MOM:E 6
PS(1) in CDCk atan [MM ]/[G3] ratio of 1001 and [MM] = 20 mM. The solid linerepresents

the fit to the averaged conversion ddtased on the equatign = 1 - e("%ebst) wherep =

fractional conversion

As expectedeachMM polymerizedslower, by approximately an order of maigunde,

compared wittanalogue smalinoleculemonomer structure® where the only difference lies in
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the presence of the P&lechain MM x-ME &S (2) had the higheskp obs out of all the MMs
tested angbolymerized #old fasterthan the MM with the lowesd, obs[Xx-IM2E &S (5)]. MMs
1i 3 all hadhalf-lives under 4 min, whereas timaide-basedVIM s (41 5) had half-lives over 13
min. Relatvely low dispersities andjood agreement between expected meadsuredM, values
for the resultingbottlebrush polymersuggest higHivingnessin all of these polymerizations

(Table3.2).

Table 3.2. HOMO energies,HOMO/LUMO gap energiespolymerizdion kinetics, and

bottlebrush polymer characterization for ROMP of MM$

HOMO HOMO/ BB BB
Kp.ond % BB
MM Energ}? LUMO Gap t1/2 (mm) Mn,expecteg Mn,SEC?
(min'Y) conv ne
(kcal/mol)  (kcal/moly (kg/mol)  (kg/mol)

x-MOM,E éS(1) 1187 214 0.23+£0.02 3.0+£0.2 98 320 325 1.06
x-ME &S(2) 1187 214 0.31+0.03 2.3+0.2 98 320 295 1.04
X-EM2E &°S(3) 1191 211 0.19+0.01 3.7+0.1 98 290 296 1.05
xxIMEME &S(4) 1196 217 0.052+£0.01 13.4+0.3 98 290 251 1.07
xxIM2E &PS(5) 1197 218 0.040+ 0.003 17+1 98 290 302 1.07

3Calculated using MO&@X method and def2rZVP basis set® > PCalculated from conversions
measured by SEGnN aliquots removedtapecific time paits during the polymerizationg\
minimum of three polymerizations were run for each MMeasuredn the final sample of the
kinetics runausing SEC by comparinipe areas of théottlebrush polymeand MM peaksn the
dRI trace YDetermned using the eGuion Mn expected Mnmm * ([MM]/[G3]) o. *Measuredon the
final sampleof the kinetics rundy SEC inTHF at 30°C with multiangle light scatteringsing

the known d/dc for PS of 0.185 mL/g.
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We next examined how HOMO energy influend@dBy plotting the HOMO energies
calculated for theMMs versusthe experimentallymeasured<, obsvalues we founda positive
correlation between HOMO energy akglobs for these five MMs(Figure 3.3). We found an
inverse correlation for the HOMO/LUMO energy gaps andkhgsvalues for each MM (Figure
S40). Evidently, multiple orbital interactiomseimportant during the ratdeterminingstep, but
we focus here on the HOMO energy a simple predictor for relatikg values Both trends were
similar to theeight differait anchor groups imnalogousnoleculemonomes,>® with MMs x-
MOM2E é°S(1), x-ME &S(2), and x-EM2E &S (3) with the highest HOMO energies
exhibiting the highesky obs values and thdMs xx-IMEM2E éPS(4) and xx-IM2E & S(5) with
lower HOMO energies undergoing slower polymerizatibomthe sm# molecule norbornene
monomers, there eve no measurablalifference in kpons @among monomerpolymerized using
G3 catalystwith anchor groups similar tinose in MMs1i 3.%° In this MM study,however Ky obs
values were different among these three anchor groups. Interestingly; B8 S (2) showed
the higheskp,opsvalue even though MM-MOM:2E &S(1) had aslightly higher HOMO energy
although the 0.8 kcal/mol difference between these two MMkelly within the accuracy of the

methods used.
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Figure 3.3. Measurd kp obsvValuesversus HOMO energy for MM&i 5.

3.4.3Effects of the Anchor Group onLivingness inHigh Target Nuwb Bottlebrush Polymers
Polymerizations that exhibit living characteristics have Highk: ratios enabling the
synthesis of polymers withigh degrees of polymerization while maintaining lowvalues*®
High livingnessin ROMP graftingthrough of MMs is critical for the synthesis of precise
bottlebrush polymer Controlover M, andn of the resulting bottlebrush polymeran belost
when targeting higiNb» valuesdue to the increasednumber of required successfoatalyst
turnoverscompared topolymerizationstargeting lowNp, values. Therefore, a a method of
evaluating livingnesswe designed a series of experiments examignadtingthroughROMP
with high[MM]/[GJ] ratios (i.e., targelNn, valuesranging from100to 2000). By comparing the
experimentally observely, values (asestimatedby the equatioNbp = M bottiebrushMn,mm) tO
their targetNpp values across the five MMs studied here, we envisioned thatsétif
experimentsvould reveal te most living anchor groupse., those with the highek/k: ratios
We hypothesized that MM-ME &S (2), which hadthe highesk,, would exhibit the highest
livingness in these experiments because anchor gimnipedid not substantially affedt: in

small molecule norbornenés.
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The high targetNoy, experiments were prepared ax MM concentration of 20nM in
CDCls, underair and at room temperature, similar to Kueetics experimentslescribed above
We set thetargetNoy (i.e., [MM]/[GJ] ratio) to 100, 250, 500, 750, 1000, 15GMhd 2000 for
each of the MMsEach ROMPreactionwas terminateafter 24 hwith an excess oéthyl vinyl
etherto ensure mamum conversion was reachetdhe ®lvent was removed antthe residual
polymer was redissolved iHF for SEC analysis All polymerizations were run at least three
times.

MM conversionversus targefNo, (Figure 3.4A) and measured\by versus targetop
(Figure 3.4B) wereplottedfor all five MMs (error barswere not included in the graphs fibre
sake of clarityandareprovided in Tales S1i S5). All MMs reached hi@p conversion(>90%)and
showedmeasured\ny valuesmatching target valisewhen with an [MM] /[G3] ratio of 1001,
similar tothe kinetis experimentsHowever, even at a modg#iM]/[G3] ratio of 2501, MMs
xx-IMEM2E &S (4) and xx-IM2E &S (5) failed to exceed90% conversion andlid not reach
target Npp values These two MMs showed even lower conversion (<6G@)l significant
deviationfrom targetedN\n, with n ~ 1.4 at aan [MM]/[GJ] ratio of 5001. Less tlan 3% MM
conversionvas observed for MMx-IM2E &S (5) at targetNo, = 1000 and higher, and MMx-
IMEM2E &S (4) barelypolymerizeal to form bottlebrush polymer at or abot@rgetNy, = 1500.
Thus, these two imidbasedanchor groupsmy exhibited ahigh degree of livingness up My
= 100, consistent with the lower livingness for imigesedanchor groups in small molecule

norbornenes?
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Figure 3.4. (A) Fractional MM caversion to botebrush polymer after 24 h versus tariyist
values,referred to as [MM]G3] ratio, for graftingthroughROMP of the five MMs studied
here. Reactions wereonductedat 20 mM in MM in CDC} under air at rt Conversion was
measured using SEBYy comparing th areas of the bottlebrush polymer and MM peaks in the
dRI trace (B) Measured\ln, versus targeln, values,referred to as [MM]G3] ratio. The black
dashed line refers to expectddhr as [MMJ/[G3] increases.MeasuredNpy values were
deteminedfrom Mn patiebrush Obtainedby SEC inTHF at 30°C with multiangle light scattering
calculated based othe equationNop = MnpottiebrusiMn,mm. 1N both graphs, error bars were

removed for better visualization of the data but can be found in §&hHI&5
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The thee MMs with higheik, values(1i 3) showed high livingness out to higher target
Nbb valuesthan MMsxx-IMEM2E &S (4) andxx-IM2:E &S (5). MM x-EM2E &S (3) showed
>90% conversion anblbp matching expected vals®ut to a taget Nop = 500, but experenced
lower conversion and large deviatiofrem targetNo, values at 750 and highewith <3%
conversiorto bottlebrush polymenbserved aNwy = 2000 MMs x-MOM:E &S(1) andx-ME 6
PS(2), those with the highegp onsand HOMO energiesnaintained fgh conversion (>90%wup
to an [MM]/[GJ] ratio of 5001 with n values <1.2. They both reachedry good conversion
(>80%) with Npp matching expected values out to a tarbyes = 100Q althoughn values
increased to 118..6. A substantial drojin conversionwhen targetindNop = 1500 and higher was
observed for both MMs, but some conversion was still observed even at Ngsget2000
Therefore, MMsx-MOM:2E &S (1) andx-ME &S (2) maintairedthe most livhgnes=f all five
MMs during thegrafting-throughROMP processwith the highestMM conversion bestcontrol
overMn (i.e.,experimentally observedss), and lovestn values out all the MMs investigated.

It is worth noting thatMM x-ME &S (2) had the high& conversion andighest
observed\lhr Wwhen targetind\ob = 2000 out of MMsli 5, even though it was not highly living at
this high targetNws. These results,ambined with the ky obs results Table 2), suggest that the
anchor group in MMk-ME &S (2) was the most livinginchor grougstudied hereln contrast,
MM xx-IM2E &S (5) had the loweskp obsandperformed the worsh the high targeNos studies,
making MM xxIM2E &S (5) the least living anchor group out of the five MMs tested.
Therefore, we decided taither comparethe livingness of these two MMa chain extension

studies using the sequential additiorMis ROMP SAM-ROMP) process
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3.4.4 Effects of the Anchor Group on Livingness in Bottlebrush Pentablock Copolymer
Synthesis

Multiblock battlebrush copolymers witthreeor more blocks have been recently used to
make electronic materiaf8,injectable hydrogel&¥®? solid electrolyte§® and nanostructuse
with unusual shapé$.%® High livingness in block copolymer synthesis is ctifor complete
chain extension, so in order to evaluate the effect of the anchor group on chain extension, we
conducted a series of studies on the synthedmtiebrushpseudepentablockcopolymers.in
theseSAM-ROMP studies, we aimed to follow evolah of molecular wight andn over the
course of fiveconsecutiveadditions of the same MM with a targét, = 20 for eachaddition
This strategy of consecutive additions of the same MM allowed us to remove any potential
variablereactivity of different MMs, but we expect that the results would be useful in making
complex structures with up to five different MMs.

The first step was tdetermine the time required for eaktM to reach neacomplete
conversion(>95%) at a targdtl,, = 20; therefore we condeted kinetics experiments for Miv
ME &S(2) andxx-IM2E &S(5) with an [MM]/[G3] ratio of 20:1. Polymerizations were carried
out and monitored under the same conditiarsd using the same methods the other
polymerizations described heta these experiment$IM x-ME @ S(2) had apropagatiorhalf-
life of 1.4 min and MMxx-IM2E & S(5) had apropagatiorhalf-life of 13.4 min with both MMs
reachingnearcompleteconversionbased on SE@nalysisat very close to half-lives [10 min
for MM x-ME &S(2) and 90 min for NVl xx-IM2E &S(5)].

We then set outto comparebottlebrushpentablockcopolymer synthesis forthe two
MMs. The pentabloclpolymerizations via th6&AM-ROMP method were conducted undée

same conditions as described above, inje@ihgquivof the sane MM five times at interals of

210



either 10 min [MMx-ME &S (2)] or 90 min [MM xx-IM2E &S (5)] (Figure 3.5A and 3.5E).
Aliquots were removed right befoeach MM injectionto determine conversioM,, andn of

each blockTable3.3).

Figure 3.5. A and B: Schems for bottlebrushpentablockcopolymersynthess forthe ROMP of

MMs x-ME &S (2) (A) and xxIM2E &S (5) (E). Reactions were run at a total MM
211



