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Abstract!

! The!photobleaching!of!fluorophores!is!a!major!limitation!in!fluorescence!

microscopy.!!We!sought!to!create!a!brighter!and!more!stable!fluorophore!by!covalently!

attaching!fluorescein!and!anti8fading!agent!(AFA)!moieties!to!hyperbranched!polyglycerols!

(HPG).!!The!use!of!HPGs!as!a!scaffold!to!link!fluorescein!and!anti8fading!agents!proved!

intractable,!so!a!norbornyl!based!ROMP!polymer!was!used!instead.!!Through!the!iterative!

use!of!ROMP!and!RCM,!organic!nanoparticles!(ONPs)!were!synthesized!incorporating!

multiple!fluorescein!and!AFA!units.!!The!ONPs!were!brighter!and!more!photostable!than!

fluorescein.!!The!photostability!of!the!ONPs!without!AFAs!was!found!to!loosely!correlate!to!

its!brightness.!!Incorporation!of!AFAs!in!the!ONPs!led!to!increased!stability!in!some!cases.!!!!!!!
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I.#Design,#Synthesis#and#Characterization#of#Fluorescent#Hyperbranched#

Polyglycerols#with#Covalently#Bound#AntiBFading#Agents#

I.A.#Introduction#

Background+

Sir!George!Stokes!first!observed!the!phenomenon!of!fluorescence!in!the!16th!century,!

although!the!term!wasn’t!coined!until!1853.1!!Over!the!intervening!years,!scientific!inquiry!

has!lead!to!understanding!of!this!process!as!well!as!the!development!of!techniques!to!

quantitatively!measure!the!emission.!!Capitalizing!on!the!ability!of!certain!molecules!to!

emit!light!(when!excited),!fluorophores!are!regularly!used!as!probes!to!provide!information!

about!molecular!level!interactions.!!!!!!!

The!conjugation!of!dyes!to!biomolecules!of!interest!(i.e.,!proteins,!antibodies,!nucleic!

acids)!enables!the!labeling!and!subsequent!tracking!of!molecules!at!the!cellular,!subcellular!

and!molecular!level!via!microscopy.!!In!recent!years,!the!commercial!availability!of!

functionalized!fluorophores!as!well!as!the!technological!capabilities!of!processing!large!

imaging!data!sets!has!lead!to!a!rapid!expansion!of!the!field!of!fluorescence!microscopy.!!

Newer!techniques!such!as,!confocal!fluorescence!microscopy,!allow!for!collection!of!more!

detailed!information!but!require!intense!laser!excitation!of!fluorophores!leading!to!

photodegradation.!!An!example!of!this!is!shown!in!Figure!1.1.2!#Currently,!photobleaching!is!

a!major!problem!for!the!field,!imposing!limits!on!the!information!that!can!be!gathered!from!

a!given!study.!!!!!!!!!!!!
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+

Photobleaching!!

Photobleaching!is!a!process!by!which!a!fluorophore,!when!exposed!to!light,!degrades,!

becoming!permanently!nonQfluorescent.!!In!general,!the!reactions!with!molecular!oxygen!

and!reactions!of!the!triplet!state!fluorophore!are!considered!the!two!primary!pathways!in!

dye!degradation.!The!specific!pathways,!and!the!extent!to!which!each!contributes!to!

photobleaching,!is!fluorophore!specific!and!highly!sensitive!to!minor!changes!in!conditions!

such!as!concentration,!oxygen!content,!viscosity,!etc.!!Regardless!of!the!pathway,!

photobleaching!of!fluorophores!is!currently!a!major!limitation!in!fluorescence!microscopy.!!!!

!In!attempts!to!solve!this!problem,!new!designer!dye!series!have!been!developed!and!

are!commercially!available!(e.g.,!Atto!(Atto4Tec+or+Sigma+Aldrich),!Cy!(GE+Healthcare),!Alexa!

Fluor!(Invitrogen)).!!Many!claims!have!been!made!regarding!these!being!superior!dyes!in!

regard!to!their!photostability,!however,!much!of!this!is!based!on!single!examples!that!vary!

Figure 1.1. Photobleaching in confocal fluorescence microscopy.  Loss of fluorescence 
intensity of three probes, bound to DNA (DAPI, blue), mitochondria (MitoTracker Red 
CMXRos, red), and actin filaments (BODIPY-FL phallacidin, green) in fixed bovine 
pulmonary artery endothelial (BPAE) cells.2  
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greatly!depending!on!which!system!the!dye!is!incorporated,!the!fluorescence!technique!and!

the!conditions.!!Although!derivatives!of!the!most!commonly!used!fluorophores!have!led!to!

the!development!of!dyes!with!highly!tunable!properties,!few!withstand!the!intense!laser!

irradiation!necessary!for!fluorescence!microscopy!over!time.!!!!!!!!

Another!way!to!combat!photobleaching!is!through!the!use!of!antiQfading!agents!(AFA).!!

The!term!antiQfading!agent!(AFA)!describes!any!compound!additive!that!decreases!the!rate!

of!photobleaching!of!a!fluorophore.!!Traditional!examples!of!AFAs!include!nQpropyl!gallate!

(nPG),!mercaptoethylamine!(MEA),!and!commercially!available!solutions!like!SlowFade®!

(with!diazabicycloocatne!(DABCO)),!ProLong®!Gold!(undisclosed!AFA)!from!Invitrogen!and!

Vectashield!(with!pQphenylenediamine!(PPD))!from!Vector+Laboratories.!!!!

There!has!been!some!success!in!increasing!the!photostability!of!fluorophores!upon!the!

addition!of!AFAs!(see!section!below!on!AFAs).!!However,!their!use!often!causes!other!

problems,!particularly!in!live!cell!imaging!due!to!the!relatively!high!(mM)!concentration!

required!to!be!effective.!!AFAs!can!affect!cellular!activity!and!are!generally!toxic.!!The!latter!

can!limit!their!use!to!fixed!cells.!!Furthermore,!different!dyes!are!stabilized!by!different!

AFAs,!which!can!lead!to!potential!complications!in!multiQfluorophore!experiments.3!!!

#

I.B.#Experimental#Design##

Project+Goals+

The!overall!objective!of!this!work!was!to!create!a!fluorophores!with!superior!

fluorescent!properties!by!covalently!attaching!dye!moieties!and!AFAs!to!hyperQbranched!

polyglycerols!(HPG).!!This!design!concept!is!illustrated!in!Figure!1.2!features:!1)!an!HPG!

scaffold!with!a!single!alkyne!linker,!2)!multiple!dye!molecules,!and!3)!multiple!AFA!
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moieties.!!The!alkyne!functionality!serves!as!a!single!point!of!attachment!allowing!one!

fluorescent!HPG!to!be!linked!to!a!single!biomolecule.!!In!principle,!multiple!copies!of!the!

fluorescent!dye!will!increase!the!brightness!of!the!molecule,!compensating!for!the!

quenching!expected!upon!conjugation.!Furthermore,!multiple!fluorophores!might!produce!

a!significantly!brighter!particle!allowing!for!studies!at!lower!concentrations!as!well!as!

enhancing!single!molecule!experiments.!!Covalent!linkage!of!dye!and!AFA!by!the!HPG!will!

act!to!increase!the!effective!concentration!of!AFA!and!alleviate!the!need!for!use!of!

millimolar!AFA!concentrations.!!It!was!also!anticipated!that!the!covalent!linkage!to!a!

polymeric!scaffold!would!restricts!the!AFA’s!interaction!with!biomolecules!potentially!

decreasing!its!toxicity.!!!

!

#

Hyperbranched+Polyglycerols+(HPGs)+

HPGs!were!regarded!as!ideal!scaffolds!for!our!purposes!because!they!are!water!soluble,!

nonQtoxic,!dendrimersQlike!macromolecules!with!high!functionality.4,5!!Furthermore,!large!

quantities!of!polymer!(kg!scale)!with!relatively!narrow!polydispersity!(PDI!≤!1.8)!can!be!

prepared!in!a!single!step!via!anionic!ringQopening!polymerization.6!!Similar!to!their!linear!

PEG!counterparts,!HPGs!have!been!found!to!be!nonQtoxic!and!well!tolerated!by!living!cells.!!

Figure 1.2. Conceptualization of 
HPG with multiple dye and 
multiple AFA moieties  
 
Note: the dye: AFA: polymer size ratios 
have been arbitrarily chosen for this 
illustration 



!
!

5!

In!addition,!the!HPG!may!act!as!a!shield!around!each!dye!moiety!to!decrease!the!dyeQdye!

quenching!interactions!typically!observed!when!tethering!multiple!fluorophores!together.!!!!!

+

Fluorophores7,8,9+

Most!organic!dyes!belong!to!a!group!of!similarly!structured!molecules,!the!most!

common!of!which!are!shown!in!Figure!1.3.!!!The!most!desirable!dyes!for!this!fluorescence!

application!have!large!molar!absorbtivities!(ε!>!50,000!Abs(Mcm)Q1),!high!quantum!yields!

(QY,!Φ),!and!a!minimum!Stoke’s!shift!!of!greater!than!10!nm.!!Further,!they!should!be!

waterQsoluble,!nonQaggregating,!and!be!easily!derivatized!if!not!commercially!available.!!+

!!

Fluorescein!is!a!member!of!the!xanthene!family!and!one!of!the!most!commonly!used!

fluorescent!dyes.!It!was!regarded!as!an!ideal!candidate!for!our!studies!because!in!aqueous!

solution!at!pH!8!or!greater!it!has!excellent!fluorescent!properties!with!a!QY!=!0.9,!a!molar!

absorptivity!of!!ε490=78,000!Abs(Mcm)Q1,!and!therefore!a!brightness!of!70,000!(brightness!=!

(Φ)ελmax).!!Moreover,!fluorescein!is!known!to!photobleach!quickly,!a!process!that!has!been!

extensively!studied.10,11,12!!It!is!important!to!note!that!fluorescein!can!exist!in!the!open!or!

closed!(lactone)!form,!as!well!as!in!multiple!protonation!states!(Figure!4). 13!!!These!

different!species!of!fluorescein!have!unique!spectral!properties!that!result!in!a!pH!
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dependent!fluorescence.14!!At!physiological!pH,!dianionic!fluorescein!predominates,!a!

factor!that!must!be!considered!in!experimental!conditions.!!!!!

Figure 1.4. Protonation States of Fluorescein at pH 1-1015 

!

+

Photobleaching+of+Fluorescein+

When!designing!a!system!to!enhance!the!photostability!of!fluorescein,!it!would!be!

prudent!to!understand!how!the!dye!photodegrades.!!!The!photobleaching!processes!of!

fluorescein!are!dependent!on!dye!concentration,!oxygen!concentration!and!the!presence!of!

other!species!(e.g.,!quencher),!among!other!variables.!!Of!particular!importance!are!the!

reactions!of!the!triplet!state,!which!is!formed!when!an!excited!molecule,!S*,!undergoes!

intersystem!crossing!(ISC),!Figure!1.5.!!Despite!the!fact!that!the!percentage!of!molecules!

that!undergo!ISC!is!small,!a!buildQup!of!dye!in!the!nonQfluorescent!triplet!state!(T*)!is!

observed!due!to!its!relatively!long!lifetime.!!Generally,!at!high!dye!concentration,!dyeQdye!

quenching!of!the!triplet!state!is!the!primary!cause!of!photobleaching,!but!when!the!

concentration!of!dye!is!lowered,!to!~20%!that!of!dissolved!oxygen,!dyeQoxygen!reactions!

were!found!to!predominate.16!!There!are,!however,!many!reactions!that!contribute!to!the!

dyeQdye!and!dyeQoxygen!photobleaching,!a!few!of!which!are!listed!in!Figure!1.6.!!A!key!

mechanism!to!decrease!photobleaching!is!to!quench!the!triplet!state.!!This!is!desirable!

because!the!ground!state!dye!is!regenerated!allowing!the!fluorophore!to!be!excited!again,!

6.34.42.2

OHO OH

OH

O

OHO O

OH

O

neutralcation anion

OHO O

O

O

OO O

O

O

dianion

pKa1 pKa2 pKa3
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but!triplet!state!quenching!can!also!form!permanently!nonQfluorescent!molecules!or!

reactive!oxygen!species!(ROS).!!The!complexity!of!possible!photodegredation!pathways!is!

further!complicated!by!the!fact!that!the!mechanisms!of!photobleaching!can!be!different!

depending!whether!the!fluorophore!is!studied!alone!in!free!solution!or!whether!it!is!linked!

to!another!species,!e.g.,!a!biomolecule.17  

 Figure 1.6. Reactions of Triplet State Fluorescein!

!

+

Anti4Fading+Agents+

!!As!indicated!above,!photobleaching!can!occur!via!several!pathways!and!consequently,!

AFAs!have!been!found!to!decrease!photobleaching!through!several!different!mechanisms,!

namely!triplet!state!quenching,!radical!quenching,!and!reacting!with!singlet!oxygen.!!A!

Figure 1.5. Jablonski Diagram  

!
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relatively!new!concept!to!fight!photobleaching!is!a!reducing!and!oxidizing!system!(ROXs),!

which!employs!both!an!oxidant!and!reductant!to!react!with!the!triplet!state!sequentially,!

effectively!returning!the!dye!to!the!ground!state.18!!The!most!common!AFAs!and!comments!

pertaining!to!their!use!are!reported!in!Table!1.1.!!!!!!!!

Table 1.1. Common Anti-Fading Agents (AFA)s19 

!

The!published!studies!of!antiQfading!agents!and!fluorescein,20,21!indicate!that!propyl!

gallate!is!likely!the!best!suited!AFA!to!our!system,!thus!preliminary!work!was!carried!out!

with!gallate!derivatives.!!Many!of!the!reported!studies!are!in!solutions!containing!a!high!

percentage!of!ethylene!glycol22,23!which!alters!viscosity,!known!to!be!a!key!determinant!in!

photostability,!a!factor!that!must!be!considered!when!evaluating!the!data.24!!Since!the!

project!began,!several!key!reports!about!the!use!of!ROXs!have!been!published;!suggesting!

that!trolox!and!methyl!viologen!may!also!be!well!suited!AFAs.25!!!!With!these!considerations!
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in!mind,!preliminary!studies!were!conducted!to!determine!the!feasibility!of!synthesizing!a!

brightly!fluorescent!HPG!with!superior!photostability!through!the!covalent!conjugation!of!

multiple!fluorescein!and!AFA!moieties.!!!

Preliminary+Work++

The!results!of!the!initial!work!

performed!by!Andrew!Zill,!are!

briefly!discussed.!!The!fluorescence!

and!photobleaching!rate!of!

fluorescein,!and!fluorescein!

conjugated!to!an!HPG!were!

compared!(Figure!1.7).!!Although!

there!was!initial!quenching,!no!

difference!in!the!photostability!was!

observed,!indicating!that!

conjugation!to!the!HPG!does!not!

alter!the!photostability!of!fluorescein,!at!least!not!when!a!long!(8!atom)!tether!was!

employed.!!!

Propyl!gallate!has!been!shown!to!decrease!the!photobleaching!of!fluorescein,26,27!and!

was,!therefore!the!initial!AFA!target.!!Several!gallate!derivatives!were!prepared!and!their!

ability!to!inhibit!the!photobleaching!of!fluorescein!studied!(Figure!1.8).28!!!

Figure 1.7. Photobleaching curves of fluorescein (black 
square) and a HPG-fluorescein derivative (blue 
triangle) at 1 µM [dye].  
 

  
!
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Figure 1.9. The photobleaching of fluorescein and 
a HPG with ~ 4 gallate moieties and a single 
fluorescein. TEG = triethylene glycol   

!

These!data!provide!insight!into!possible!modifications!that!can!be!made!to!gallate!in!order!

to!conjugate!the!AFA!to!HPGs!while!maintaining!the!antiQfading!properties.!!It!was!found!

that!changing!the!ester!to!an!amide!or!alkylating!the!phenoxy!groups!significantly!decrease!

the!antiQfading!properties!of!methyl!gallate.!The!methyl!gallate!derivative!with!

triethyleneglycol!(TEG)!significantly!quenches!fluorescence!but!decreases!photobleaching!

better!than!the!other!gallate!derivatives!tested.!!!

! The!TEGQgallate!derivative!was!

successfully!attached!to!HPG!with!a!

single!copy!of!fluorescein.!!

Photobleaching!studies!showed!that!

despite!initial!quenching,!the!gallate!

moieties!substantially!increased!the!

photostability!of!the!conjugated!

fluorescein!(Figure!1.9).!!!!!!!!!!

!

#
Figure 1.8. Photobleaching curves of fluorescein with various gallate derivatives 
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Given!these!promising!results,!a!more!rigorous!study!was!necessary!to!determine!

the!optimal!ratio!between!AFA!and!fluorescein!to!maximize!photostability.!!To!create!a!

brighter!fluorophore,!and!to!counteract!the!quenching!effect!of!dye!conjugation!to!the!HPG,!

multiple!dye!moieties!were!attached!to!the!polymer.!!In!addition,!a!control!series!was!

synthesized!and!studied!to!investigate!the!effects!of!the!number!of!fluorescein!and!size!of!

HPG!has!on!brightness!and!photostability.!!!!

#

I.C.#Results#and#Discussion#

HPG+Synthesis+

HPGs!were!synthesized!by!deprotonation!of!15Q25%!of!the!OH!groups!of!5Qhexynol!

with!base!followed!by!slow!addition!of!glycidol!(Scheme!1.1).29,30!!The!molecular!weight!

was!controlled!by!the!initiator!to!monomer!stoichiometric!ratio!(core:glycidol)!with!a!low!

polydispersity!achieved!(PDI!≤!1.8)!by!slowQaddition!of!monomer.!!No!difference!was!

observed!between!product!polymers!obtained!with!potassium!methoxide!or!sodium!

hydride!as!the!base.!!Because!of!the!high!viscosity!of!the!HPG!as!molecular!weight!

increases,!1,4Qdioxane!was!added!to!allow!for!stirring!during!polymerization!of!HPGs!with!

target!molecular!weight!over!20,000.29!!!

Large!quantities!of!low!molecular!weight!HPGs!were!prepared!to!ensure!that!all!

future!studies!were!carried!out!with!the!same!polymer!sample.!!Isolating!HPGs!under!10!

kDa!proved!most!effective!by!precipitating!from!methanol!with!diethyl!ether.!!By!

combining!polymers!of!similar!size!from!multiple!reactions31!and!reprecipitating!multiple!

times,!a!series!of!5!different!sized!polymers!were!isolated,!Table!1.2.!!!!

!
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Scheme 1.1. Synthesis of hyperbranched polyglyercol   
 

 

!

!

Table 1.2. Low Molecular Weight HPG Series (kDa) 

  Water SEC   DMF SEC 
Name Mn Mw PDI ~ Mass Mn Mw PDI 

A 1.2 1.7 1.4 30 g 1.5 1.8 1.3 
B 1.8 2.9 1.6 40 g 2.3 3.0 1.3 
C 3.9 6.5 1.7 25 g 4.3 5.4 1.3 
D 4.6 8.0 1.8 100 g 4.5 5.8 1.3 
E 7.3 12.3 1.7 30 g 7.8 9.7 1.3 

MW determined based on calibration with linear PEG 
    Each value reported is an average of results of triplicate samples.  A full table of results is in Chapter IV. 

Appendices.  
 

!!!!!

Polymers!with!high!molecular!weight!have!also!been!prepared;!however,!it!is!difficult!to!

predict!the!exact!molecular!weight!of!the!product!polymer!(Table!1.3).!!This!problem!has!

been!documented!in!the!Zimmerman!lab,!as!well!as!others.29,32!!The!poor!predictability!is!

thought!to!originate!in!small!variations!in!the!extent!of!deprotonation!of!the!initiator,!

possibly!a!result!of!trace!amounts!of!water,!which!results!in!large!differences!in!product!

molecular!weight.!!The!relative!pKas!of!the!initiator!and!glycidol!must!also!be!considered.!!

The!larger!HPGs!form!a!white!semiQsolid!when!precipitated,!which!was!filtered!off,!and!
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dialyzed!(8000!kDa!MWCO).!!Larger!polymers!were!found!to!have!narrower!PDIs!and!

required!a!less!tedious!workQup!but!were!lower!yielding.!!!!

!!!

Table 1.3. High Molecular Weight HPGs (kDa) 
 Name Mn Mw PDI Target MW Equivalents of base 

F 60.0 47.0 1.2 19,300 0.19 KOMe 
G 34.0 43.0 1.3 25,100 0.15 NaH 
H 42.0 52.6 1.2 20,900 0.24 KOMe 

Target MW is determined by the stoichiometric ratio of initiator: monomer 
Equivalents base is equivalents relative to initiator 
Values determined by comparison to linear PEG standards on water SEC 
!

The!HPGs!were!characterized!by!1H!NMR,!water!SEC!and!DMF!SEC!in!attempts!to!

accurately!determine!their!molecular!weight!but!there!were!large!discrepancies!depending!

on!the!technique!used.33!!Briefly,!the!values!calculated!from!1H!NMR!integrations!overQ

estimate!the!size!of!the!polymers!because!it!is!assumed!all!polymers!originate!with!5Q

hexynol.!!The!water!SEC!is!thought!to!underQestimate!the!size!of!the!polymers!because!of!

physical!interactions!with!the!matrix.!!The!DMF!SEC!is!believed!to!provide!the!most!

accurate!MW!values.!!The!relationship!between!the!determined!MW!values!according!to!the!

three!techniques!has!been!quantified!and!discussed!further!in!Chapter!IV.!Appendices.!!

Comparison!of!the!different!values!also!allowed!for!the!estimation!of!the!percentage!of!

HPGs!that!had!initiator!incorporated!which!was!generally!30Q50%.!!!!

FluoresceinSynthesis+

Most!applications!of!fluorescein!require!small!(milligram)!quantities!of!dye!or!the!

appropriate!derivative,!and!are!commerically!available!but!for!our!studies!larger!quantities!

of!dye!were!needed.!!Fluorescein!is!traditionally!synthesized!by!FriedelQCrafts!reaction!as!

reported!by!Baeyer!in!1871.!!Newer!procedures!have!been!published!with!higher!yields!
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under!milder!conditions!using!methylsulfonic!acid!as!a!solvent!(Scheme!1.2).!34!!Th!is!

synthetic!pathway!to!carboxyfluorescein!was!scalable.!!The!NHS!ester!was!then!generated.!!!!

 

HPG4Fluorescein+control+series+

Once!the!HPGs!and!FQNHS!were!synthesized,!a!fluorescein!control!series!was!prepared!

to!study!the!effects!of!the!number!of!dye!moieties!as!a!function!of!polymer!MW.!!Activated!

NQhydroxysuccinimide!carboxyfluorescein!was!coupled!to!HPG,!Scheme!1.3.!Fluorescein!

attachment!to!HPG!was!monitored!by!the!UV!absorbance!trace!of!water!SEC!samples.!!

Figure!1.10!shows!the!RI!and!UV!traces!at!given!time!points!during!a!representative!

reaction.!!The!RI!traces!show!the!polymer!peak!at!approximately!11!mL!and!residual!

solvent!peak!at!17!mL.!!The!UV!traces,!again,!show!the!polymer!peak!at!11!mL!but!also!

uncoupled!fluorescein!at!14Q15!mL.!!HPGs!have!negligible!UV!absorbance.!!Therefore,!the!

!

Scheme 1.2. Synthesis of 5(6)-Carboxy Fluorescein and Fluorescein-NHS (F-NHS)  

!

!
Scheme 1.3. Fluorescein conjugation to HPG 

!
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peak!observed!was!attributed!to!coupled!fluorescein.!!Free!fluorescein!indicates!that!the!

reaction!has!not!gone!to!completion!and!requires!more!time!or!base.!!On!occasion!the!free!

fluorescein!peak!remained!despite!additional!base!and!time,!this!was!likely!a!result!of!

degradation!of!the!activated!NHS!ester!to!carboxyfluorescein!which!does!not!couple!under!

the!given!conditions.!!After!the!reaction!was!complete,!the!polymer!was!dialyzed!(2000!

MWCO)!to!remove!free!fluorescein!and!other!small!molecule!impurities.!!!+

!

The!1H!NMR!of!HPGQfluorescein!polymers!were!collected!but!provided!limited!

information,!the!ratio!of!peak!integration!was!too!large!to!be!accurate.!!Some!of!the!

aromatic!peaks!of!fluorescein!appear!broadened!while!others!remain!sharp.!!This!

difference!was!thought!to!result!from!the!different!environments!of!the!conjugated!

fluorescein;!i.e.,!the!extent!to!which!fluorescein!is!exposed!to!solvent!or!surrounded!by!

           A) RI traces of Fl-HPG control series                B) UV traces of Fl-HPG control series  

!!!!! !

Figure 1.10. Water SEC traces of the A) refractive index and B) UV 
absorbance at 289 nm over the course of the reactions of NHS-
carboxyfluorescein and HPG.    !
!



!
!

16!

polymer.!!Once!thoroughly!dried!to!obtain!an!accurate!mass,!each!polymer!was!

characterized!by!UVQvis!and!fluorescence!spectroscopy.!!!

! The!molar!absorptivity,!calculated!from!Beer’s!Law!plots,!was!used!to!determine!the!

number!of!fluorophores!per!polymer.!!The!molar!absorptivity!of!fluorescein!was!

determined!to!be!ελ490=!78,000!Abs(Mcm)Q1!in!the!given!conditions,!10!mM!sodium!

phosphate!buffer!at!pH!8.0.!!Figure!1.11!shows!representative!spectra!of!the!HPGQ

fluorescein!control!series.!!A!slight!bathochromic!shift!(≤10!nm)!was!observed!in!both!the!

UV!and!fluorescence!spectra!of!fluorescein!conjugated!to!HPG.!!!To!determine!the!quantum!

yield,!Φ,!and!brightness,!the!fluorescence!spectra!of!each!sample!was!collected!by!exciting!

at!λ!=!475!nm!and!monitoring!from!480−600!nm.!!The!linear!fit!of!absorbance!vs.!

fluorescence!plot!provides!a!response!factor!(the!slope)!that!when!compared!to!

fluorescence!response!factor!of!fluorescein,!Φ!=!0.9,!gives!the!quantum!yield!(Figure!1.12).!!

The!results!of!the!spectroscopic!studies!are!reported!in!Table!1.4.!!A!lengthier!explanation!

     UV-vis and Fluorescence Spectra of Fl and HPG-Fl 

!
Figure 1.11. UV-vis and Fluorescence Spectra of free Fluorescein and  
HPG-fluorescein conjugate (excited at 475 nm). 
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of!the!workQup!of!fluorescence,!as!well!as!spectroscopic!data!for!all!polymers!can!be!found!

in!Chapter!IV.!Appendices.!!!

! !

!

Figure 1.12. Plots of spectroscopic data of a representative polymer from the HPG-fluorescein 
control series. A) Beer’s Law plot of three different samples of the same polymer B) Plot of 
integrated fluorescence value vs. absorbance at 475 nm.    
!

Table 1.4. Spectroscopic data of HPG-fluorescein control series  

Reference #   55 56 57 52 53 83 84 85 86 
SM Mw (kDa) (SECH2O)  dye 3 kDa series 12 kDa series 
SM Mw (kDa) (SECDMF)   7 7 7 29 29 29 29 29 29 

dye / polymer   1.0 0.6 3.7 0.4 4.3 1 2 4 11 
ελmax  78 78 43 290 33 334 88 140 302 860 
ϕ 0.9 0.71 0.61 0.28 0.77 0.49 0.71 0.69 0.71 0.61 

brightness (ε) ϕ 70 55 26 81 25 164 62 97 214 525 
rel. brightness 1.0 0.8 0.4 1.2 0.4 2.3 0.9 1.4 3.1 7.5 

reference #   69 70 72 78 79 80 81 
  SM Mw (kDa) (SECH2O) dye 40 kDa series 
  SM Mw (kDa) (SECDMF)   82 82 82 82 82 82 82 
  dye / polymer   9.0 6.2 5.7 3.3 6.6 7.1 6.3 
  ελmax  78 700 480 445 261 519 557 488 
  ϕ 0.9 0.61 0.81 0.72 0.55 0.57 0.57 0.78 
  brightness (ε) ϕ 70 427 389 320 144 296 317 381 
  rel. brightness 1.0 6.1 5.5 4.6 2.0 4.2 4.5 5.4 
  ελmax  reported as Abs/Mcm-1   

dye = free fluorescein 
     Values reported are an average of triplicate samples measured  
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  !

!!

It!was!found!that!linking!more!fluorescein!units!to!the!polymer!yields!brighter!

polymer!but!with!each!additional!fluorophore!increase!the!brightness!by!a!smaller!

increment!(Figure!1.13).!!It!is!well!documented!that!fluorescein!is!partially!quenched!when!

conjugated!to!biopolymers.35!!Furthermore,!if!the!labeling!density!of!dye!is!high,!dyeQdye!

interactions!cause!increased!rates!of!photobleaching.36,37!!Under!a!specific!set!of!conditions,!

each!fluorophoreQbiomolecule!conjugate!has!an!optimal!number!of!dye!moieties,!after!

which!additional!dye!decreases!the!total!brightness,!not!just!the!additional!brightness!per!

dye.!!The!above!observations!were!consistent!with!reported!studies!where!the!maximum!

brightness!hasn’t!clearly!defined.!!The!larger!polymer!was!able!to!accomodate!more!dye!

moieties!before!reaching!the!percieved!maximum!brightness.!!The!maximum!brightness!of!

the!40!kDa!HPGQfluorescein!series!was!achieved!with!~9!dye!per!polymer!resulting!in!a!

              HPG-fluorescein control series relative brightness/dye 

!
!

Figure 1.13. Plot of the number of 
dye moieties per polymer vs the 
brightness relative to fluorescein.  
The black line is x=y.  Relative 
brightness of 1 is equivalent to the 
brightness of fluorescein.     
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molecule!that!is!~6!times!as!bright!as!free!fluorescein.!!Although!more!polymers!need!to!be!

synthesized!and!tested!to!draw!firm!conclusions!about!the!smaller!polymers,!it!does!appear!

that!the!optimal!number!of!dyes!per!polymer!is!considerably!lower.!!This!was!what!was!

expected;!as!the!proxitmity!of!the!dye!molecules!becomes!closer!the!effective!concentration!

is!higher!leading!to!dyeQdye!quenching.!!!

Amine4HPG+Synthesis+

An!amine!functionalized!HPG!was!desired!not!only!to!circumvent!the!low!loading!of!the!

fluorescein!to!hydroxylQterminated!polymer!but!also!to!form!an!amide!linkage!to!the!

fluorophore!and!AFAs!instead!of!the!more!labile!ester.!!Although!amineQHPGs!have!been!

reported!via!derivatization!of!HPG,38!it!was!proposed!that!copolymerization!of!a!protected!

epoxy!amine!with!glycidol!and!subsequent!deprotection!would!provide!a!more!direct!route.!!

Furthermore,!placement!of!the!amines!within!the!polymer!(interior!vs.!exterior)!would!be!

controllable!by!the!timing!of!monomer!addition!to!the!polymerization.!!This!approach!

would!also!allow!precise!control!over!the!number!of!amine!groups!per!polymer.!!!!

Glycidylphthalimide!has!been!reported!as!an!endQcapping!agent.!!It!was!prepared!and!

successfully!copolymerized!with!glycidol,!but!the!phthalimide!group!could!not!be!cleanly!

hydrolyzed.!!This!was!thought!to!be!due!to!a!GabrielQColeman!rearrangement.!!!

Frey!and!coworkers!reported!the!preparation!of!a!polymer!incorporating!

dibenzylaminoglycidol!(DBAG)!and!it!was!thought!to!be!a!viable!alternative!to!the!

glycidylphthalimide.39!!DBAG!was!prepared!in!two!steps!from!epichlorohydrin!(Scheme!

1.4).!!Dibenzylamine!nucleophilic!attack!results!in!ringQopening!of!the!epxoy!to!give!3Q

dibenzylamineQchloroisopropanol!in!high!yield.!!RingQclosing!displacement!of!the!chloro!in!

the!presence!of!base!produces!the!desired!DBAG!in!~90%!crude!yield.!40,!41!!
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Copolymerizations!of!DBAG!and!gycidol!were!successful,!achieving!up!to!8!groups!per!

polymer!(Scheme!1.5).!!However,!attempts!to!remove!the!benzyl!protecting!groups!to!

create!the!free!amine!failed.!!ParaQmethoxydibenzylaminoglycidol!(MDBAG)!was!

synthesized!(Scheme!1.4),!and!copolymerized!with!glycidol.!!Again,!it!could!not!be!

deprotected.!!!!!!!!!!!!

Despite!much!effort!to!prepare!an!HPG!with!amine!groups!via!copolymerization!of!glycidol!

and!a!protected!amine!monomer,!this!pathway!failed!to!provide!an!efficient!route!to!the!

desired!product.!!Whereas!the!reported!synthesis!of!amine!containing!HPG!includes!three!

steps!after!polymerization!(Scheme!1.6)#it!has!proved!reproducible!and!less!time!

consuming!than!the!copolymerization!pathway.!!First,!HPG!is!mesylated!or!tosylated,!

followed!by!reaction!with!sodium!azide!and!finally!reduction!to!the!desired!amine.!!!

!

Scheme 1.4. Synthesis of dibenzylaminoglycidol (DBAG) and dip-methoxybenzylamino 
glycidol (MDBAG).!
!

!

Scheme 1.5. Proposed synthesis of amine-HPG via copolymerization of glycidol and DBAG 
followed by hydrogenation.  
!
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!

+

Anti4Fading+Agent+Derivatization+

To!directly!attach!AFAs!to!HPG,!derivatives!of!the!AFAs!were!synthesized.!!Gallate,!

and!trolox,!were!both!derivatized!to!include!an!acid!chloride!and!activated!ester!group,!

respectively,!functionality!that!allows!ready!coupling!to!HPG.!!The!synthetic!scheme!to!

make!dibenzylTEG!gallic!acid!chloride!(tG)42!is!straight!forward!(Scheme!1.7).!!Thus,!the!

paraQphenol!of!methyl!gallate!was!PEGylated!with!triethylene!glycol!tosylate!and!the!3,5!

phenol!groups!were!benzyl!protected.!!It!was!found!necessary!to!protect!the!phenol!groups!

of!gallate!derivatives!when!coupling!to!HPG!to!avoid!significant!crossQlinking.43!!

Subsequent!treatment!of!the!methyl!ester,!BntG,!with!base!gave!the!acid,!BntGa,!which!was!

reacted!with!oxalyl!chloride!to!yield!the!acid!chloride,!ClBntG.!!!!!!

#

Scheme 1.7. Synthesis of gallate derivatives for attachemnt to HPGs 
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Trolox!methyl!ester!has!also!been!synthesized!(Scheme!1.8).44!!Trolox!(TX)!was!

prepared!by!demethylation!of!the!ester!which!was!then!reacted!with!NHS!to!yield!NQ

hydroxy!succinimide!trolox!(TNHS).!#

!

Scheme 1.8. Synthesis of Trolox Derivatives  

To!achieve!direct!attachment!of!gallate!to!HPG,!ClBntG!was!reacted!with!HPG!in!large!

excess!(Scheme!1.9).!!Successful!conjugation!of!gallate!to!the!HPG!was!sporadic!and!there!

was!little!control!over!the!number!of!gallate!moieties!attached.!!Inconsitencies!in!the!

coupling!were!likely!a!result!of!trace!amounts!of!water!in!the!HPG!despite!significant!efforts!

to!dry!the!polymer!(see!Chapter!III.!Experimental!for!details).!!The!SEC!trace!of!the!HPGQ

gallate!polymer!had!slight!shift!to!shorter!retention!times!(than!the!starting!HPG)!indicated!

a!an!increase!in!molecular!weight!(Figure!1.14).##Incorporation!of!fluorescein!into!the!

polymer,!increased!the!molecular!weight!slightly!but!was!quite!evident!in!the!UVQvis!

spectrum!by!the!peak!around!500!nm.!!Attempts!to!deprotect!the!phenols!groups!of!the!

gallate!moieties!via!hydrogenation!were!unsucessful.!!To!circumvent!this!problem!a!gallate!

derivative!was!resynthesized!with!THP!as!the!protecting!groups. 
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+

New+Direction!

! Blanchard!and!coworkers!found!that!the!stabilizing!properties!of!trolox!on!Cy5!were!

largely!dependent!on!their!distance.!!This!finding!led!to!a!new!direction!in!the!project.!!The!

new!aim!was!to!covalently!attach!the!AFA!and!fluorescein!prior!to!conjugating!to!the!HPG,!

(Figure!1.15).!!This!new!design!would!guarantee!the!AFA!and!dye!are!in!close!proximity,!

 
A) RI trace of SEC of HPG derivatives  B) UV spectra of HPG derivatives  

!
Figure 1.14. A) RI trace of SEC chromatograph of HPG, HPG with gallate and HPG with gallate 
and fluorescein.  There’s a slightly faster elution time of HPGs with appendages.  B) UV spectra 
at the indicated time (line) during the SEC run.  The HPG has negligent UV absorbance, the HPG 
with gallate has slight absorbance around 270 nm, and the HPG with gallate and fluorescein has 
significant absorbance around 500 nm and 270 nm.   

!
Scheme 1.9. Synthesis of HPG-Gallate-Fluorescein conjugates (HPG-G-Fl) 
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whereas!before!a!random!distribution!was!expected.!!It!was!also!anticipated!that!

connection!of!the!dye!and!AFA!might!alleviate!the!difficult!of!direct!conjugation!to!the!HPG.!!!

!

Design+and+Synthesis+

Lysine!was!chosen!to!link!

fluorescein!and!an!AFA!together!

prior!to!conjugation!to!the!HPG!

because!it!was!commercially!

available!as!a!free!acid!with!two!different!protecting!groups!on!the!amines,!allowing!for!

reaction!in!controlled!succession!(Figure1.16).!!However,!this!also!requires!that!the!HPG!be!

derivatized!to!include!functional!groups!capable!of!reacting!with!the!lysine!sideQchain!

amine.!!Therefore,!an!HPG!with!carboxylic!acid!groups!was!pursued.!!

!

!

Figure 1.16: Conceptualization of AFA and dye 
linkage and molecular structure   !

!
Figure 1.15. Previous conceptualization of HPG-AFA-Fl design and the new 
conceptualization of dye and AFA linked and then linked to HPG.   
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Control+Compounds+

Control!compounds!to!test!the!effects!of!covalently!linking!the!AFAs!of!interest!(gallate!

and!trolox)!to!fluorescein!were!synthesized!and!studied.!!Ethylenediamine!was!chosen!as!

the!linker!because!of!its!reactivity!and!short!length.!!Each!AFA!was!reacted!with!excess!

ethylenediamine!and!then!FITC!to!form!the!conjugates!T2Fl!and!G2Fl!(Scheme!1.10).!!It!is!

important!to!note!that!both!conjugated!AFAs!contain!amide!groups!where!trolox!is!

typically!used!as!an!acid!and!gallate!as!a!methyl!or!propyl!ester.!!These!alterations!to!the!

AFAs!structure!were!thought!to!effect!the!photostabilizing!capabilities,!however,!amides!

were!the!proposed!and!pursued!linkage!to!the!lysine!moiety,!so!the!effect!was!relevant.!!

The!control!compounds!were!studied!as!well!as!GLys(Boc)Fl!(Table!1.5).!!A!slight!decrease!

in!molar!absorptivity!and!a!slight!bathochromic!shift!were!observed!in!all!three!

compounds.!!Both!effects!are!common!and!anticipated.!!A!significant!decrease!in!the!

!
Scheme 1.10. A) Synthesis of gallate-fluorescein conjugate control compound, G2Fl.  B) 
Synthesis of trolox-fluorescein conjugate control compound, T2Fl.   
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quantum!yield!is!often!observed!when!dyes,!particularly!fluorescein,!are!conjugated,!as!

observed!in!HPGQFl!compounds.!!The!quantum!yields!of!the!control!compounds!were!even!

lower,!possibly!due!to!the!amide!linkage!or!other!functionalities!introduced!by!the!AFA.!!!

! The!decrease!in!brightness!of!the!AFAQFl!conjugates!was!not!a!significant!problem!

because!it!could!be!overcome!by!attaching!multiple!moieties!to!a!HPG.!!The!previously!

mentioned!control!HPGQFl!series!indicated!that!the!12!and!40!kDa!HPGs!could!

accommodate!many!fluorescein!residues!before!reaching!maximum!brightness.!!!!!!!!!!!!!!!

+

Linker+Synthesis+

! Once!the!effects!of!linking!fluorescein!and!the!AFAs!were!quantitatively!evaluated,!the!

synthesis!of!the!gallateQlysineQfluorescein!conjugate!(GLys(Boc)Fl)!was!undertaken.!!The!

gallateQcontaining!compound!was!pursued!first!because!of!the!higher!relative!brightness!of!

the!control!compound,!G2Fl,!compared!to!T2Fl.!!Like!previously!synthesized!gallate!

compounds,!the!para!phenol!group!was!alkylated,!to!give!mG!(Scheme!1.11).!The!terminal!

amine!group!was!coupled!to!the!carboxylic!acid!group!of!Lys(boc)fmoc!(Scheme!1.12).!!

Selective!deprotection!of!fmoc!followed!by!coupling!to!FITC!yielded!GLys(boc)Fl.!!

Table 1.5. Spectroscopic Characterization of AFA-Fl Conjugates 

  G2Fl T2Fl GLys(Boc)Fl fluorescein 
ελmax  75 70 72 78 

λmax  (nm) 494 494 493 488 
ϕ 0.35 0.15   0.9 

Brightness: (ε)ϕ 26.7 10.5   70.2 
rel. brightness 0.38 0.15   1 

!
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methylester,!mG,!was!then!reacted!with!ethylenediamine!to!provide!G2NH2.!!The!free!

Deprotection!of!the!sideQchain!amine!generated!GLys(NH2)Fl#ready!to!be!coupled!to!HPG.!!!!!!!!!!!!!!!!!!

!

!
Scheme 1.11. Synthesis of gallate amine derivative, G2NH2.  The para phenol group was 
reacted to help stabilize the gallate group, and then the methyl ester reacted with 
ethylenediamine for further conjugation with carboxylic acid groups.  

 
Scheme 1.12. Synthesis of HPG-GLysFl conjugate. The gallate derivative G2NH2 was 
coupled to the acid of a diprotected lysine.  Selective deprotection of one amine group 
allowed coupling to FITC to install a fluorescein moiety.  Deprotection of the side-chain 
amine then allowed coupling to HPG-CO2-C3H6-CO2H.   
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HPGs!with!carboxylic!acid!groups!were!need!to!couple!with!the!amine!group!of!the!

GLys(NH2)Fl.!!The!first!method!to!incorporate!acid!groups!into!HPG!was!the!opening!of!

succinic!anhydride!(Scheme!1.13).!This!synthesis!worked!well!allowing!for!easy!control!of!

the!number!of!acid!groups!incorporated.!!The!HPGQCO2QC3H6QCO2H!was!then!successfully!

coupled!with!GLys(NH2)Fl.!!!!

During!purification!via!preparatory!SEC!a!clear!distinction!could!be!made!between!the!HPG!

and!free!GLys(NH2)Fl.!!Unfortunately,!during!repeated!runs!it!appeared!that!the!fluorescein!

moiety!was!cleaving!from!the!HPG.!!It!was!believed!that!the!ester!bond!between!the!

succinic!anhydride!and!HPG!was!degrading!possibility!due!to!hydrolysis!or!an!

intramolecular!reaction.!!It!was!thought!that!purification!using!dialysis!might!not!have!this!

problem.!However,!there!was!some!concern!that!the!ester!group!would!also!cleave!in!

cellular!environments,!therefore,!a!second!method!to!incorporate!carboxylic!acids!into!the!

HPG!was!pursued.!!Deprotonation!of!the!HPG!with!NaH!followed!by!addition!of!chloroacetic!

acid!yielded!the!desired!product!(Scheme!1.13).!!When!the!resulting!polymers!were!

characterized!by!DMF!SEC,!the!molecular!weight!change!suggested!near!complete!coupling!

of!the!chloroacetic!acid.!!However,!when!fewer!equivalents!of!acid!were!added!similar!

!

Scheme 1.13: The two methods used to form HPG with acid groups to further functionalize.   
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changes!in!molecular!weight!were!observed.!!This!indicates!that!SEC!is!not!a!reliable!way!to!

determine!the!number!of!acid!moieties!incorporated.!!The!relatively!uniform!increase!in!

molecular!weight!could!be!due!to!alteration!in!how!the!polymer!interacts!with!the!SEC!

matrix!or!an!increase!in!polymer!size!due!to!loss!of!the!smallest!polymers!from!repeated!

precipitation!during!workQup.!!1H!NMR!spectra!were!collected!and!integration!of!the!acid!

peak!relative!to!the!polymer!initiator!peak!indicates!the!number!of!acid!moieties!

incorporated.!!Before!GLys(NH2)Fl#could!be!conjugated!it!was!decided!to!pursue!a!new!

polymer!scaffold!for!our!purposes.!!

! If!efforts!on!the!project!are!resumed!and!the!conjugation!of!the!GLys(NH2)Fl!and!HPGQ

CH2-CO2H!fails,!there!are!several!other!synthetic!options!available.!!One!example!is!shown!

in!Scheme!1.14,!which!involves!incorporating!an!alkyne!group!that!could!then!be!clicked!to!

the!multiQazide!HPG.!!!!!!

#

I.D.#Conclusions#and#Future#Directions#

! A!variety!of!HPGs!were!prepared!and!derivatized!in!using!several!different!strategies.!!

Efforts!toward!an!AFAQFlQHPG!were!protracted!and!stopped!short!of!accomplishing!their!

goal.!!Should!HPG!be!considered!for!a!scaffold!in!the!future!the!following!recommendations!

are!made.!!The!literature!method!of!preparing!HPGQamine!via!mesylation,!substitution!and!

reduction,!although!not!ideal,!works!well!enough.!!While!developing!an!amine!comonomer!

!
Scheme 1.14. Possible G-Lys-Fl derivative attach to HPG   
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would!allow!greater!control,!in!theory,!efforts!were!time!intensive!and!did!not!work!out.!!

Avoid!water!sensitive!reactions!with!HPG!by!developing!a!different!synthetic!pathway.!!!!!!!!!!!!!!!!!!!!

! The!work!presented!thus!far!suggests!that!a!different!scaffold!might!be!worth!pursing!

to!achieve!our!goal!of!covalently!attaching!multiple!AFA!and!dye!moieties!in!a!single!

molecule.!!Yugang!Bai,!in!the!Zimmerman!lab,!obtained!some!promising!results!using!a!

norbornyl!backbone!polymer!and!thus!efforts!were!shifted!to!focus!on!this!strategy.!!!!

!

!!

!
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II.#Synthesis#and#Characterization#of#Norbornyl#Based#Fluorescent#

Organic#Nanoparticles#with#Improved#Photostability##

Portions of this chapter have been published by Yugang Bai, Hang Xing, Gretchen A. Vincil, 
Jennifer Lee, Essence J. Henderson, Yi Lu, N. Gabriel Lemcoff and Steven C. Zimmerman,   
“Practical synthesis of water-soluble organic nanoparticles with a single reactive group and a 
functional carrier scaffold” Chem. Sci. 2014, 5, 2862-2868.   

 
II.A.#Introduction#

! A!new!approach!toward!the!development!of!bright!photostable!fluorescent!

macromolecules!was!pursued.!!In!a!strategy!very!different!than!that!presented!in!Chapter!I,!

here!the!fluorophore!was!incorporated!into!the!macromolecule!during!synthesis!rather!

than!post>polymer!synthesis.!!The!macromolecule!still!needed!to!fulfill!the!same!properties!

as!discussed!before:!1)!water>soluble!and!biocompatible,!2)!mono>functional!for!

conjugation,!3)!able!to!incorporate!multiple!fluorophore!and!AFA!moieties.!!

! Described!herein!is!a!polynorborene!polymer!prepared!via!ring!opening!metathesis!

polymerization!(ROMP)!followed!by!further!derivation!to!form!water>soluble!organic!

nanoparticles!with!fluorescein!and!AFAs.!!For!the!ROMP!process!ruthenium!catalyst,!

RuCl2(pyridine)2(H2IMes)(CHPh)!was!chosen!because!of!its!high!functional!group!tolerance!

including!protected!fluorescein!and!AFA!moieties.1!!Additionally,!monotelechelic!ROMP!

polymers!have!been!prepared!via!end!capping.2!!Once!the!linear!ROMP!polymer!was!

prepared!it!was!modified!to!include!allyl!groups!that!then!underwent!ring>closing!

metathesis!(RCM)!to!form!an!organic!nanoparticle!(ONP).!!Dihydroxylation!of!the!alkene!

back>bone!and!cross>linking!units!created!a!hydrophilic!ONP.!!Figure!2.1!illustrates!the!

desired!final!structure!of!the!ONP!as!well!as!the!monomers!required!to!prepare!it.!!The!diol!

monomer!(blue)!introduced!some!water!solubility!and!acted!as!a!spacer!unit.!!The!activated!
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ester!monomer!(pink)!was!a!point!of!attachment!for!the!cross>linking!allyl!groups.!!The!

fluorophore,!fluorescein,!(green)!and!AFA,!gallate,!(red)!monomers!were!modified!to!attach!

a!norbornyl!component.!!The!end!cap!(purple)!served!as!a!point!of!further!derivatization.!!!!!

Design'

!

The!iterative!ROMP>RCM!process!allowed!for!the!preparation!of!ONPs!with!the!desired!

composition!and!properties.!!The!ONPs!were!then!studied!and!found!to!have!higher!

photostability!than!free!fluorescein.!ONPs!of!different!molecular!weights!and!containing!

different!ratios!of!monomers!were!prepared!and!studied!to!determine!the!source!of!the!

increased!stability,!the!results!of!which!are!discussed!herein.!!!!!!!!
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II.B.#Results#and#Discussion#

Synthesis'

! The!required!monomers!were!prepared!in!a!straightforward!manner!as!outlined!in!

Schemes!2.1>2.4.!!The!water!solubilizing!spacer!monomer,!NBPdiOH,!was!prepared!in!a!

two>step,!one!pot,!reaction!of!carbic!anhydride!with!3>amino>1,2>propanediol!to!generate!a!

diol.!!The!diol!was!then!protected!with!an!acetonide!group!by!reacting!with!2,2>

dimethoxypropane!(Scheme!2.1).!!The!activated!ester!monomer,!NBGlyNHS,!was!

synthesized!by!reacting!carbic!anhydride!with!glycine!and!subsequently,!coupling!it!with!N>

hydroxysuccinimide.!!

A. 

 
B.  

 
 
Scheme 2.1. A) Synthesis of NBPdiOH formed by reacting exo-carbic anhydride with 3-
amino-1,2-propanediol and then protecting with 2,2-dimethoxypropane. B) NBGlyNHS was 
prepared by reacting exo-carbic anhydride with glycine and then forming the activated N-
hydroxysuccinimide ester.       
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! Two!carbic!anhydride!derivatives!were!prepared!(Scheme!2.2)!to!couple!a!

norbornyl!unit!to!the!AFAs!and!dyes.!!NB4NH2,!was!prepared!by!reacting!carbic!anhydride!

with!putrescine.!!This!reaction!gave!much!better!yields!when!done!using!neat!conditions!

than!in!solvent(s).!!NB3OH!was!prepared!by!reacting!carbic!anhydride!with!1>

aminopropanol.!!

!

! The!anti>fading!agents,!gallate!and!trolox,!were!derivatized!and!conjugated!to!the!

aforementioned!carbic!anhydride!derivatives!(Scheme!2.3).!!A!previously!synthesized!

gallate!derivative,!mG,!was!demethylated!and!coupled!to!NB4NH2.!The!phenol!groups!of!

G4NB!were!protected!with!acetate!groups!to!give!AcG4NB.!!!

 
Scheme 2.2. Synthesis of NB3OH and NB4NH2  
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Previous!group!members!found!that!when!center!phenol!group!on!gallate!was!

unprotected!cross>linking!occurred!when!conjugated!to!HPG.!!Thus!the!center!phenol!

group!was!alkylated!on!one!of!the!gallate!monomers,!AcG4NB.!!However,!it!was!possible!to!

protect!all!the!phenol!groups!during!the!synthesis!of!the!ONP!and!deprotect!all!of!them!at!

the!end.!!Three!deprotected!phenol!groups!was!desirable!because!preliminary!studies!

found!that!there!was!significantly!less!initial!quenching!of!fluorescein!than!when!the!

phenols!were!protected!(Figure!1.8).!!Additionally,!an!ester!linkage!instead!of!an!amine!

A) 

 
B)  

 
C) 

 
Scheme 2.3. Synthesis of AFA monomers A) mG was demethylated, coupled to NB4NH2 and 
then protected by reacting with acetic anhydride B) methyl gallate was triMOM protected, 
demethylated and coupled to NB4NH2  C) Trolox was coupled to NB4NH2 and protected by 
reacting with acetic anhydride.    
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linkage!was!found!to!have!better!photostabilizing!abilities.!!For!these!reasons,!G3NB!was!

synthesized,!by!triMOM!protecting!methyl!gallate!followed!by!demethylation!and!coupling!

to!NB3OH.!!This!synthetic!strategy!worked!better!than!demethylation!followed!by!MOM!

protection.!!A!trolox!monomer,!AcT4NB,!was!prepared!by!coupling!trolox!to!NB4NH2!and!

protecting!the!phenol!groups!(Scheme!2.3).!!!!!!!!

The!fluorescein!monomer,!AcF4NB,!was!synthesized!by!coupling!carboxyfluorescein!to!

NB4NH2,!and!subsequently!protecting!the!phenols!(Scheme!2.4).!!Chain>transfer!agents!

used!to!end!cap!the!polymer!were!synthesized!according!to!Scheme!2.5.!!CTA>TyrNHBoc!

was!synthesized!by!N>Boc!protecting!tyramine!then!reacting!it!with!Z>1,4>dichlorobutene.!!

CTA>TEGN3!was!synthesized!to!introduce!an!azide!functionality!into!the!ONPs.!!A!PEG!

linker!was!chosen!to!enhance!water!solubility!and!to!form!a!long!linker!to!the!ONP!to!

ensure!the!azide!group!would!be!accessible.!!Triethylene!glycol!monochloride!was!reacted!

with!sodium!azide!to!afford!triethylene!glycol!monoazide!in!high!yield.!!Triethylene!glycol!

monoazide!was!then!reacted!with!Z>1,4>dichlorobutene!but,!unfortunately,!the!major!

product!formed!was!the!result!of!a!substitution!on!one!side!and!an!elimination!to!yield!a!

1,3!diene.!!The!synthetic!strategy!was!modified!to!first!form!a!tosylate!and!then!react!it!

 
Scheme 2.4. Synthesis of fluorescein monomer, AcF4NB, by coupling NB4NH2 and 5,6-
carboxyfluorescein and then protecting the phenols.  

O

CO2

HO O

DMF
NHS, EDC
NB4NH2

66%

HO2C

HO OO

CO2H

O
HN

N
O

O

F4NB

AcO OAcO

O
HN

N
O

O

AcF4NB

62%
acetic anhydride O

O



!43!

with!Z>1,4>butenediol!to!afford!the!desired!product.!!Triallyltris!was!also!prepared!

according!to!Scheme!2.6.!!!

!!!!!!!!!!!!!!!!

Once!all!the!monomers!were!synthesized,!the!ONPs!were!prepared!according!to!Scheme!

2.7.!!Monomers!were!mixed!in!the!desired!ratio!and!RuCl2(pyridine)2(H2IMes)(CHPh)!

added.!!The!polymerization!was!allowed!to!proceed!for!20!min!and!the!chain>transfer!agent!

was!added.!!To!incorporate!terminal!alkene!groups,!the!activated!N>hydroxysuccinimide!

A)  

  
B) 

 
Scheme 2.5. Synthesis of CTAs A) The amine of tyramine was boc protected and then the 
phenol reacted with Z-dichlorobutene to yield CTA-TyrNHBoc. B) Triethylene glycol 
monochloride undergoes a substitution reaction with sodium azide and then a tosylate was 
formed and reacted with Z-butenediol to give CTA-TEGN3.  
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Scheme 2.6. Tris was sequentially N-boc protected, allylated, and deprotected to yield 
triallyltris. 
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esters!of!the!linear!ROMP!polymer!were!reacted!with!

triallyltris.!!The!ROMP>allyl!polymer!was!then!reacted!

with!Grubbs!I!catalyst!at!high!dilution!to!undergo!ring>

closing!metathesis.!!The!alkene!groups!on!the!polymer!

backbone!and!those!resulting!from!the!RCM!reaction!

were!dihydroxylated!with!OsO4!and!NMO!to!afford!an!

aqueous!soluble!ONP.!!Treatment!with!acid!removed!the!

protecting!groups.!!Preparation!of!the!ONPs!was!scalable.!!

Figure!2.2!shows!the!large>scale!synthesis!of!over!1.5!g!of!

ONP150>4F>LS.!!!!!

All!ONPs!that!were!prepared,!with!the!exception!of!

two,!were!composed!of!NBPdiOH!and!NBGlyNHS!in!a!2:1!

mol!ratio!whereas!the!mol!%!of!fluorescein!and!the!AFAs!were!varied!to!study!their!effect.!!

Naming!of!the!ONP!was!as!follows:!ONP>base!number>equivalents!of!fluorescein!monomer>

equivalents!of!AFA!monomer>other!information;!where!the!base!number!was!the!

equivalents!of!NBPdiOH!and!NBGlyNHS!added!together.!!For!example!ONP150>10F>10T>a!

is!the!ONP!synthesized!by!polymerizing!100!eq.!NBPdiOH,!50!eq.!NBGlyNHS,!10!eq.!

AcF4NB,!and!10!eq.!AcT4NB.!!Additionally,!lower!case!letter!following!the!name!indicated!

the!polymer!was!prepare!multiple!times!and!was!differentiated!sequentially!by!these!

letters.!!A!table!of!all!the!ONPs!synthesized!can!be!found!in!Chapter!IV.!Appendices.!!

!

 

Figure 2.2. Picture of the large 
scale ONP synthesis: ONP150-
4F-LS.  Approximately 1.5 g of 
product is in the RBF above.  
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!

!

! !

 

Scheme 2.7.  Synthesis of ONPs.  First the monomers are polymerized via ROMP.  The activated 
esters of the linear polymer are reacted with triallyltris.  Next, the polymer then underwent RCM 
with Grubbs I catalyst.  The alkene groups on the backbone and those resulting from the RCM 
process were dihydroxylated.  Finally, the protecting groups were removed with acid to give the 
desired ONP.      
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! ONP!synthesis!was!monitored!by!DMF!SEC!and!1H!NMR.!!Figure!2.3!shows!the!

refractive!index!traces!of!SEC!runs!during!the!preparation!of!ONP150>4F>LS.!!The!data!

were!typical!of!that!observed.!!A!small!increase!in!retention!time!between!the!ROMP!

polymer!and!ROMP!allyl!polymer!was!observed.!!A!much!larger!increase!in!retention!time,!

0.5>1!min,!was!generally!observed!between!the!ROMP!allyl!polymer!and!RCM!product.!!The!

significant!change!in!retention!time!after!the!RCM!process!was!a!result!of!the!smaller!

hydrodynamic!radius!of!the!polymer!not!the!relatively!small!change!in!molecular!weight.!!It!

is!important!to!note!that!the!molecular!weights!were!determined!using!polystyrene!

standards!so!are!not!absolute!values.!!!!!!!!!!!!!!!!!!!!

!!!!

Figure!2.4!shows!the!1H!NMR!spectra!of!four!ROMP!polymers!each!with!a!different!

monomer!composition.!!The!spectrum!of!the!ROMP!polymer!was!used!to!confirm!that!the!

stoichiometry!of!the!monomers!added!was!consistent!with!the!integration!of!the!associated!

 
Figure 2.3. Refractive index trace of SEC runs during the preparation of ONP150-4F-LS.  The 
table (inset) reports the retention volume as well as the Mn and Mw relative to the PS standards.      

  
Ret. Time 

(min) 
Mn 

(kDa) 
Mw 

(kDa) 
ROMP 23.47 76.14 76.68 
ROMP allyl 23.68 74.57 75.25 
RCM 24.27 70.72 71.43 

 
 
Figure X. DMF SEC trace of ONP150-4F-LS 
synthesis  
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peaks.!!Spectrum!A!is!of!a!polymer!composed!of!only!NBPdiOH!monomer!units!and!was!

used!for!comparison!purposes!only.!!Spectrum!B!is!of!the!polymer!with!NBPdiOH!and!

NBGlyNHS!monomer!units.!!Spectrum!C!is!of!a!ROMP!polymer!that!has!fluorescein!

incorporated.!!The!aromatic!peaks!of!fluorescein!could!not!be!used!to!assess!reliably!the!

AcF4NB!stoichiometry!in!the!polymer!due!to!excessive!broadening.!!Spectrum!D!is!of!the!

typical!ROMP!polymer!with!fluorescein!and!gallate!monomers.!!The!peaks!associated!with!

the!MOM!protecting!groups!on!the!gallate!monomer,!G3NB,!were!used!to!confirm!the!

incorporation!of!the!AFA!into!the!polymer!in!the!desired!stoichiometry.!!!Figure!2.5#shows!

the!1H!NMR!spectra!of!the!A)!ROMP!polymer,!B)!ROMP!allyl!polymer!and!C)!RCM!product!

during!the!preparation!of!ONP150>10F.!!!!The!spectrum!of!the!ROMP!allyl!polymer!

indicated!that!the!activated!esters!of!the!NBGlyNHS!successfully!reacted!with!triallyltris.!!

The!spectrum!of!the!RCM!product!then!showed!the!disappearance!of!allyl!peaks!indicating!

that!the!RCM!process!was!complete.!!The!final!ONP!product!was!not!soluble!in!chloroform!

so!spectra!were!collected!in!D2O.!!However,!few!features!were!discernable!because!of!

significant!broadening!of!peaks!and!no!information!could!be!obtained.!!
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!!

Figure 2.4. 1H NMR of different ROMP polymers in chloroform.  A) The top spectrum, blue, is a polymer with only NBPdiOH units.  
B) The second spectrum, purple, contains NBPdiOH and NBGlyNHS monomers.  C) The third spectrum, red, has AcF4NB 
incorporated into it.  D) The bottom spectrum, orange, has the G3NB monomer incorporated.  By comparing the spectra peaks can be 
identified as well as confirmation of stoichiometries by integration.            !
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!

Figure'2.5.!1H!NMR!of!ONP150110F!synthesis.!!A)!Spectrum!of!the!linear!ROMP!polymer!and!peaks!corresponding!to!the!
incorporated!monomers.!!B)!Spectrum!of!ROMP!allyl!polymer!showing!the!successful!incorporation!of!triallyltris!units!as!
indicated!by!Greek!letters!and!disappearance!of!the!NHS!peak!k.!!C)!Spectrum!of!the!RCM!product!lacks!the!alpha!and!beta!
peaks!indicating!the!complete!cross1linking.!!!!
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Spectroscopic!Studies,

All!ONPs!prepared!were!studied!by!UV!and!fluorescence!spectroscopy.!!The!spectroscopic!

properties!of!the!ONPs!are!summarized!in!Table!2.1.!!The!data!for!each!ONP!can!be!found!in!

Chapter!IV.!Appendices.!!A!

bathochromic!shift!was!observed!in!

both!the!absorbance!and!emission!

spectra.!!No!trend!in!the!size!of!the!shift!

was!found.!!Figure!2.6!depicts!the!

absorbance!and!emission!spectra!of!

fluorescein!compared!to!ONP150H10F.!!!!!

The!molar!absorptivity!of!the!ONP!

varied!with!the!number!of!fluorescein!

monomers!incorporated.!!However,!a!

significant!decrease!in!the!absorptivity!

per!fluorescein!(~!30!Abs(Mcm)H1)!was!

observed!regardless!of!the!equivalents!

of!fluorescein!incorporated.!!In!many!

reports!of!fluorescein!conjugation!to!

macromolecules!it!is!assumed!that!the!molar!absorptivity!doesn’t!change,!but!this!was!not!

valid!for!the!ONPs!in!this!study.!!One!possible!explanation!for!the!decrease!in!absorptivity!

was!a!lack!of!incorporation!into!the!polymer.!!However,!integration!of!the!1H!NMR!peaks!

confirmed!the!stoichiometry!of!the!fluorescein!moieties!was!consistent!with!number!of!

equivalents!added!during!the!polymerization.!!The!quantum!yields!of!the!ONPs!were!found!

 

Figure 2.6. Example of UV and fluorescence 
spectra of fluorescein compared to ONPs.  This 
specific example is ONP150-10F, similar shifts 
are observed for all ONPs with slight variation.   
 

Table 2.1. Spectroscopic Properties of ONPs  
  fluorescein ONPs 

Abs. λmax%%(nm) 490 496-507 

ελmax (kAbs(Mcm)-1) 78 38-697 
Em. λmax%%(nm) 514 521-528 

QY (Ф) 0.9 0.17-0.72 

brightness 70 12-277 
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to!vary!significantly!from!Φ=0.17!

to!0.72!with!an!average!of!Φ=0.48!

±!0.12.!!!ONP75H20F!was!the!only!

ONP!prepared!with!20!fluorescein!

moieties!and!a!notable!outlier!with!

a!Φ=0.17!(next!lowest!was!

Φ=0.31).!!This!was!thought!to!be!

the!result!of!dyeHdye!quenching.!!!

! !

Photobleaching!

! Photobleaching!

experiments!were!conducted!on!the!ONPs!to!determine!the!photostability!of!fluorescein!

incorporated!into!the!ONP!as!well!as!the!influence!of!the!AFAs.!!ONP!samples!were!tested!in!

aqueous!solution!at!1!μM!and!compared!to!a!fluorescein!standard.!!Figure!2.8!depicts!a!plot!

of!the!bleaching!curve!derived!from!a!typical!photobleaching!experiment.!!The!plot!and!

Figure!2.9!shows!that!fluorescein!and!ONP150H4F!had!similar!initial!brightness!while!

ONP150H10F!was!much!brighter.!!At!the!end!of!8!h!fluorescein!has!no!detectable!

fluorescence!whereas!both!ONPs!retain!some!fluorescence.!!The!fluorescent!ONPs!were!

found!to!have!increased!photostability!over!free!fluorescein.!!Table!2.2!reports!the!halfH

times!of!ONPs!of!two!different!sizes!with!different!equivalents!of!fluorescein!monomer!

incorporated.!!HalfHtime!is!defined!as!the!time!to!a!50%!reduction!in!the!initial!fluorescence!

intensity.!!The!derivation!of!the!value!is!explained!in!Chapter!IV.!Appendices.!!The!general!

trend!observed,!was!the!more!fluorescein,!the!more!stable!the!ONP!was!when!!

 

Figure 2.7: Plot of the number of fluorescein moieties 
per ONP verse the brightness of the ONP.       
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!

 

Table 2.2. Photobleaching study reported as halftimes  

Number of Fluorescein on ONP 150 base Number of Fluorescein on ONP 75 base 
  Run A Run B Average   Run A Run B Run C Average 
fluorescein 0.81 0.935 0.87 fluorescein 0.84 0.798 0.763 0.80 
ONP150-4F 3.41 3.38 3.40 ONP75-4F 1.86 1.79 1.79 1.81 
ONP150-7F 4.07 4.32 4.20 ONP75-10F 5.39 5.73 4.59 5.24 
ONP150-10F 4.75 4.94 4.85 ONP75-15F 10.05 10.01 8.9 9.65 
ONP150-15F 5.26 5.62 5.44 ONP75-20F 7.32 5.73 5.73 6.26 
!
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Figure 2.9. Before and after pictures of a photobleaching experiment.  Vial A contains 
fluorescein, vial B contains ONP150-4F and vial C contains ONP150-15F. 

Figure 2.8: Photobleaching curves 
of fluorescein, ONP150-4F and 
ONP150-15F.   
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photobleached!(Figure!2.10).!!ONP75H20F!was!the!only!ONP!that!did!not!follow!the!trend.!!

It!is!likely!that!with!20!fluorescein!moieties!on!the!ONP!dyeHdye!interactions!occurred!and!

led!to!quicker!bleaching.!!It!is!important!to!note,!however,!that!the!ONP!still!had!a!halfHtime!

of!7H8!times!longer!than!free!fluorescein.!!!!

!

Table*2.3:!Photobleaching!Study!of!the!ONP!Size!

4 fluorescein on different size ONP  10 fluorescein on different size ONP 
  Run A Run B Average Size*    Run C Run D Average 
fluorescein 0.82 0.78 0.80   fluorescein 0.79 0.80 0.80 
ONP150-4F 3.04 3.14 3.09 49 ONP150-10F 5.53 5.59 5.56 
ONP75-4F 1.86 2.01 1.94 26 ONP75-10F 6.05 6.19 6.12 
ONP38-4F 3.91 4.01 3.96 14 ONP38-10F 4.71 4.68 4.70 

*theoretical MW kDa !

Next,!the!effect!of!the!size!of!the!ONP!on!the!photostability!was!studied.!!Three!different!

sized!ONPs!were!studied!(150,!75!and!38!base)!with!two!different!levels!of!fluorescein!

incorporation!(4!and!10!equivalents!of!AcF4NB).!!All!the!ONPs!with!10!fluorescein!moieties!

had!longer!halfHtimes!than!the!same!sized!ONP!with!4!fluorescein!moieties!(Table!2.3).!!It!

was!clear!from!the!plot,!however,!that!no!trend!was!present.!!Smaller!ONP!were!just!as!

stable!as!larger!ONPs.!!!
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Figure 2.10: Plot of 
photobleaching study of the effects 
of number of fluorescein on the 
half-times (data above).  In general, 
the more fluorescein moieties on 
the ONP, the longer the half-time.   
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A set of three ONPs were prepared with no AFA, with gallate, and with trolox.   The results of 

the photobleaching experiments on these ONPs are reported in Table 2.4.  The half-time of the 

ONP with gallate had the longest half-time of 10.81 h which was 160% longer than ONP without 

the gallate.  The ONP with trolox also showed an increase in stability with a half-time of 8.85 h.  

Interestingly, when photobleaching experiments were conducted by entrapping the ONPs in 

agarose gel, the ONP with trolox out-performed the ONP with gallate (Figure 2.12).3 The 

difference in the stability of the ONPs between the two studies is likely a result of the differences 

in the mechanism of photobleaching in solution verses a gel.  Regardless, both results suggest 

that addition of AFAs to the ONP further improves the photostability of fluorescein.    

 

Table 2.4: Photobleaching Study of Different Anti-Fading Agents  
  Run A Run B Run C Average AFA 
fluorescein 0.78 0.76 0.717 0.77   
ONP150-10F-B 6.80 6.56 6.47 6.68 none 
ONP150-10F-10G-B 9.80 11.82 10.8 10.81 10G 
ONP150-10F-10T-B 9.00 8.69 9.14 8.85 10T 
note: samples prepared to accommodate biotin, but it was not conjugated to the photobleached 
samples 

!
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Figure 2.11. Plot of 
photobleaching study of the effects 
of the size of the ONP on the half-
times.  There appears to be no 
trend.    



!55!

!

! A!series!of!ONPs!with!fluorescein!

and!gallate!incorporated!were!studied!to!

determined!if!an!optimal!ratio!of!

fluorescein!to!gallate!could!be!found.!!

Table!2.5!reports!the!results!of!the!

photobleaching!experiments!on!ONPs!

with!gallate!and!the!fluorescein!to!gallate!

ratio.!!No!optimal!ratio!was!determined!

nor!was!a!trend!found.!!Some!of!the!gallate!containing!ONPs!were!less!stable!than!their!

counterpart!with!no!gallate!and!some!were!more!stable.!!At!this!point,!it!was!unclear!what!

factors!dictate!the!photostability!of!the!ONPs.!!The!factor!that!correlated!most!closely!with!

photostability!was!the!ONP’s!brightness,!but!this!only!applied!to!ONPs!without!AFAs.!!Table!

2.6!reports!the!some!spectroscopic!data!and!the!halfHtimes!of!ONPs!without!AFAs.!!Figure!

Table 2.5: Photobleaching of Gallate 
Containing ONPs   
 
ONP F/G half-time (h) 
ONP150-10F-10G-B 1.00 10.81 
ONP150-4F-4G 1.00 3.69 
ONP150-4F-10G 0.40 1.84 
ONP150-4F-20G 0.20 2.09 
ONP150-10F-20G 0.50 4.30 
ONP150-10F-30G 0.33 4.12 
ONP75-3F-3G 1.00 4.82 
ONP75-3F-6G 0.50 5.30 
ONP75-3F-9G 0.33 5.72 
ONP75-6F-12G 0.50 6.18 
ONP75-6F-18G 0.33 5.44 
F/G is the fluorescein:gallate ratio 

 

Figure 2.12. 
Photobleaching 
experiment with 
ONPs trapped in 
agarose gel.  
Performed by Dan 
Riley in the 
Schroeder lab.      
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2.13!is!a!plot!of!brightness!verse!halfHtime!showing!a!general!trend,!but!not!a!direct!

relationship.!!!!!!!!!!!!!!!!!

Table 2.6: Data for fluorescent ONPs without AFAs 

  
ελmax 

(kAbs(Mcm)-1) 
QY (Ф) 

 
Brightness 
 

Half-time 
(h) 

ONP150-4F-a 131.7 0.53 70 3.24 
ONP150-7F 231.6 0.49 115 4.20 
ONP150-10F 335.5 0.48 160 5.20 
ONP150-15F 359.7 0.48 171 5.44 
ONP75-10F 295.5 0.31 92 5.66 
ONP75-15F 473.1 0.58 277 9.65 
ONP75-4F 90.0 0.49 44 1.90 
ONP75-20F 697.4 0.17 116 6.90 
ONP38-4F 138.0 0.47 65 3.96 
ONP38-10F 265.8 0.33 89 4.70 

!

!

More!data!is!needed!to!be!able!to!pin!point!the!causal!factors!in!the!photostability!of!ONPs.!!

Possible!factors!contributing!to!photostability!to!be!investigated!include:!residual!metal!

content,!degree!of!crossHlinking!(ONP!density),!placement!of!fluorescein!moieties!within!

the!polymer,!among!other!factors.!!!!!
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Figure 2.13. Plot of brightness vs. 
halftimes of ONPs containing no 
AFA moieties.   
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Metal,removal!

The!toxic!effect!of!heavy!metals!found!in!materials!with!biological!application!is!a!

common!concern.!!Because!both!ruthenium!and!osmium!were!used!in!the!synthesis!of!the!

ONPs,!it!was!necessary!to!attempt!to!remove!the!metals.!!Many!of!the!ONPs!prepared!were!

studied!by!UV!and!fluorescence!spectroscopy!and!then!treated!with!a!polymer!designed!to!

remove!metals,!Smopex!105!by!Alfa!Aesar,!a!vinyl!pyridine!grafted!polyolefin!fiber.!!ICP!

analysis!of!the!residual!ruthenium!and!osmium!in!the!ONPs!indicated!widely!variable!levels!

(Table!2.6).!!Of!the!seven!ONPs!analyzed,!the!concentration!of!osmium!ranged!from!280H

72,800!ppm!and!the!ruthenium!ranged!from!3,400H11,300!ppm.!!Samples!of!the!ONPs!were!

treated!with!SmopexH105!and!reanalyzed!by!ICP.!!The!metal!concentrations!were!

successfully!lowered,!often!by!several!orders!of!magnitude,!to!where!osmium!ranged!from!

15H1,510!ppm!and!ruthenium!ranged!from!7H5,532!ppm.!!It!was!found!that!the!initial!

concentration!of!metals!had!little!effect!on!the!final!concentration!of!metals!indicating!that!

the!efficiency!of!metal!removal!varied!significantly.!!The!spectroscopic!properties!of!the!

treated!ONP!samples!were!studied!and!found!to!have!altered,!in!some!cases!dramatically.!!

The!detailed!results!of!the!studies!can!be!found!in!Chapter!IV.!Appendices.!!Due!to!the!effect!

of!the!metals,!a!more!systematic!effort!was!made!to!optimize!their!removal.!!The!synthesis!

of!ONP150H4FHLS!generated!enough!material!to!study!the!effect!of!multiple!conditions!on!

the!same!sample.!!Table!2.7!reports!the!findings!of!the!study.!!ONP150H4FHLS!was!treated!

with!different!weight!equivalents!of!metal!removing!polymer,!SmopexH105,!and!the!metal!

concentration!was!reanalyzed.!!In!some!cases,!the!ONP!was!treated!with!multiple!iterations!

of!SmopexH105.!!The!amount!of!ONP!recovered!after!treatment!was!calculated!because!
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significant!lost!of!the!ONP!was!observed!in!the!initial!studies.!!Repeated!treatment!of!the!

ONP!with!the!SmopexH105!did!not!reduce!the!metal!level!better!than!a!single!treatment.!!!

!

Table*2.7.*Results!of!Treatment!of!ONPs!with!SmopexH105!to!Remove!Metals!

!

Initial!Values! Treated!Samples!

!! Os!(ppm)! Ru!(ppm)! Os!(ppm)! Ru!(ppm)!

ONP150H7F! 7000! 3600! 1510! 1732!

ONP75H10F! 280! 7500! 15! 7!

ONP75H15F! 40400! 9400! 37! 5532!

ONP72H20F! 72800! 11300! 922! 2633!

ONP150H4FH20THa! 14600! 6800! 208! 3646!

ONP150H4FH20THa*! 6800! 3400! 398! 160!

ONP150H4FH20THb! 23000! 9700! 37! 3799!

Note:!When!ONP75H10F!was!retested!the!levels!were!Os:!17!ppm!and!Ru:!3842!ppm!

Samples!were!stirred!in!a!water!with!~1!eq.!Smopex!105!

!

Table*2.8.!Studies!to!Determine!the!Optimal!Metal!Removal!

Equivalents! 0.5! 0.5! 0.5! 0.67! 1! 1! 1! 1.5! 2! 3!

!! 0! !! x!2! x!3! !! !! x!2! x!3! !! !! !!

Os! 1751! 1500! 831! 1050! 2192! 810! 438! 255! 379! 310! 274!

Ru! 4407! 3829! 2086! 2554! 3592! 1884! 1058! 482! 821! 479! 308!

total! 6158! 5329! 2917! 3604! 5784! 2694! 1496! 737! 1200! 789! 582!

%!recovered! 97! 86! 80! 98! 88! 70! 49! 61! 48! 31!

0!equivalents!indicates!the!initial!metal!level!without!treatment!and!was!the!average!of!two!different!samples!!
The!value!below!the!equivalents!indicates!how!many!times!the!sample!was!treated!with!the!specified!equivalents!(with!filtering!in!
between).!!Total!residual!metal!concentration!was!tallied!because!some!regulation!agencies!monitor!the!total!concentration!of!like!
metals,!not!the!individual!concentrations!(Ru!and!Os!are!considered!together).!!!
!
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Figure 2.14. Plot of the total residual metal 
concentration vs. the percent recovered ONP.  
A clear trend is observed, the more the metal 
removed the less material recovered.     

Figure 2.15. ONP treated with 
different amounts of Smopex 105. 
B. 1 eq. C. 2 eq. D. 3 eq.  
 

   !

For!example,!two!treatments!of!1!equivalent!of!polymer!reduced!the!metal!levels!to!438!

ppm!Os!and!1058!Ru!but!a!single!treatment!of!2!equivalents!of!polymer!reduced!the!metal!

levels!to!310!ppm!Os!and!479!ppm!Ru.!!A!close!correlation!was!found!between!the!amount!

of!ONP!recovered!and!the!amount!of!metal!removed,!shown!graphically!in!Figure!2.14.!!The!

SmopexH105!was!thought!to!be!binding!the!ONP!was!well!as!the!metals.!!Figure!2.15!shows!

qualitatively!the!removal!of!ONP!from!solution.!!It!was!thought!that!a!different!metal!

removal!polymer!may!work!better!with!the!ONPs.!!SiliaMetS!DMT,!a!dimercaptotriazin,!was!

used!to!treat!ONP150H4FHLS!and!was!found!to!remove!slightly!more!ruthenium!if!only!one!

equivalent!was!used!but!the!level!of!osmium!unexpectedly!jumped!to!~8000!ppm,!four!

times!the!initial!concentration.!!The!cause!of!the!increase!in!osmium!concentration!is!

unknown.4!!It!was!decided!that!for!the!current!purposes!of!the!ONPs!the!metal!levels!were!

acceptable.!!!!!!!!!!
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II.C.*Future*Directions*

Studies!need!to!be!performed!to!probe!the!source!of!the!increased!photostability!of!

fluorescein!when!incorporated!into!the!ONPs.!!The!effect!needs!to!be!further!explored!by!

preparing!several!ONP!of!a!given!size!with!different!ratios!of!NBPdiOH:NBGlyNHS.!!Studies!

of!the!series!should!elucidate!the!crossHlinking!densities!affect!on!the!photostability.!!!

Almost!all!the!ONPs!studied!thus!far!have!had!a!NBPdiOH:NBGlyNHS!ratio!of!2:1.!!Two!

ONPs!were!prepared!with!a!1:1!ratio:!ONP40H4F!and!ONP40H10F,!both!contained!20!

equivalents!of!NBPdiOH!and!NBGlyNHS.!!The!spectroscopic!data!was!found!to!be!

comparable!to!ONP38H4!and!ONP38H10F:!two!ONPs!with!the!2:1!ratio!of!

NBPdiOH:NBGlyNHS.!!The!photostability!remains!to!be!tested!and!compared.!!It!is!

recommended!that!ONP!with!fewer!equivalents!of!NBGlyNHS!also!be!synthesized!and!

studied!to!try!to!discern!a!trend.!!!!!!!!!!

! Photobleaching!studies!need!to!be!conducted!on!the!trolox!containing!ONPs!to!

determine!if!trolox!increases!the!photostability!of!the!ONPs.!!Thus!far,!only!one!ONP150H

10FH10THB,!has!been!tested!and!was!found!to!be!more!stable!than!similar!ONPs!without!

trolox.!!Other!ONPs!with!trolox!have!been!prepared!and!require!testing.!!!!!!!!!!!!!!!!!

Single!molecule!studies!are!also!recommended!to!provide!insight!into!the!possible!

photobleaching!mechanism.!!To!do!this,!biotin!needs!to!be!conjugated!to!the!ONP.!!Three!

ONPs!were!synthesized!with!the!CTAHTEGN3!and!propargyl!biotin!clicked!on!to!ONP150H

10FHB,!ONP150H10FH10GHB!and!ONP150H10FH10THB.!!However,!these!ONP!were!not!bright!

enough!to!conduct!single!molecule!studies.!!Another!set!of!ONPs!with!more!fluorescein!

moieties!should!be!synthesized!to!determine!if!single!molecule!studies!are!possible.!!!!!!!



!61!

! Another!possible!direction!of!the!project!is!to!incorporate!other!dyes!into!the!ONP.!

It!would!be!interesting!to!see!if!an!increase!in!photostability!is!observed!for!other!dyes!that!

are!structurally!similar!to!fluorescein,!such!as!rhodamine.!!Tetramethylrhodamine!was!

chosen!because!it!absorbance!is!at!~555!nm!and!emission!is!at!~580!nm.5!!!These!spectra!

properties!would!allow!for!an!ONP!with!both!fluorescein!and!rhodamine!incorporated!to!

be!excited!at!475!nm!and!emit!at!580!nm!(Figure!2.16).!!Carboxy!tetramethyl!rhodamine!

was!synthesized!and!coupled!with!NB4NH2!to!prepare!a!rhodamine!monomer,!TMR4NB!

(Scheme!2.8)!and!awaits!incorporation!into!an!ONP.!!!!

!

 
Scheme 2.8. Synthesis of rhodamine monomer, TMR4NB. 
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Figure 2.16. Overlay of the 
absorbance and emission of 
ONP150-10F and 
carboxytetramethylrhodamine.  
The overlap of the emission of 
the ONP and absorbance of 
CTMR suggest the two would 
work well as a FRET pair.    
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III.#Experimental###

The!following!chapter!includes!information!regarding!the!standard!practices!used!to!

prepare!and!study!the!compounds!in!this!work.!!Many!of!these!compounds!have!been!

reported!in!literature!and!are!cited.!!However,!the!specific!details!herein!are!the!author’s!

work!and!methods!described!are!not!necessarily!the!same!as!the!literature.!!Portions!of!

Chapter!III.C.!Synthesis!of!Organic!Nano!Particles!and!Related!Compounds!have!been!

published!by!Yugang!Bai,!Hang!Xing,!Gretchen!A.!Vincil,!Jennifer!Lee,!Essence!J.!Henderson,!

Yi!Lu,!N.!Gabriel!Lemcoff!and!Steven!C.!Zimmerman,!“Practical!synthesis!of!waterRsoluble!

organic!nanoparticles!with!a!single!reactive!group!and!a!functional!carrier!scaffold”!Chem.&

Sci.!2014,!5,!2862.!!The!details!of!the!largeRscale!ONP!synthesis!were!adapted!from!this!

publication.!!

III.A.#General#Methods#

Reagents&

All!reagents!were!used!without!purification!unless!specified!and!most!were!purchased!

from!Sigma!Aldrich!or!Acros.!!Key!reagents!purchased!from!other!companies!include:!EDC,!

NHS!and!HBTU!(Chem!Impex!International),!FmocRLys(Boc)ROH!(Advanced!Chem!Tech),!

chloromethylmethylether!(Waterstonetech!LLC)!and!HOBt!(Nova!Biochem).!!!

The!following!reagents!were!distilled!prior!to!use:!5Rhexynol,!66R69!°C at!24R25!torr,!

ethylene!diamine!56R57!°C!at!88!torr,!3Raminopropanol!56R57!°C at!985!microns,!

epichlorohydrin!40R50!°C!at!60R70!torr,!glycidol!68!°C!at!36!torr!(doubly!distilled),!pR

anisaldehyde!61!°C!at!153!microns,!4Rmethoxybenzylamine!57!°C!at!145!microns,!

dibenzylamine!!97!°C!at!0.4!mm!Hg.!
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Abbreviations!of!chemical!names!used!throughout!include:!!DCC:!N,N'R

Dicyclohexylcarbodiimide,!HOBt:!NRHydroxybenzotriazole,!TEA:!trimethylamine,!HBTU:!OR

(BenzotriazolR1Ryl)RN,N,N′,N′4tetramethyluronium!hexafluorophosphate,!DIEA:!

diisopropylethylamine,!EDCRHCl:!NR(3RDimethylaminopropyl)RN′Rethylcarbodiimide!

hydrochloride,!PE:!petroleum!ether,!NHS:!NRhydroxysuccinimide,!DMAP:!4R

(dimethylamino)pyridine,!H2IMes!=!N,NRdimesitylR4,5RdihydroimidazolR2Rylidene),!NMO:!

NRMethylmorpholine!NRoxide.!!!

A!Mettler!Toledo!XA105!was!used!to!weigh!masses!under!20!g.!!Masses!greater!than!20!

g!up!were!measured!on!a!Mettler!Toledo!ML802E.!!A!series!of!VWR!micropipettes!were!

used!for!all!measurements!of!2!mL!to!2!μL!of!aqueous!solvent.!!Hamilton!Co.!gastight!

syringes!were!used!for!all!measurements!of!5!mL!to!10!μL!of!organic!solvent/solutions.!!

Reactions&

Unless!specified!otherwise,!all!reactions!were!carried!out!in!a!round!bottom!flask!and!

stirred!with!a!magnetic!stir!bar.!!All!reactions!with!fluorescein,!fluorescein!derivatives,!

rhodamine!or!rhodamine!derivatives!were!covered!with!foil.!!If!the!reaction!was!performed!

multiple!times!with!a!different!yield,!a!range!is!indicated!as!well!as!an!explanation!for!the!

discrepancy.!!Reactions!dried!with!MgSO4!had!the!drying!reagent!removed!via!gravity!

filtration.!!Many!reactions!required!the!removal!of!DMF.!!This!was!accomplished!using!a!

rotary!evaporation!equipped!with!a!high!vacuum,!~800!microns.!!!!

Reactions!to!prepare!small!molecules!were!monitored!by!thinRlayer!chromatography.!!

Plates!from!EMD!Chemicals!Inc.!with!0.2!mm!silica!60!coated!on!glass!with!F254!indicator!

were!used.!!Silicycle!SilicaFlash®!P60!40R63!µm!SiO2!was!used!for!chromatography.!!“Dry”!

silica!indicates!that!the!silica!was!heated!to!120!℃ for!48!h!under!R762!mm!Hg.!!
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Tetramethylrhodamine!and!its!derivatives!were!purified!using!flash!chromatography!on!a!

Teledyne!Combiflash!Rf.!!!

Dry&Solvents&

The!indication!of!anhydrous!or!dry!solvent!(specifically!DMF,!DMSO,!pyridine)!indicates!

the!solvent!was!dried!with!a!mixture!of!3!and!4!Å!activated!molecular!sieves!for!at!least!48!

h!prior!to!use.!!Methanol!was!dried!using!3!Å!sieves.!!Sieves!were!washed,!air!dried,!dried!in!

a!200!℃!oven!for!60!h!followed!by!flame!drying!under!high!vacuum!four!times!until!the!

vacuum!pressure!no!longer!rose!when!heat!was!applied.!!(Note:!Coupling!reactions!in!DMF!

from!the!SPS!were!unsuccessful.)!!Anhydrous!1,4RDioxane!and!acetonitrile!used!were!

obtained!from!a!SPS!system.!!

Dialysis&

HPGs!were!purified!with!one!of!two!different!dialysis!membranes.!!For!MWCO!2,000,!

benzoylated!dialysis!membranes!from!Sigma!Aldrich!were!used!and!were!stored!in!a!0.1!M!

aqueous!solution!of!NaN3.!!The!dialysis!tubing!for!MWCO!12,000!was!regenerated!cellulose!

SPECTRA/POR®!1!which!was!stored!dry,!was!soaked!in!1:1!MeOHRH2O!for!at!least!48!h!

prior!to!use.!!

To!purify!ONPs!Thermo!Scientific!slideRARLyzer!dialysis!cassettes!G2!(3,500!or!10,000!

MWCO)!made!of!regenerated!cellulose!(synthesized!by!the!Viscose!method)!were!used.!!All!

samples!were!dialyzed!in!1R4!L!covered!beakers!in!which!solvent!was!changed!at!least!four!

times!allowing!for!equilibration!for!6R12!h.!!!The!water!was!kept!slightly!basic!with!sodium!

bicarbonate!and!~!5%!brine!by!volume!was!added.!!!

&

&
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Nuclear&Magnetic&Resonance&(NMR)!&

All!NMR!spectra!were!acquired!at!the!VOICE!laboratory!on!a!Varian!instrument!in!

chloroformRd,!unless!otherwise!specified.!!Residual!protio!solvent!peaks,!CD3OD,!D2O,!

DMSORd6,!CDCl3,!were!used!as!internal!standards!for!all!spectra!unless!specified!otherwise.!!

Coupling!constants!are!reported!in!hertz!(Hz).!!Spectra!of!HPGs!with!dye!were!acquired!in!

D2O!adjusted!to!pH!9.0!with!NaOD.!!Spectra!were!workedRup!and!analyzed!using!iNMR!

reader!3.4!©!Mestrelab!Research.!!Occasionally!two!different!1H!NMR!are!reported.!!This!

was!necessary!to!compare!the!spectrum!to!other!compounds!in!the!same!solvent!when!

differences!in!solubility!were!an!issue.!!!

Mass&Spectrometry&(MS)&

Matrix!assisted!laser!desorption!ionization!(MALDI)!mass!spectra!were!collected!on!a!

Quattro!system!and!electrospray!ionization!mass!spectra!were!collected!with!an!automated!

ZMD!system.!Mass!spectral!results!are!reported!as!well!as!the!mode!(positive!or!negative)!

followed!by!the!exact!mass,!abbreviated!EM.!!!!!!!!!

Size&Exclusion&Chromatography&(SEC)&

The!analytical!water!SEC!system!used!was!an!Ultrahydrogel™!250!column!(7.8!x!300!

mm)!in!series!with!an!Ultrahydrogel™!120!column.!The!water!eluent!contain!10!mM!NaN3!

to!keep!microbial!growth!to!a!minimum.!!Eluent!was!monitored!by!UV!at!289!nm!followed!

by!refractive!index.!!Note:!this!accounts!for!the!slight!difference!in!peak!signals.!!Elution!

times!were!calibrated!using!a!series!of!linear!PEG!standards.!!

The!analytical!DMF!SEC!system!was!series!of!3!ViscoGEL™!columns!monitored!by!RI!

and!calibrated!with!PS!standards.!!This!instrument!became!inoperable!shortly!after!the!
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synthesis!of!the!first!HPG!and!has!since!been!decommissioned.!!These!two!systems!were!

calibrated!against!one!another;!see!Chapter!IV.!Appendices.!!!

The!analytical!DMF!SEC!for!later!HPG!and!ONP!work!was!conducted!on!a!Waters!SEC!

with!a!refractive!index!detector!and!photodiode!array!and!later!a!miniDAWN!Treos!(MALS!

detector)!from!Wyatt!Technology.!!The!system!contained!three!columns!in!series!Styragel!

HR!3,!4!and!5!and!were!kept!at!50!°C!with!a!flow!rate!of!1!mL!minR1.!!Breeze!2!software!was!

used!to!work!up!the!data!from!the!RI!and!PDA.!!Astra!6.1!was!used!to!work!up!the!MALLS!

data.!!The!eluent,!DMF,!contained!0.1!M!LiBr,!which!was!added!to!improve!peak!shape.!!

Linear!PEG!was!used!as!the!standard!for!HPGs!and!polystyrene!for!the!ONP!polymers.!It!is!

important!to!note!values!derived!from!the!PS!curve!are!not!considered!accurate!but!used!as!

a!means!to!compare!successive!reactions.!!!

The!above!Waters!system!was!changed!to!a!water!

system!to!use!the!systems!detectors!to!study!water!soluble!

ONPs!(ONPs!were!not!DMF!soluble).!!!Waters!Ultrahydrogel!

250!and!1000!columns!were!used!at!35!°C!with!a!flow!rate!

of!0.75!mL/min.!!PEG!was!again!used!as!a!standard.!!The!

eluent!contained!10!mM!NaN3!and!20!mM!sodium!

phosphate!buffer!pH!8.0.!!All!analytes!were!filtered!through!

a!0.45!μm!PTFE!filter!prior!to!running.!!!

!Preparatory!size!exclusion!chromatography!was!used!

to!separate!fluorescent!HPGs!from!free!fluorescein!and!

fluorescein!derivatives.!!BioRad!polyacrylamide!resin!P2,!

!
Figure 3.1. Example of 
purification of HPG-Fl 
(orange) and the 
unconjugated fluorescein 
(yellow) 
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P6,!P10!and!P100!(medium!mesh,!90R180!μm)!was!used!with!20%!(v/v)!methanol!in!an!

aqueous!20!mM!phosphate!buffer!solution!at!pH!8!eluent.!!The!separation!was!

distinguishable!visually!by!the!two!different!colored!bands,!Figure!3.1.!!

Inductively&Coupled&Plasma&&

Analysis!of!the!residual!metal!in!the!ONP!was!carried!out!on!a!PerkinElmer!2000DV!

ICPROES!by!the!Microanalysis!Lab!of!SCS!at!UIUC.!!Samples!were!submitted!as!flaky!solids!

and!the!residual!Os!and!Ru!levels!reported.!!

UV4visible&Spectroscopy&

The!absorbance!spectra!and!molar!absorptivity!of!each!polymer!was!studied!with!a!UVR

2501PC!instrument!using!UV!Probe!software.!!Spectra!were!collected!from!200R750!nm!

with!0.5!or!1!nm!sampling!interval.!!To!study!the!polymers,!three!separate!samples!where!

massed!and!a!stock!solution!prepared!(5R500!μM).!!Each!stock!solution!was!diluted!to!4R6!

different!concentrations!to!attain!an!absorbance!from!1!to!0.1.!!Molar!absorbance!was!

determined!from!the!average!of!the!slope!of!linear!fit!of!the!aforementioned!data.!!!!!!

Example!data!and!workRup!can!be!found!in!Chapter!IV.!Appendices.!!!!

Fluorescence&Spectroscopy&

Fluorescence!spectra!were!collected!on!a!Horiba!Scientific!FluoroMax4!

Spectrofluorometer!and!used!in!conjunction!with!FluorEssence!V3.5!software.!!For!

quantum!yield!determination,!the!aforementioned!UVRvis!samples!were!diluted!10Rfold!for!

fluorescent!spectroscopy.!!Spectra!were!collected!by!exciting!at!475!nm!(2!nm!slit)!and!

collecting!from!480R600!nm!(2!nm!slit)!using!3!mm!6Q!quartz!cuvettes.!!Fluorescence!

values!are!reported!as!the!sum!of!fluorescence!intensity!from!480R600!nm.!!!



!
!

69!

Fluorescein!was!used!as!a!standard!for!fluorescence!as!well!as!determining!the!number!

of!dye!moieties!per!polymer!molecule.!!Fluorescein!was!experimentally!determined!to!have!

ε490=78,000!Abs/McmR1,!and!assumed!to!have!QY!=!0.9!therefore!a!brightness!of!70,200.!!

Further!information!can!be!found!in!the!Chapter!IV.!Appendices.!!

Photobleaching&Studies&&

A!ThorLabs!470!nm!LED!(M470L3)!regulated!with!TRcube!LED!Driver!(LEDD1B)!set!to!

1000!mA!(reported!to!produce!710!mW)!was!used!to!bleach!samples.!!Polymers!solutions!

were!prepared!in!vials,!5!mL!at!1!μM!by!diluting!the!stock!solutions!from!the!UVRvis!and!

fluorescence!studies,!20!mM!pH!8.0!phosphate!buffer!was!used.!!!Samples!were!placed!3!

inches!from!the!LED!and!rotated!positions!at!each!time!point!(Figure!3.2).!!Three!to!five!

samples!could!be!bleached!at!once,!but!artifacts!were!observed,!in!bleaching!curves,!with!

more!than!5!samples.!!!Aliquots!(200!μL)!were!removed!at!given!timed!intervals,!generally,!

0,!0.5,!1,!1.5,!2,!3,!4,!5,!6,!7,!8!h.!!The!

fluorescence!spectra!of!these!samples!were!

then!collected.!!Each!study!(set!of!samples)!

included!fluorescein!as!a!standard.!!

&

! !
!

Figure 3.2: Photobleaching Set-up 
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III.B.#Synthesis#of#Fluorescent#HPGs#and#Precursors#

This!section!covers!the!synthesized!of!compounds!from!I.!Design,!Synthesis!and!

Characterization!of!Fluorescent!Hyperbranched!Polyglycerols!with!Covalently!Bound!AntiR

Fading!Agent.!

Synthesis&of&Gallate,&Trolox&and&Fluorescein&Derivatives&

2"(2"(2"methoxyethoxy)ethoxy)ethyl-4"tosylate.1!

!

To!a!flame!dried!flask!was!added!35!mL!(0.20!mol)!of!2R(2R(2Rmethoxyethoxy)ethoxy)R

ethanR1Rol,!42!mL!(0.301!mol)!of!TEA,!and!300!mL!of!DCM!(from!SPS)!and!cooled!in!an!iceR

bath!to!0°!C.!To!the!cooled!solution!was!added!via!syringe!pump!(0.57!mL/min),!46.5!g!

(0.244!mol)!of!tosyl!chloride,!dissolved!in!150!mL!of!DCM!(from!SPS).!!The!reaction!was!

allowed!to!stir!at!room!temperature!overnight!and!3.1!g!(41!mmol)!of!glycine!was!added!to!

react!with!excess!tosyl!chloride!and!the!mixture!stirred!for!5!h!at!room!temperature.!!The!

reaction!was!washed!twice!with!150!mL!of!water.!!The!organic!layer!was!dried!with!MgSO4!

and!the!solvent!was!removed!via!rotary!evaporation!to!afford!38.2!g!(60%)!of!the!desired!

product!as!a!clear!viscous!liquid.!!!

1H!NMR!(500!MHz;!CDCl3)!δ!7.80!(d,!J!=!8.5,!2H),!7.34!(d,!J!=!8.5,!2H),!4.17R4.15!(m,!2H),!

3.69R3.68!(m,!2H),!3.62R3.60!(m,!2H),!3.54R3.52!(m,!2H),!3.37!(s,!3H),!2.44!(s,!3H).!

!

O O O OH S
OOOO
O

O1. TsCl, TEA
DCM

2. glycine
60%
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-

Methyl-3,5"dihydroxy"4"(2"triethlyeneglycol)benzoate-(tG).2-

To!a!RBF!were!added!1.103!g!(5.59!mmol,!1.9!eq.)!of!methyl!gallate,!157!mg!(0.594!mmol,!

0.2!eq.)!of!18RcrownR6!and!623mg!(6.22!mmol,!1.9!eq.)!of!KHCO3.!!Reagents!were!dried!and!

dissolved!in!7!mL!of!DMF!and!1.012!g!(3.18!mmol)!tosylated!PEG!was!added.!The!reaction!

was!heated!to!70!°C!under!nitrogen!for!46!h!and!the!solvent!removed!via!rotary!

evaporation.!!The!resulting!oil!was!purified!by!column!chromatography!in!3%!MeOHRCHCl3!

to!afford!872!mg!(83%)!of!the!desired!produce!as!viscous!clear!liquid.!!

MS!ESIR!Calc’d:!353.0!Found:!353.12!

1H!NMR!(500!MHz;!CDCl3):!δ!7.67!(bs,!2!H),!7.11!(s,!2H),4.16!(m,!!2!H),!3.81!(s!3H),!3.71!(dd,!

4H),!3.67!(dd,!2H),!3.62!!(dd,!2H),!3.53!!(dd,!2H),3.33!(s,!3H).!

!

Methyl-3,5"bis(benzyloxy)"4"(2"triethyleneglycol)benzoate!(BntG).3!

To!a!solution!of!1.250!g!!(9.06!mmol,!3.5!eq.)!of!dried!K2CO3!in!10!mL!DMF!(from!SPS)!was!

added!863!mg!(2.61!mmol)!of#tG!and!0.895!g!(7.07!mmol,!2.7!eq.)!of!benzylcholoride.!!The!

reaction!was!heated!at!110!°C!under!N2!for!16!h.!To!the!white!solid!and!brown!oil!observed,!

was!added!45!mL!DCM.!!The!organic!layer!was!washed!twice!with!50!mL!of!water,!thrice!
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with!50!mL!brine!and!again!with!water.!The!oil!was!dried!with!MgSO4,!filtered,!the!solvent!

removed!under!reduced!pressure.!The!~3!mL!of!brown!oil!remained!and!was!put!on!high!

vacuum!for!90!minutes,!and!then!it!was!washed!with!25!mL!of!ether!and!thrice!with!10!mL!

of!water.!The!solvent!was!removed!to!afford!860!mg!(78%)!of!a!golden!yellow!oil.!

Rf:!0.45!in!50%!EtOAc/PE!

1H!NMR!(500!MHz;!CDCl3):!δ!7.50R7.46!(m,!4H),!7.43R7.37!(m,!6H),!7.37R7.32!(m,!2H),!5.14!

(s,!4H),!4.25!(t,!5.0!2H),!3.89!(s,!3H),!3.78!(t,!5.0!2H),!3.62!(d,4.4!2H),!3.61!(d,3.3!2H),!3.57!

(d,!4.4!2H),!3.56!(d,3.3!2H),!3.54R3.48!(m,!4H),!3.35!(s,!3H).!!!!!!

!

3,5"bis(benzyloxy)"4"(2"triethyleneglycol)benzoic-acid!(BntGa).!

To!a!solution!of!0.770!g!(1.51!mmol)!of!BntG!in!methanol!was!added!138!mg!(2.45!mmol,!

1.6!eq.)!of!KOH.!!The!mixture!was!refluxed!fro!12!h.!!To!the!brown!residue!was!added!10!

mL!water!and!2!mL!of!2M!HCl.!!When!removing!the!solvent!a!white!precipitate!formed!

which!was!isolated!by!filtration!and!dried!under!vacuum!to!afford!640!mg!(85%).!!

1H!NMR!(500!MHz;!CDCl3):!!δ!7.46!(d,!7.1!4H),!7.42!(s,!2H),!7.38!(dd,!7.4!4H),!7.32!(dd,!7.3!

2H),!5.15!(s,!4H),!4.27!(d,!5.0!2H),!3.79!(d,!5.0!2H),!3.62!(dd,!5.9,!3.8!2H),!3.57!(dd,!5.8,!3.6!

2H),!3.53!(d,!5.7,!4.0!2H),!3.50!(dd,!5.7,!3.6!2H),!3.35!(s,!3H).!!13C!NMR!(126!MHz;!CDCl3):!δ!

169.8,!152.2,!136.8,!128.7,!128.2,!127.6,!107.0,!72.8,!72.1,!71.4,!70.73,!70.70,!70.67,!70.6,!

59.2.!!

!

3,5"bis(benzyloxy)"4"(2"triethyleneglycol)benzoyl-chloride#(ClBntG).4!

A!solution!of!629!mg!(1.27!mmol)!of!dibenzyl!PEGRgallic!acid!in!0.2!mL!dry!DMF!and!10!mL!

toluene,!was!purged!with!Ar.!!To!the!solution!was!added!150!µL!(1.75!mmol,!1.4!eq.)!of!
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oxalyl!choloride!!(make!sure!it!has!a!vent,!preferably!through!a!basic!solution),!Figure!3.3.!

Bubbles!observed!as!gas!evolved.!!A!second!aliquot!of!70!µL!(0.82!mmol,!0.6!eq.)!of!oxalyl!

chloride!was!added.!The!reaction!was!stirred!5!h!and!the!solvent!was!removed!via!rotary!

evaporation.!!The!remaining!residue!was!dried!

overnight!on!high!vacuum!to!afford!334!mg!(51%)!of!

cream!solid!and!used!directly!in!further!reactions.!!

MS!ESI+!corresponded!to!the!mass!of!the!methyl!ester!!

1H!NMR!(500!MHz;!CDCl3):!δ!7.46!(d,!7.1!4H),!7.43!(s,!

2H),!7.39!(dd,!7.3!4H),!7.34!(dd,!7.3!2H),!5.15!(s,!4H),!

4.31!(m,!2H),!3.78!(m,!2H),!3.61!(m,!2H),!3.56!(m,!2H),!

3.52!(m,!2H),!3.49!(m,!2H),!3.35!(s,!3H).!!13C!NMR!(126!

MHz;!CDCl3):!δ!167.6,!163.9,!152.4,!145.3,!136.3,!128.8,!

128.3,!127.7,!111.4,!72.9,!72.0,!71.6,!70.71,!70.69,!70.64,!70.58,!59.1.!!!!

!

!

Methyl-3,5"dihydroxy"4"(2"methoxyethoxy)benzoate-(mG).--

To!a!solution!of!31.54!g!(171!mmol)!of!methyl!gallate!in!500!mL!of!DMF!was!added!17.13!g!

(171!mmol,!1!eq.)!of!potassium!bicarbonate.!!The!solution!was!stirred!30!min!at!60!°C!then!

21.0!g!(151!mmol,!0.88!eq)!of!1RbromoR2Rmethoxyethane!was!added.!!The!reaction!was!

stirred!for!48!h!at!60°!C.!!All!but!~75!mL!of!DMF!was!removed!by!rotary!evaporation.!!The!
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Figure 3.3: Set-up for synthesis 
of ClBntG  
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reaction!was!diluted!with!200!mL!of!10%!MeOH/CHCl3!and!washed!thrice!with!100!mL!

brine.!The!combine!brine!washes!were!back!extracted!with!50!mL!of!10%!MeOH/CHCl3!and!

combine!with!the!organic!layer.!!Solvent!was!removed!from!the!organic!layer!by!rotary!

evaporation!followed!by!drying!overnight!in!the!vacuum!oven!(R762!mm!Hg,!80°!C).!!!The!

solid!was!dissolved!in!~200!mL!boiling!DCM!covered!and!allowed!to!cool.!!Three!crystals!

were!isolated!and!the!remaining!solution!was!gravity!filtered!to!remove!the!insoluble!

powder,!which!was!washed!with!twice!50!mL!of!warm!DCM.!!The!solvent!was!removed!

from!the!filtrate!and!the!solid!crystallized!from!DCM!twice,!Figure!4,!to!afford!20.30!g!(55R

57%)!of!light!brown!crystals.!!!-

Rf:!0.51!in!10%!MeOH/(DCM:CHCl3)!!

MS!ESIR!Calc’d:!242.08.!Found:!241.0.!!

1H!NMR!(400!MHz;!CDCl3):!δ!7.19!(s,!2H),!6.94!(br,!

2H),!4.19!(t,!4.3!2H),!3.87!(s,!3H),!3.72!(t,!4.3!2H),!3.55!

(s,!3H).!!

-

N"(2"aminoethyl)"3,5"dihydroxy"4"(2"methoxyethoxy)benzamide-(G2NH2).-

A!solution!of!13.61!g!(56.2!mmol)!of!methyl!3,5RdihydroxyR4R(2Rmethoxyethoxy)benzoate!

in!~200!mL!(~3!mol)!of!freshly!distilled!ethylenediamine!was!stirred!at!85!°C!for!18!h.!!

Unreacted!ethylenediamine!was!removed!by!rotary!evaporation!and!the!remaining!product!

dried!on!high!vacuum!at!50!°C!for!36!h.!!The!solid!was!titrated!with!200!mL!warm!water!

and!vacuum!filtered.!!The!product!was!dried!in!vacuum!oven!at!60!°C!at!R635!mm!Hg!for!3!h!

to!afford!11.98!g!(79%)!of!a!cream!colored!solid.!!

MS!ESI+!Calc’d:!270.12.!Found:!271.3.!!

!
Figure 3.4: Crystals of mG 
massed to over 20 g.  
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1H!NMR!(500!MHz;!DMSORd6):!δ!8.10!(t,!5.5!1H),!6.81!(s,!2H),!4.04!(dd,!5.9,!4.0!2H),!3.60!

(dd,!5.9,!4.1!2H),!3.40!(s,!2H),!3.31!(s,!3H),!3.18!(q,!6.3!2H),!2.63!(t,!6.3!2H).!

!

!

Trolox-methylester.5!

To!a!solution!of!27.97!g!(184!mmol,!1eq.)!of!3Rmethyl!hydroxyl!quinone!in!31!mL!glacial!

acetic!acid!was!added!102!mL!(964!mmol,!5.2!eq.)!of!methylmethacrylate,!4.2!mL!(24.9!

mmol,!0.13!eq.)!of!dibutylamine,!and!7.26!g!(242!mmol,!1.3!eq.)!of!paraformaldehyde.!!The!

reaction!was!reflux!for!20!h!then!cooled!to!0!°C.!!The!precipitate!that!formed!was!filtered!

and!washed!with!methanol!to!afford!21!g!(43%)!pale!tan!solid.!!

1H!NMR!(500!MHz;!CDCl3):!δ!4.23!(bs,!1H),!3.67!(s,!3H),!2.65!(ddd,!16.9,!6.2,!3.2!1H),!2.51!

(ddd,!16.9,!11.0,!6.2!1H),!2.43!(ddd,!13.3,!6.3,!3.2!1H),!2.19!(s,!3H),!2.16!(s,!3H),!2.06!(s,!3H),!

1.87!(ddd,!13.3,!11.0,!6.3!1H),!1.60!(s,!3H).!!13C!NMR!(126!MHz;!CDCl3):!δ!174.6,!145.7,!

145.4,!122.7,!121.3,!118.5,!117.0,!77.4,!52.5,!30.8,!25.6,!21.1,!12.3,!12.0,!11.4.!calc!264.14!

!

-(±)"6"Hydroxy"2,5,7,8"tetramethylchromane"2"carboxylic-acid#(Trolox#(TX)).6#

To!a!solution!of!0.809!g!(!3.1!mmol)!of!methyl!ester!trolox!in!20!mL!of!methanol!was!added!

2!mL!of!10.0!M!(20!mmol,!6.5!eq.)!NaOH.!The!resulting!green!solution!and!was!refluxed!for!

2!h.!!Once!cool,!the!reaction!was!acidified!with!2M!HCl!and!cooled!to!R20!°C.!!The!resultant!

precipitate!was!isolated!by!vacuum!filtration!and!washed!with!ice!water!to!afford!589!mg!

(76%)!of!offRwhite!powder.!!Yield:!56R76%.!
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MS!ESIR!Calc’d:!250.12.!Found:!249.1.!!

1H!NMR!(500!MHz;!CDCl3):!δ!2.68!(dt,!17.1,!6.2!1H),!2.65!(ddd,!17.1,!8.8,!6.2!1H),!2.36,!(dt,!

13.6,!6.1!1H),!2.18!(bs,!6H),!2.10!(s,!3H),!1.97!(ddd,!13.6,!8.7,!6.4!1!H),!1.61!(s,!3H),!1.26!(s,!

3H).!!The!phenol!H!was!not!observed.!1H!NMR!(500!MHz;!DMSORd6):!δ!7.43!(s,!1H),!2.56!

(ddd,!16.9,!6.1,!2.8!1H),!2.40!(ddd,!16.9,!11.4,!6.5!1H),!2.28!(ddd,!13.3,!6.5,!2.8!1H),!2.05!(s,!

3H),!2.02!(s,!3H),!1.97!(s,!3H),!1.73!(ddd,!13.3,!11.4,!6.1!1H).!!13C!NMR!(126!MHz;!CDCl3):!δ!

177.3,!145.9,!144.7,!122.6,!121.6,!188.8,!117.2,!77.4,!30.1,!24.6,!20.7,!12.4,!12.0,!11.4.!

!

N"hydroxysuccinimide-trolox-(TNHS).-

To!a!solution!of!5.38!g!(21.5!mmol)!of!trolox!in!80nmL!dioxane!was!added!2.71!g!(23.5!

mmol,!1.1!eq)!of!NRhydroxy!succinimide.!!The!reaction!was!then!cooled!via!an!ice!bath!to!0°!

C,!and!4.30!g!(20.8!mmol,!1.0!eq.)!of!DCC!was!added!in!~!1!g!aliquots!every!5!min.!The!

reaction!was!allowed!to!stir!overnight!gradually!warming!to!ambient!temperature.!!The!

solvent!was!removed!and!crude!product!purified!by!column!chromatography!in!5!to!10%!

EtOAc/PE!to!afford!2.99!g!(40%)!pale!tan!powder.!

MS!ESIR!Calc’d:!347.14.!Found:!346.1.!!

1H!NMR!(500!MHz;!CDCl3):!δ!2.87!(ddd,!17.3,!11.8,!6.2!1H),!2.80!(s,!3H),!2.75!(ddd,!17.1,!6.2,!

2.8!1H),!2.59,!(ddd,!13.7,!6.3,!2.9!1H),!2.19!(s,!3H),!2.18!(s,!3H),!2.12!(s,!3H),!2.06!(ddd,!13.6,!

11.8,!6.2!1!H),!1.55!(s,!3H).!!

!

!
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-N"(2"aminoethyl)"6"hydroxy"2,5,7,8"tetramethylchroman"2"carboxamide#(T2NH2).7!

A!solution!of!3.8!g!(14!mmol)!of!trolox!methylester!in!200!mL!(3!mol)!of!ethylenediamine!

was!heated!to!115!°C!overnight.!!The!reaction!volume!was!reduced!to!20!mL!by!rotary!

evaporation!then!diluted!with!~!200!mL!CHCl3.!!The!solution!was!washed!twice!with!100!

mL!sat.!NaHCO3!and!dried!with!MgSO4!and!filtered.!!The!remaining!chloroform!was!

removed!affording!an!oil!which!was!titrated!with!ether!and!vacuum!filtered!to!yield!3.4!g!

(80%)!of!the!desired!product!as!a!cream!colored!solid.!!!

Rf:!0.13!in!10%!MeOH/(DCM:CHCl3)!!

MS!ESI+!Calc’d:!292.18.!Found:!293.2.!!

1H!NMR!(500!MHz;!CDCl3):!δ!6.80!(t,!5.5!1H),!3.30!(dq,!13.5,!6.0!1H),!3.21!(dq,!13.5,!5.9!1H),!

2.70!(t,!5.9!2H),!2.63!(dt,!16.7,!6.1!1H),!2.56!(ddd,!16.7,!8.8,!6.9!1H),!2.37!(dt,!13.4,!6.1!1H),!

2.19!(s,!3H),!2.17!(s,!3H),!2.09!(s,!3H),!1.89!(ddd,!13.4,!8.8,!6.2!1H),!1.53!(s,!3H).!!!

1H!NMR!(500!MHz;!DMSORd6):!δ!7.50!(s,!1H),!7.32!(t,!5.7!1H),!3.32!(s,!1H),!3.04!(dd,!6.2,!2.1!

1H),!3.02!(dd,!6.2,!2.1!1H),!2.53!(dt,!10.8,!5.9!1H),!2.48!(t,!6.4!2H),!2.42!(ddd,!16.6,!7.8,!6.9!

1H),!2.16!(dt,!13.2,!6.2!1H),!2.10!(s,!3H),!2.07!(s,!3H),!1.99!(s,!3H),!1.73!(ddd,!13.4,!8.4,!6.1!

1H),!1.37!(s,!3H),!1.24!(s,!2H).!Peak!at!~2.53!ppm!occulted!by!DMSO!peak.!

!

!

-

-

O

O

O

CO2H

HO OHO

CO2H

HO OH

HO2C

HO OHO

CO2H

O
O

NHS

NHS
EDC
DMF
47%

CH3SO3H
  15%



!
!

78!

5,6"carboxyfluorescein.8!

A!mixture!of!26.4!g!(138!mmol)!of!dried!trimellitic!anhydride!and!30.2!g!(274!mmol)!of!

resorcinol!were!ground!together!and!suspended!in!300!mL!methane!sulfonic!acid.!The!

color!immediately!turned!cerulean!blue!and!was!heated!to!80°!C.!!As!the!reaction!

progressed,!the!color!changed!to!dark!red!and!then!to!orange.!!After!5!h,!all!solids!were!

dissolved.!The!solution!was!poured!into!2.1!L!of!ice!water!and!vacuum!filtered.!The!filter!

cake!was!dried!and!the!~20!g!of!solid!were!dissolved!in!500!mL!4!M!NaOH,!to!which!

concentrated!HCl!was!added!dropRwise!until!precipitation!ceased!(pH!≤!1).!The!solution!

was!vacuum!filtered!and!washed!twice!with!100!mL!1M!HCl!to!afford!7.8!g!(15%)!of!the!

desired!orange!product!as!a!mixture!of!5!and!6!isomer.!!

MS!ESIR!Calc’d!for!C21H11O7:!375.3.!Found:!375.0.!!
1H!NMR!(500!MHz;!CD3OD):!δ!8.69!(d,!0.8!1H),!8.40!(dd,!8.0,!1.6!1H),!8.36!(dd,!8.1,!1.4!1H),!

8.21!(d,!8.1!1H),!7.84!(d,!0.7!1H),!7.38!(d,!8.0!1H),!6.90!(d,!2.0!2H),!6.87!(d,!9.6!2H),!6.85!(d,!

2.1!2H),!6.83!(d,!.9.3!2H),!6.74!(dd,!9.1,!2.0!2H),!6.71!(dd,!8.8,!2.0!2H).!!!!!!

!

5,6"carboxyNHS-fluorescein.9#

To!a!100!mL!RBF!was!added!3.01!g!(!8.0!mmol)!of!5,6Rcarboxy!fluorescein,!3.04!g!(15.2!

mmol,!1.9!eq.)!of!EDC!and!2.22!g!(19.3!mmol,!2.4!eq.)!of!NR!hydroxy!succinimide!and!

dissolved!in!2!mL!of!DMF.!!The!reaction!was!allowed!to!stir!at!room!temperature!for!an!

hour!and!then!the!solvent!was!removed!under!reduced!pressure.!!The!product!was!purified!

by!column!chromatography!in!1!to!3!%!MeOH/CHCl3!to!afford!1.75!g!(47%)!of!an!orange!

solid.!!!

MS!ESI+!Calc’d:!473.01.!Found:!474.0.!!
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1H!NMR!(500!MHz;!CD3OD):!δ!8.72!(dd,!1.5,!0.7!1H),!8.46!(dd,!8.1,!1.6!1H),!8.42!(dd,!8.1,!1.4!

1H),!8.21!(dd,!8.1,!0.7!1H),!7.91!(dd,!1.4,!0.7!1H),!7.45!(dd,!!8.1,!0.7!1H),!6.71!(d,!2.4!2H),!

6.70!(d,!2.4!2H),!6.66!(d,!1.6!2H),!6.64!(d,!!!1.6!3H),!6.58!(dd,!4.5,!2.4!3H),!6.56!(dd,!4.5,!2.4!

3H),!2.94!(s,!4H),!2.87!(s,!4H).!

!

G2FITC.!

To!a!solution!of!134!mg!(0.496!mmol)!of!G2NH2!in!6!mL!DMF!was!added!350!μL!(2.0!mmol,!

4!eq.)!of!DIEA!and!210!mg!(0.539!mmol,!1.09!eq.)!of!FITC.!!The!mixture!and!stirred!for!45!h!

at!ambient!temperature.!!The!solvent!was!removed!and!the!product!purified!by!column!

chromatography!in!5!→18!%!MeOH/CHCl3!to!afford!150!mg!(46%)!of!an!orange!solid.!

1H!NMR!(500!MHz;!DMSORd6):!δ!10.12!(br,!1H),!10.08!(br,!1H),!9.09!(br,!1H),!8.35!(br,!1H),!

8.24!(d,!1.9!1H),!8.17!(s,!1H),!7.74!(d,!5.2!1H),!7.17!(d,!8.3!1H),!6.86!(s,!2H),!6.67!(d,!2.3!2H),!

6.61!(d,!8.7!2H),!6.56!(dd,!8.7,!2.3!2H),!4.10!(q,!5.0!2H),!4.04!(dd,!5.9,!4.0!2H),!3.61!(dd,!5.9,!

4.0!2H),!3.45!(q,!5.8!2H),!3.31!(s,!3H).!
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T2FITC.#

A!solution!of!50!mg!(0.17!mmol)!of#T2NH2,!150!μL!(0.86!mmol,!5!eq)!of!DIEA!and!65!mg!

(0.17!mmol)!of!FITC!was!stirred!overnight!in!3!mL!dry!DMF!at!ambient!temperatuer.!The!

solvent!was!removed!and!product!purified!by!column!chromatography!in!5!→15!%!

MeOH/DCM!to!afford!57!mg!(50%)!of!the!product!as!a!dark!orange!solid.!

Rf:!0.42!in!10!%!MeOH/DCM!!

1H!NMR!(500!MHz;!DMSORd6):!δ!11.70!(br,!1H),!10.14!(br,!1H),!8.15!(d,!1.3!1H),!7.71!(d,!6.2!

1H),!7.58!(t,!5.4!1H),!7.17!(d,!8.3!1H),!6.67!(d,!2.3!2H),!6.61!(d,!8.7!2H),!6.56!(dd,!8.7,!2.3!

2H),!3.61!(br,!2H),!3.40!(td,!12.9,!6.4!2H),!3.33!(br,!2H),!3.26!(td,!12.5,!6.4!2H),!2.41!(dt,!

16.3,!7.6!1H),!2.13!(dt,!13.3,!6.6!1H),!2.09!(s,!3H),!2.05!(s,!3H),!1.98!(s,!3H),!1.73!(dt,!14.0,!

6.8!1H),!1.36!(s,!3H).!peak!at!~2.53!ppm!occluded!by!DMSO!peak.!

&

&Synthesis&of&AFA4Lysine4Fluorescein&Conjugate&

!

#

GLys(Boc)NH2.-

To!a!solution!of!3.43!g!(7.32!mmol,!1.07!eq.)!of!FmocLys(Boc)OH!in!125!mL!of!DMF!was!

added!1.92!mL!(11.0!mmol,!1.5!eq.)!of!DIEA!and!2.98!g!(7.86!mmol,!1.07!eq.)!of!HBTU.!!

After!30!min.!2.38!g!(8.81!mmol)!of!G2NH2!and!2.05!mL!(11.8!mmol,!1.6!eq.)!of!DIEA!were!

added!and!stirred!at!room!temperature!overnight.!!The!DMF!was!removed!by!rotary!
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evaporation!and!the!product!isolated!by!column!chromatography!in!3!→8%!MeOH!1%!

GAA/DCM.!!The!solvent!was!removed!from!fractions!containing!product!and!stirred!in!30!

mL!20!%!piperidine!in!DMF!for!2!h.!!The!solvent!was!removed!the!product!isolated!by!

column!chromatography!in!9%!MeOH!1%!GAA/DCM!until!the!residual!HOBT!eluted.!!The!

running!solvent!was!then!switched!to!10%!MeOH/DCM!and!then!9%!MeOH!1%!TEA/DCM!

to!afford!1.54!g!of!a!cream!colored!solid.!!TwoRstep!yield:!1.54!g,!73%.!!Note:!HBTU!works!

better!than!DCC.!!!

MS!ESI+!Cal’d!for:!498.27.!Found:!500.0!!

1H!NMR!(500!MHz;!DMSORd6):!δ!8.23!(t,!5.2!1H),!8.18!(t,!5.4!1H),!6.84!(s,!2H),!6.72!(t,!5.5!

1H),!5.70!(s!br,!2H),!4.05!(dd,!5.9,!4.0!2H),!3.60!(dd,!5.9,!4.0!2H),!3.31!(s,!3H),!3.26!(t,!5.3!

2H),!3.22!(q,!6.4!2H),!2.86!(q,!6.4!2H),!1.56!(m,!1H),!1.41!(m,!1H),!1.36!(s,!9H),!1.32!(m,!2H),!

1.24!(m,!2H).!

!

GLys(Boc)Fl.&

To!a!solution!of!555!mg!(1.11!mmol)!of!GLys(Boc)NH2!in!10!mL!dry!DMF!was!added!0.78!

mL!(4.47!mmol,!4eq.)!of!DIEA!and!490!mg!(1.26!mmol,!1.1!eq)!of!FITC.!The!mixture!was!!

stirred!at!ambient!temperature!for!4!days.!!!The!solvent!was!removed!via!rotary!

evaporation!and!the!product!purified!by!column!chromatography!in!5!→10%!MeOH!1%!

GAA/DCM!to!afford!750!mg!(76%)!of!an!orange!solid.!!!!!

Rf:!0.26!in!10%!MeOH!1%!GAA/DCM!
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MS!ESIR!Calc’d:!887.3.!Found:!886.1.!!

1H!NMR!(;!DMSORd6):!δ!11.30!(br,!1H),!10.31!(s,!1H),!9.13!(br,!2H),!8.46!(s,!1H),!8.31!(s,!1H),!

8.24!(d,!7.5!1H),!8.21!(t,!4.4!1H),!7.78!(dd,!8.4,!1.2!1H),!7.17!(d,!8.4!1H),!6.83!(s,!2H),!6.74!(t,!

5.4!1H),!6.67!(d,!2.1!2H),!6.60!(dd,!8.7,!3.1!2H),!6.56!(dd,!8.7,!2.0!2H),!4.85!(q,!6.2!1H),!4.04!

(dd,!5.7,!4.0!2H),!3.60!(dd,!5.7,!4.2!2H),!3.31!(s,!3H),!3.27!(m,!4H),!2.88!(q,!6.4!2H),!1.77!(m,!

1H),!1.69!(m,!1H),!1.37!(occluded,!2H),!1.35!(s,!9H),!1.25!(m,!2H).!

-

GLysFl.&

A!solution!of!183!mg!(0.21!mmol)!of!GLys(Boc)Fl!in!3!mL!CHCl3!and!6!mL!TFA!was!stirred!

for!4!h.!!The!solvent!was!removed!to!afford!160!mg!(quant.)!of!the!desired!product!as!an!

orange!solid.!!!

1H!NMR!(500!MHz;!DMSORd6):!δ!10.32!(s,!1H),!10.16!(br,!1H),!9.12!(br,!1H),!8.56!(s,!1H),!

8.34!(d,!9.9!1H),!8.31!(t,!5.6!1H),!7.76!(dd,!8.3,!2.0!1H),!7.70!(d,!13.1!1H),!7.21!(d,!8.3!1H),!

6.86!(s,!2H),!6.68!(d,!2.2!2H),!6.60!(d,!8.7!2H),!6.56!(dd,!8.7,!2.2!2H),!4.91!(dd,!12.9,!6.6!1H),!

4.05!(dd,!6.0,!3.9!2H),!3.61!(dd,!6.0,!3.9!2H),!3.43!(q,!5.7!2H),!!!3.31!(s,!3H),!2.94!(s,!2H),!2.88!

(d,!68.9!5H),!2.80!(s,!2H),!1.82!(dtt,!J!=20.7,!13.8,!6.9!2H),!1.58!(tq,!14.0,!7.0!2H),!1.42!

(quintet,!7.7!Hz)!

&

Synthesis&of&Amine&Comonomers&
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Potassium-phthalimide!.10#

A!solution!of!40!g!(272!mmol)!of!phthalimide!in!800!mL!of!200!proof!EtOH!was!refluxed!for!

30!min.!!The!solution!was!decanted!into!a!solution!of!15.4!g!(274!mmol)!of!KOH!in!12!mL!

water!and!45!mL!ethanol!and!allowed!to!cool!to!ambient!temperature.!!The!resulting!

precipitate!was!vacuum!filtered!and!washed!with!acetone!to!afford!40.3!g!(80%)!of!shiny!

white!solid.!!

!

Glycidylphthalimide.11!

In!a!flameRdried!flask,!36.05!g!(194!mmol)!of!potassium!phthalimide!and!3.78!g!(20!mmol)!

of!benzyltrimethylammonium!chloride!were!dissolved!in!600!mL!dry!isopropanol!under!

nitrogen.!Approximately!45!mL,!53!g!(575!mmol,!3!eq.)!of!epichlorohydrin!was!added!in!11!

mL!aliquots!in!15!min!intervals.!!The!reaction!was!heated!to!50!°C!for!29!h!then!allowed!to!

cool!to!room!temperature.!!The!solvent!was!removed!via!rotary!evaporation!and!the!

residue!dissolved!in!300!mL!EtOAc.!!The!organic!layer!was!washed!thrice!with!100!mL!

water!and!the!solvent!removed!via!rotary!evaporation!to!afford!34.6!g!(88%)!of!white!solid.!

Note:!The!following!reaction!was!only!successful!with!freshly!prepared!potassium!

phthalimide!(thoroughly!dried).!!Literature!procedure!cooled!the!flask!when!adding!the!

epichlorohydrin,!but!when!this!attempted!previously!significant!precipitation!was!

observed.!!!!!

MS!ESI+!Calc’d:!203.06!Found:!242.02!(+K+)!

1H!NMR!(500!MHz;!CDCl3):!δ!7.87!(dd,!5.4,!3.1!2H),!7.74!(dd,!5.4,!3.1!2H),!3.96!(dd,!14.4,!5.0!

1H),!3.81!(dd,!14.4,!5.0!1H),!3.14!(ddt,!5.0,!4.0,!2.5!1H),!2.81!(dd,!4.8,!4.0!1H),!2.69!(dd,!4.8,!

2.5!1H).!!
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!

1"chloro"3"(dibenzylamino)propan"2"ol.&12&&

To!a!solution!of!200!mL!(1.04!mol)!of!dibenzylamine!in!100!mL!dry!methanol!was!added!a!

solution!of!735!mL!(9.08!mol)!of!epichlorohydrin!in!100!mL!of!methanol.!!The!reaction!was!

allowed!to!stir!at!room!temperature!for!16!h!under!nitrogen.!!The!solvent!and!excess!

epichlorohydrin!was!removed!under!reduced!pressure!to!afford!266.8!g!(89%)!of!the!

desired!product!as!a!slightly!yellow!oil.!!Yield:!!(86R94%).!

Note:!When!a!single!equivalent!of!epichlorohydrin!was!used,!as!in!literature,!only!20!%!

conversion!was!seen,!as!determined!by!1H!NMR.!

1H!NMR!(500!MHz;!CDCl3):!δ!7.37R7.27!(m,!10H),!2.89!(ddt,!8.6,!5.6,!4.9!2H),!3.78!(d,!13.5!

2H),!3.53!(d,!13.5!1H),!3.49!(dd,!10.7,!4.6!1H),!3.46!(dd,!10.7,!5.2!1H),!2.66!(dd,!12.9,!4.8!

1H),!2.60!(dd,!12.9,!8.6!1H).!!13C!NMR!(126!MHz;!CDCl3):!δ!138.4,!129.1,!128.6,!127.5,!67.8,!

58.9,!56.8,!47.5.!!

!

N,N"dibenzyl"1"(oxiran"2"yl)methanamine&(DBAG).&

To!a!solution!of!266.8!g!!(921!mmol)!of!1RchloroR3R(dibenzylamino)propanR2Rol!in!1.2!L!

tBuOH!was!added!a!solution!of!87!g!(1.55!mol)!of!KOH!in!120!mL!water.!!The!mixture!was!

stirred!at!50!°C!for!16!h!under!nitrogen.!The!reaction!was!vacuum!filtered!to!remove!the!

KCl!and!aqueous!layer!separated.!!The!solvent!was!removed!from!the!organic!layer!to!give!
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very!thick!oil.!!Vacuum!distillation!under!high!vacuum!(120!°C!at!190!microns)!afforded!

233!g!(93.5%)!of!a!very!viscous!clear!liquid!that!was!stored!over!sieves.!!

MS!ESI+!Calc’d:!253.25.!Found:!254.2.!!

1H!NMR!(500!MHz;!CDCl3):!δ!7.41!(d,!7.3!4H),!7.36!(m,!4H),!7.26!(d,!7.3!2H),!3.82!(d!13.7!

2H),!3.59!(d,!13.7!2H),!3.10!(ddt,!6.4,!3.8,!2.7!1H),!2.79!(dd,!13.8,!3.6!1H),!2.69!(dd,!4.9,!4.2!

1H),!2.47!(dd,!13.8,!6.3!1H),!2.45!(dd,!4.9,!2.9!1H).!13C!NMR!(126!MHz;!CDCl3):!δ!139.5,!

128.9,!128.4,!127.1,!59.1,!56.0,!51.3,!45.2.!!

!!!!!!!

!

N,N"di(4"methoxybenzyl)amine.!

To!a!flame!dried!1!L!RBF!equipped!with!a!deanRstark!trap!was!added!190!mL!(1.46!moles)!

of!methoxybenzylamine!and!177!mL!(1.46!moles)!of!pRanisaldehyde!while!stirring!

vigorously!under!nitrogen!and!gradually!heating!to!150°!C.!(Note:!quite!exothermic!on!this!

scale)!Overnight,!20!mL!water!was!isolated!in!the!deanRstark!trap!and!removed.!!The!

reaction!was!cooled!to!0!°C!and!~550!mL!anhydrous!methanol!added.!!To!this!was!added!

74!g!(1.96!moles,!1.3!eq.)!of!NaBH4!over!100!min!and!the!reaction!was!allowed!to!warm!to!

room!temperature!and!stirred!overnight.!!The!solvent!was!removed!via!rotary!evaporation!

until!~!150!mL!methanol!remained.!!To!the!viscous!solution!was!added!~750!mL!water!and!

the!product!was!extracted!by!washing!thrice!with!300!mL!CHCl3!and!dried!with!MgSO4.!!The!
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solvent!was!removed!via!rotary!evaporation!and!the!resultant!material!distilled!under!high!

vacuum!(140!°C!at!236!microns)!to!afford!296!g!of!product!as!a!white!crystalline!solid.!!

2Rstep!yield!80!%!m.p.!38°!C!

Note:!The!yield!is!higher!when!the!first!step!is!carried!out!neat.!During!distillation!no!

condenser!is!required,!but!slight!heating!of!apparatus!may!be!necessary!because!product!is!

a!solid!at!rt.!!!!!!!!!!!!!!!!!!!!!!!!!

Rf!=!0.71!in!5!%!MeOH/CHCl3!

1H!NMR!(500!MHz;!CDCl3):!δ!7.27!(d,!8.6!4H),!6.89!(d,!8.6!4H),!3.83!(s,!6H),!3.76!(br,!1H).!

!

-

1"(N,N"di"(4"methoxybenzyl)amino)"3"chloropropan"2"ol.-

To!a!solution!of!78.6!g!(0.309!mol)!of!N,NRdi(4Rmethoxybenzyl)amine!in!500!mL!anhydrous!

methanol!was!added!279!g!(3.01!mol,!10!eq)!of!epichlorohydrin.!!The!solution!was!stirred!

overnight!at!ambient!temperatuer.!!The!excess!epichorohydrin!and!methanol!were!

removed!via!rotary!evaporation!to!afford!108!g!(100%)!of!pale!yellow!oil.!!-

1H!NMR!(500!MHz;!CDCl3):!δ!7.20!(d,!8.7!4H),!6.87!(d,!8.7!4H),!3.80!(s,!6H),!3.69!(d,!13.4!

2H),!3.45!(dd,!5.4,!2.4!2H),!3.44!(d,!13.4!2H),!3.33!(d,!2.0!1H),!2.60!(dd,!12.8,!4.8!1H),!2.55!

(dd,!12.8,!8.7!1H).!

!
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N,N"di"4"methoxybenzyl"1"(oxiran"2"yl)methanamine#(MDBAG).#

To!a!solution!of!107.9!g!(0.308!mol)!of!the!above#product!in!750!mL!in!tRBuOH!!was!added!a!

solution!of!29.4!g!(0.525!mol)!of!KOH!in!40!mL!water.!!The!reaction!was!heated!to!60!°C!

and!stirred!40!h!under!nitrogen.!!The!reaction!was!cooled!and!filtered.!!To!the!filtrate!was!

added!20!mL!of!diethyl!ether,!20!mL!of!water!and!20!mL!of!brine.!!The!organic!layer!was!

separated!and!the!solvent!removed!via!rotary!evaporation.!!The!product!was!then!distilled!

under!high!vac!(162!°C!at!83!microns)!affording!59!g!(61%)!of!a!very!viscous!clear!liquid!

which!was!stored!over!sieves.!!!!!

1H!NMR!(500!MHz;!CDCl3):!δ!7.30!(d,!8.6!4H),!6.88!(d,!8.6!4H),!3.82!(s,!6H),!3.74!(d,!13.5!

2H),!3.52!(d,!13.5!2H),!3.08!(m,!1H),!2.75!(dd,!13.8,!3.7!1H),!2.70!(t,!4.6!1H),!2.45R2.41!(m,!

2H).!

!

Synthesis&of&HPGs&and&Derivatives&

!

#

Low#Molecular#Weight#HPG13##

To!a!flameRdried!three!neck!RBF!equipped!with!a!mechanical!stirrer,!reflux!condenser!and!

syringe!pump!was!added!0.50!mL!(4.5!mmol)!of!5Rhexynol.!!To!the!system!was!added!21!
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mg!(0.53!mmol)!NaH!(60%!in!mineral!oil),!and!purged!with!nitrogen,!cooled!with!liquid!N2!

then!put!under!high!vacuum!(liquid!N2!removed)!until!it!returned!to!ambient!temperature.!!

This!was!repeated!thrice.!!The!reaction!was!heated!

to!80!°C!and!47.5!mL!(716!mmol,!158!eq)!of!glycidol!

was!added!via!syringe!pump!at!1.5!mL/hr,!Figure!5.!!

After!35!h,!the!temperature!was!decreased!to!50!°C!

and!60!mL!of!methanol!added.!!Amberlite!ionR

exchange!resin!was!allowed!to!stir!in!reaction!for!1!h!

then!removed!via!filtration.!!Fractions!were!isolated!

by!fraction!precipitation!by!diethylether!followed!by!

centrifugation.!!

!

High#Molecular#Weight#HPG#(specifics#for#sample#

F)14#

To!a!flameRdried!three!neck!RBF!equipped!with!a!

mechanical!stirrer,!reflux!condenser!and!syringe!

pump!was!added!0.25!mL!(2.3!mmol)!of!5Rhexynol.!!

To!the!system!was!added!0.124!g!(0.44!mmol,!0.19!

eq)!of!potassium!methoxide!(25%!by!weight)!and!

after!thorough!stirring,!20!mL!anhydrous!dioxane!was!added.!!The!reaction!was!headed!to!

80!°C!and!39!mL!(588!mmol,!259!eq)!of!glycidol!added!at!1.5!mL!per!h.!!An!hour!after!

glycidol!addition!was!complete,!60!mL!of!methanol!and!amberlite!ionRexhange!resin!was!

 

 
Figure 3.5: Typical set-up for HPG 
synthesis (top) and after all the glycidol 
has been added the HPG becomes very 
vifscous (bottom).!
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added!and!the!temperature!decreased!to!50°!C.!!Resin!was!removed!by!filtration!and!the!

polymer!precipitated!by!diethyl!ether.!!!!!

#

#

Conjugation-of-Fluorescein-to-HPG:-

HPG!polymer!was!dissolved!in!dry!DMF!and!dried!over!sieves!for!24!h.!!Sodium!hydride!

was!added!to!the!polymer!solution!and!stirred!for!30!min.!!FITC!was!added!and!the!

reaction!stirred!18!h!at!ambient!temperature.!!Most!of!the!DMF!was!removed!by!rotary!

evaporation.!The!remaining!viscous!liquid!was!dissolved!in!20R30!mL!of!methanol!and!

precipitated!with!5R15!mL!of!diethyl!ether.!The!solution!was!centrifuged!to!form!to!distinct!

layers,!which!were!separated.!!The!extremely!viscous!polymer!was!redissolved!in!20R30!mL!

of!methanol!and!reprecipitated!with!5R15!mL!of!diethyl!ether!twice!more.!!The!polymer!

was!dried!down!and!dissolved!in!20!%!MeOH!in!pH!8.0!20!mM!aqueous!phosphate!buffer.!!

Free!FITC!was!removed!from!FITC!labeled!polymer!by!prep!gravity!SEC!using!BioRad!P2!

resin!in!20!%!MeOH!in!pH!8.0!20!mM!aqueous!phosphate!buffer.!!The!resulting!polymer!

was!desalted!by!running!through!C8!with!methanol.!!!

!
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!

HPGPCO2PC3H6PCO2H#

To!a!solution!of!1.10!g!(0.138!mmol)!of!HPG!(MW:8000)!in!12!mL!dry!pyridine!was!added!

0.33!g!(3.3!mmo,!24!eq.)!!of!succinic!anhydride.!!The!reaction!was!warmed!to!65!°C!under!

Ar!overnight.!!The!pyridine!was!removed!via!rotary!evaporation!and!the!residue!dissolved!

in!10!mL!MeOH.!!The!polymer!was!precipitated!with!diethylether!and!centrifuged!(4000!

rpm,!10!min,!4°!C).!!The!supernatant!was!removed!and!the!polymer!was!redissolved!and!

reprecipitated!twice!more.!!!!

1H!NMR!analysis!indicated!~!11!acid!groups/!polymer!!

HPGRCO2H!have!been!prepared!with!34,!11,!5,!and!3!acid!groups/!polymer.!!!

!

#

HPGPCH2PCO2H#other#method#

To!a!solution!of!2.275!g!(0.711!mmol)!of!HPG!(Mn:!3200)!in!50!mL!of!anhydrous!DMF!was!

added,!over!several!minutes,!355!mg!(8.89!mmol,!12!eq.)!of!NaH.!!After!ten!minutes,!1.21!g!

(12.8!mmol,!18!eq.)!of!chloroacetic!acid!was!added!and!the!reaction!allowed!to!stir!
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overnight!at!ambient!temperature.!!The!solvent!was!removed!via!rotary!evaporation!and!

the!residue!dissolved!in!minimal!methanol.!!The!insoluble!solid!was!removed!via!vacuum!

filtration!and!the!polymer!precipitated!from!the!filtrate!with!diethylether.!!The!solution!

was!centrifuge!and!the!supernatant!decanted.!!The!polymer!was!redissolved!in!methanol!

and!reprecipitate!twice!more.!!!

!

III.C.#Synthesis#of#Fluorescent#ONP#and#Precursors#

This!section!details!the!synthesis!of!all!compounds!in!Chapter!II.!Synthesis!and!

Characterization!of!Norbornyl!Based!Fluorescent!Organic!Nanoparticles!with!Improved!

Photostability!#

Synthesis&of&Norbornyl&Monomers&

!

!

Cis"5"Norbornene"exo"2,3"dicarboxylic-anhydride-

(carbic#anhydride).-

A!suspension!of!247!g!(2.52!mol)!of!malic!anhydride!in!

1!L!anisole!was!heated!to!60°!C.!!To!the!solution!was!

added!215!mL!(2.55!mol)!of!recently!distilled!

cyclopentadiene!and!the!reaction!refluxed!for!60!h.!!

Most!of!the!anisole!(900!mL)!was!removed!via!vacuum!

distillation.!!The!reaction!solidified!upon!cooling!and!

OO O+ anisole, reflux
60 hrs

OO O26%

!
Figure 3.6: Recrystallization of 
exo-carbic anhydride from 
benzene 
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was!recrystallized!thrice!with!benzene.!!Supernatants!were!collected,!benzene!removed!

and!stored!to!be!used!in!the!next!synthesis.!!OffRwhite!crystals!(Figure!3.6)!were!isolated!by!

vacuum!filtration!to!afford!100.8!g!(26%).!!Each!fraction!was!confirmed!97+%!exo!product!

by!1H!NMR.!!!!

Rf:!0.67!in!20%!EtOAc/PE!stain!with!KMnO4!

1H!NMR!!(500!MHz;!CDCl3):!δ!6.32!(t,!1.9!2H),!3.44!(td,!1.6,!0.4!2H),!3.00!(ddt,!1.5,!1.0,!0.5!

2H),!1.66!(dt,!10.2,!1.4!1H),!1.43!(ddd,!10.2,!1.4,!0.7!1H).!!13C!NMR!!(;!CDCl3):!δ!171.7,!138.0,!

48.8,!46.9,!44.2.!!!

!

!

N"(glycine)"cis"5"norbornene"exo"dicarboximide-(NBGly).15!

To!a!solution!of!15.01!g!(91.4!mmol)!of!carbic!anhydride,!in!90!mL!of!toluene!was!added!

9.52!g!(127!mmol,!1.4!eq.)!of!glycine!and!1.5!mL!(10.8!mmol,!0.11!eq.)!of!TEA.!!The!mixture!

was!refluxed!overnight!equipped!with!a!DeanRStark!trap.!!The!solvent!was!removed!by!

rotary!evaporation!and!the!residue!dissolved!in!180!mL!EtOAc!and!washed!twice!with!60!

mL!0.2!N!HCl.!!The!organic!layer!was!evaporated!and!the!residue!dissolved!in!150!mL!sat.!

NaHCO3!and!washed!twice!with!30!mL!DCM.!!The!aqueous!layer!was!acidified!with!12!mL!

concentrated!HCl!and!the!product!was!extracted!with!thrice!with!150!mL!CHCl3.!!The!
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organic!layers!were!combined,!dried!with!MgSO4.!The!solvent!was!removed!to!afford!12.35!

g!(57!%)!the!desired!product!as!a!white!solid.!Yield:!46R78%!

Rf:!0.14!in!10%!MeOH/(DCM:!CHCl3)!stain!with!KMnO4! !

1H!NMR!(500!MHz;!CDCl3):!δ!10.36!(s,!1H),!6.31!(s,!2H),!4.28!(s,!2H),!3.32!(t,!1.6!2H),!2.78!

(d,!1.2!2H),!1.62!(d,!10.0!1H),!1.51!(dt,!10.0,!1.5!1H).!

13C!NMR!(126!MHz;!DMSO):!δ!176.9,!168.5,!137.8,!47.4,!44.7,!42.3,!39.3!

!

N"(glycine-N"hydroxysuccinimide-ester)"cis"5"norbornene"exo"dicarboximide!

(NBGlyNHS).!

To!a!flameRdried!flask!3.99!g!(18.1!mmol)!of!NBGly!and!3.89!g!(19.7!mmol)!of!EDCRHCl!

were!added.!!The!reagents!were!dissolved!in!40!mL!dry!DMF!and!stirred!at!35!°C!for!10!min!

but!remained!cloudy.!!Upon!addition!of!2.59!g!(22.5!mmol,!1.25!eq.)!of!NHS!the!solution!

turned!translucent!and!was!stirred!at!40!°C!overnight.!!The!DMF!was!removed!via!rotary!

evaporation!and!the!residue!was!dissolved!in!140!mL!of!EtOAc!and!washed!with!75!mL!of!

sat.!NaHCO3.!!The!aqueous!layer!was!back!extracted!with!25!mL!of!EtOAc.!!The!organic!

layers!were!combined!and!washed!with!100!mL!of!brine!and!dried!with!MgSO4.!!After!

removing!the!solvent,!the!residue!was!columned!(with!dry!silica)!in!70→!90%!EtOAc/PE,!to!

afford!3.5!g!(60%)!of!fine!white!powder.!Note:!yields!decrease!significantly!with!

untreated/wet!silica.!!

Rf:!0.52!in!80%!EtOAc/PE!stain!with!KMnO4!

MS!ESI−!Calc’d:!221.07.!Found:!220.0.!!

1H!NMR!!(500!MHz;!CDCl3):!δ!6.30!(t,!1.8!2H),!4.56!(s,!2H),!3.32!(quintet,!1.7!2H),!2.83!(s,!

4H),!2.78!(d,!1.2!2H),!1.55!(dt,!10.0,!1.4!1H),!1.51!(dquintet,!10.0,!1.5!1H).!
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!

!

N"(2,3"dihydroxypropyl-acetonide)"cis"5"norbornene"exo"dicarboximide-(NBPdiOH).#

A!solution!of!20.0!g!(121.8!mmol)!of!carbic!anhydride!and!12.73!g!(139.7!mmol)!of!3R

aminoR1,2Rpropanediol!in!420!mL!of!toluene!and!150!mL!of!dioxane!was!refluxed!

overnight.!!Approximately!400!mL!of!solvent!was!removed!and!4.6!g!(24!mmol)!of!pR

toluenesulfonic!acid!monohydrate!and!150!mL!(1.22!mol)!of!2,2Rdimethoxypropane!were!

added!and!allowed!to!stir!overnight.!!The!solvent!was!removed!and!product!purified!by!

column!chromatography!in!20%!EtOAc/PE!to!afford!29.9!g!(89%)!of!fine!white!crystalline!

powder.!!

step!1!Rf:!0.45!in!10%!MeOH/(DCM:CHCl3)!stain!with!KMnO4!

step!2!Rf:!0.33!in!20%!EtOAc/PE!stain!with!KMnO4!

1H!NMR!(500!MHz;!CDCl3):!δ!!6.27!(t,!1.8!2H),!4.36!(ddt,!7.5,!6.2,!5.0!1H),!4.00!(dd,!8.7,!6.2!

1H),!3.74!(dd,!13.4,!7.5!2H),!3.72!(d,!8.7,!5.0!2H),!3.45!(dd,!13.4,!4.9!1H),!3.27!(t,!1.6!2H),!

2.69!(d,!1.2!2H),!1.49!(dt,!9.9,!1.5!1H),!1.40!(s,!3H),!1.33!(d,!9.9!1H).!!13C!NMR!(126!MHz;!

DMSO):!δ!177.58,!177.43,!137.61,!137.58,!108.7,!71.8,!66.7,!47.29,!47.12,!44.57,!44.55,!42.3,!

41.0,!39.5,!26.7,!25.2!

OO O

H2N OH
OH

NO O

OH
HO

MeO OMe

NO O

O
O

toluene/dioxane (3:1)
reflux overnight

cat. pTsOH
50° C overnight
2-step 89 %

NBPdiOH



!
!

95!

!

N"(4"aminobutyl)"cis"5"norbornene"exo"dicarboximide-(NB4NH2).#

A!solution!of!15.05!g!(91.7!mmol)!of!carbic!anhydride!and!460!mL!(4.58!mol)!of!1,4R

diaminobutane!was!stirred!at!100!°C!for!46!h.!!Most!of!the!1,4Rdiaminobutane!(300!mL)!

was!distilled!off!(b.p.!158°!C).!!The!resultant!material!was!dry!loaded!and!purified!via!flash!

chromatography!in!5!→!9!%!MeOH/1!%!TEA/DCM!to!afford!16.2!g!(76%)!of!pale!yellow!

semiRsolid.!!Note:!Attempts!were!made!to!dissolve!the!product!in!organic!solvent!(EtOAc!or!

chloroform)!and!wash!out!the!diaminobutane!that!remained!after!distillation.!!This!was!

unsuccessful!because!product!went!into!both!phases,!even!when!the!water!was!slightly!

basic.!!Lower!yields!(20R40%)!were!observed!when!reaction!was!done!with!solvent!or!

shorter!reaction!times!(24!h).!

Rf:!0.15!in!10%!MeOH/(DCM:CHCl3)!stain!with!KMnO4!

MS!ESI+!Calc’d:!234.14.!Found:!235.2.!!

1H!NMR!(400!MHz;!DMSORd6):!δ!6.26!(s,!2H),!3.29!(t,!7.4!2H),!3.05!(s,!2H),!2.64!(s,!2H),!2.47!

(t,!7.0!2H),!1.91!(s,!2H),!1.42!(dt,!15.0,!7.4!2H),!1.33!(d,!9.6!1H),!1.23!(dt,!15.0,!7.0!2H),!1.08!

(d,!9.6!1H).!13C!NMR!(126!MHz;!DMSO):!δ!177.7,!137.6,!47.2,!44.5,!42.4,!41.0,!37.9,!30.3,!

24.8!

!

!

H2N
NH2

neat, 100° C, 16 hrs
N

O

O

NH2

O

O

O

76%
NB4NH2

O

HO

OH

O

DMF
HBTU, DIEA
NB4NH2

24-82%
TEA or pyridine

73%

acetic anhydride

O

HO
H
N

O
N

O

O

O

AcO
H
N

O
N

O

OT4NB AcT4NB



!
!

96!

N"(4"(troloxylamido)butyl)"cis"5"norbornene"exo"dicarboximide-(T4NB).#

A!solution!of!0.91!g!(3.64!mmol)!of!Trolox,!888!mg!(3.79!mmol,!1.04!eq)of!NB4NH2,!1.76!g!

(4.64!mmol,!1.27)!of!HBTU!and!2.0!mL!(11.5!mmol)!of!DIEA!in!10!mL!dry!DMF!was!allowed!

to!stir!overnight!at!ambient!temperature.!!The!solvent!was!removed!and!product!purified!

by!column!chromatography!in!1!→5%!MeOH/(DCM:CHCl3)!to!afford!450!mg!(24%)!of!light!

tan!solid.!The!second!time!this!reaction!was!done!at!3!times!the!scale,!the!yield!jumped!to!

82%.!!!

Rf:!0.42!in!5%!MeOH/(DCM:CHCl3)!!

MS!ESIR!Calc’d:!466.25.!Found:!465.2.!!

1H!NMR!(500!MHz;!CDCl3):!δ!6.42!(t,!5.9!1H),!6.26!(s,!2H),!4.86!(s,!1H),!3.34!(t,!6.5!2H),!3.28R

3.24!(dd,!13.0,!6.0!1H),!3.24!(s,!2H),!3.15!(dd,!13.1,!6.0!1H),!2.64!(d,!0.5!2H),!2.59!(dt,!16.7,!

5.9!1H),!2.51!(ddd,!16.7,!9.0,!6.9!1H),!2.33!(dt,!13.4,!6.0!1H),!2.16!(d,!5.4!6H),!2.07!(s,!3H),!

1.83!(ddd,!13.4,!9.0,!6.0!1H),!1.48!(s,!3H),!1.47!(s,!1H),!1.37!(s,!4H),!1.14!(d,!9.8!1H).!!13C!

NMR!(126!MHz;!CDCl3):!δ!178.0,!174.4,!145.9,!144.2,!137.8,!122.3,!121.6,!119.9,!117.9,!78.3,!

47.8,!45.2,!42.8,!38.63,!38.52,!38.2,!29.7,!27.1,!25.0,!24.5,!20.6,!12.4,!12.0,!11.5!

!

N"(4"(troloxyl(O"acetyl)amido)butyl)"cis"5"norbornene"exo"dicarboximide-(AcT4NB).!

A!solution!of!3.84!g!(8.23!mmol)!of!T4NB!and!2.1!g,!15.2!mmol)!of!potassium!carbonate!in!

40!mL!acetic!anhydride!was!stirred!at!50!°C!overnight.!!The!reaction!was!allowed!to!cool!

and!50!mL!methanol!slowly!added!(exothermic:!use!caution!to!not!boil!the!reaction).!!The!

solvent!was!removed!via!rotary!evaporation!and!the!residue!dissolved!in!30!mL!

chloroform.!!The!organic!layer!was!washed!twice!with!20!mL!of!brine,!dried!with!MgSO4!
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and!the!solvent!removed!to!afford!3.06!g!(73%)!of!light!tan!solid.!!Note:!This!procedure!

worked!better!than!with!TEA!as!the!base!or!flash!chromatography!to!purify.!!!!

!

!

(3,5"dihydroxy"4"(2"methoxyethoxy)benzoic-acid).-

To!a!solution!of!1.08!g!(4.45!mmol)!of!3,5RdihydroxyR4R(2Rmethoxyethoxy)methyl!

benzoate,!mG,!in!9!mL!methanol!was!added!2!mL!of!10!M!aqueous!(20!mmol)!NaOH.!!The!

solution!was!refluxed!for!24!h.!!The!pH!was!adjusted!~!5!with!6!M!HCl!and!the!solvent!was!

removed!via!rotary!evaporation.!!The!residue!was!titrated!with!water!and!vacuum!filtered!

to!afford!1.0!g!(quant.)!of!white!solid.!!Larger!scales!gave!yields!75R99%.!

Rf:!0.31!in!20%!MeOH/(DCM:CHCl3)!!

MS!ESIR!Calc’d:!228.06.!Found:!227.0.!!

1H!NMR!(500!MHz;!DMSORd6):!δ!8.98!(s,!1H),!6.91!(s,!2H),!4.01!(m,!2H),!3.59!(m,!2H),!3.31!

(s,!3H).!

!
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N"(4"(3,5"dihydroxy-4"(2"methoxyethoxy)-benzamido)butyl)"cis"5"norbornene"exo"

dicarboximide-(G4NB).#

A!solution!of!666!mg!(2.92!mmol)of!3,5RdihydroxyR4R(2Rmethoxyethoxy)benzoic!acid,!718!

mg!(3.06!mmol,!1.05!eq)!of!NB4NH2,!1.16!g!(3.06!mmol,!1.05!eq.)!of!HBTU!and!2.0!mL!(11.5!

mmol,!3.9!eq.)!of!DIEA!in!12!mL!DMF!was!stirred!at!room!temperature!overnight.!!The!

solvent!was!removed!via!rotary!evaporation!and!the!residue!purified!by!column!

chromatography!in!5!→10!%!MeOH/(DCM:CHCl3)!to!afford!575!mg!(44%)!of!the!desired!

product!as!an!offRwhite!solid.!!Upon!repetition!yields!as!high!as!79%!were!achieved.!!!!!!

Rf:!0.49!in!10%!MeOH/(DCM:CHCl3)!or!0.30!in!5%!MeOH/(DCM:CHCl3)!

MS!ESIR!Calc’d:!444.19.!Found:!443.1.!!

1H!NMR!(500!MHz;!DMSORd6):!δ!9.04!(s,!2H),!8.17!(t,!5.6!1H),!6.79!(s,!2H),!6.30!(t,!1.7!2H),!

4.04!(dd,!5.5,!4.4!2H),!3.60!(dd,!5.5,!4.4!2H),!3.36!(t,!6.8!2H),!3.31!(s,!3H),!3.16!(q,!6.1!2H),!

3.09!(t,!1.5!2H),!2.68!(d,!1.0!2H),!1.50R1.39!(m,!5H),!1.36!(d,!9.7!1H),!1.12!(d,!9.7!1H).!!13C!

NMR!(126!MHz;!DMSO):!δ!177.6,!166.0,!150.2,!137.6,!136.5,!130.2,!106.6,!71.0,!70.8,!58.0,!

47.2,!44.4,!42.3,!39.5,!38.6,!37.7,!26.6,!24.8.!

!

N"(4"(3,5"diacetoxy-4"(2"methoxyethoxy)-benzamido)butyl)"cis"5"norbornene"exo"

dicarboximide-(AcG4NB).#

To!a!solution!of!315!mg!(0.709!mmol)!of!G4NB!in!25!mL!acetic!anhydride!was!added!200!

mg!(1.44!mmol)!of!potassium!carbonate!and!20!mL!pyridine.!!The!reaction!was!allowed!to!

stir!at!room!temperature!overnight.!!The!solvent!was!removed!and!the!residue!dissolved!in!

10!mL!of!EtOAc!and!washed!twice!with!10!mL!water.!!The!solvent!was!removed!and!the!
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product!purified!by!column!chromatography!5!→10!%!MeOH/(DCM:CHCl3)!to!afford!342!

mg!(91%)!of!tan!oil.!!!!

Rf:!0.55!in!5%!MeOH/(DCM:CHCl3)!!

1H!NMR!(500!MHz;!CDCl3):!δ!7.42!!(s,!2H),!6.30!(t,!5.7!1H),!6.28!(t,!1.8!2H),!4.13R4.11!(m,!

2H),!3.61R3.59!(m,!2H),!3.51!(t,!7.0!2H),!3.45!(q,!6.3!2H),!3.39!(s,!3H),!3.27!(t,!1.7!2H),!2.69!

(d,!1.2!2H),!2.33!(s,!6H),!1.68R1.56!(m,!6H),!1.52!(dt,!9.9,!1.5!2H),!1.21!(d,!9.9!2H).!

!

!

N"(4"(fluoresceinyl"5(6)"amido)butyl)"cis"5"norbornene"exo"dicarboximide!(F4NB).!#

A!solution!of!1.014!g!(2.69!mmol)!of!5(6)Rcarboxyfluoroscein,!335!mg!(2.91!mmol,!1.08!eq.)!

of!NHS!and!0.629!mg!(3.24!mmol,!1.20!eq.)!of!EDCRHCl!in!20!mL!dry!DMF!was!allowed!to!

stir!at!room!temperature!for!50!min.!!To!the!reaction!was!added!677!mg!(2.89!mmol,!1.07!

eq.)!of!NB4NH2.#!The!reaction!was!allowed!to!stir!overnight!at!ambient!temperature.!!The!

DMF!was!remove!via!rotary!evaporation!the!residue!was!dissolved!in!~!30!mL!of!EtOAc.!!

The!organic!layer!was!washed!with!20!mL!of!water,!20!mL!of!0.1!M!HCl,!20!mL!of!brine!and!

20!mL!of!water.!!The!solvent!was!removed!and!the!residue!purified!via!flash!

chromatography!in!5!→8!%!MeOH/(DCM:CHCl3).!!The!orange!product!was!isolated!as!a!

mixture!of!the!5!and!6!isomer,!1.082!g!(66%).!!!
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5/6!Rf:!0.28!in!10%!MeOH/(DCM:CHCl3)!!

MS!ESIR:!Calc’d!EM:!592.18;!(EMR2H)/2:!295.09)!found:!295.1!!

isomer!5:!1H!NMR!(500!MHz;!DMSORd6):!δ!10.17!(s,!2H),!8.84!(t,!5.7!1H),!8.46!(d,!1.5!1H),!

8.24!(dd,!8.1,!1.5!1H),!7.38!(d,!8.1!1H),!6.70!(d,!2.6!2H),!6.59!(d,!8.7!2H),!6.56!(dd,!8.7,!2.6!

2H),!6.29!(t,!1.9!2H),!3.40!(d,!6.5!4H),!3.09!(dt,!3.4,!1.7!2H),!2.69!(d,!0.7!2H),!1.53!(m,!4H),!

1.35!(dt,!9.6,!1.5!1H),!1.13!(d,!9.6!1H).!peak!at!3.32!ppm!occluded!by!water!peak!

isomer!6:!1H!NMR!(500!MHz;!DMSO4d6):!δ!10.17!(s,!1H),!8.69!(t,!5.6!1H),!8.16!(dd,!8.1,!1.2!

1H),!8.08!(d,!8.1!1H),!7.66!(s,!1H),!6.69!(d,!2.6!2H),!6.59!(d,!8.6!2H),!6.55!(dd,!8.6,!2.6!2H),!

6.27!(t,!1.7!2H),!3.20!(q,!5.9!2H),!3.03!(dt,!3.3,!1.7!2H),!2.63!(d,!1.1!2H),!1.42!(m,!4H),!1.28!

(dt,!9.7,!1.4!1H),!1.06!(d,!9.7!1H).!peak!at!3.31!ppm!occluded!water!peak!

Mixture!of!isomers:!13C!NMR!(126!MHz;!DMSO):!δ!177.74,!177.68,!172.8,!168.24,!168.08,!

164.56,!164.48,!159.6,!154.7,!152.7,!151.9,!140.8,!137.65,!137.62,!136.3,!134.7,!129.41,!

129.29,!129.20,!128.2,!126.5,!124.9,!124.3,!123.2,!122.2,!112.77,!112.70,!109.19,!109.13,!

102.3,!83.38,!83.34,!47.29,!47.24,!44.49,!44.46,!42.43,!42.34,!39.5,!38.97,!38.94,!37.75,!

37.64,!26.55,!26.42,!24.95,!24.92.!!!

!

N"(4"((3’,6’"diacetoxy)fluoresceinyl"5(6)"amido)butyl)"cis"5"norbornene"exo"

dicarboximide!(AcF4NB).!

A!solution!of!410!mg!(0.67!mmol)!of!F4NB!in!6!mL!acetic!anhydride!was!allowed!to!stir!at!

room!temperature!overnight.!!The!solvent!was!removed!via!rotary!evaporation!and!the!

residue!dissolved!in!~!15!mL!of!EtOAc!and!washed!twice!with!10!mL!of!water.!!The!EtOAc!

was!removed!and!the!residue!purified!by!flash!chromatography!in!60!→100!%!EtOAc/PE.!!

The!5!and!6!isomer!could!be!separated!but!were!combined!to!yield!a!pale!yellow!solid,!288!
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mg!(62%).!!!It!was!found!later!that!addition!of!potassium!carbonate!increased!the!yield!to!

80%.!!!

isomer!5:!Rf:!0.43!in!80%!EtOAc/PE!

1H!NMR!(500!MHz;!DMSORd6):!δ!8.85!(t,!5.8!1H),!8.51!(dd,!1.6,!0.7!1H),!8.26!(dd,!8.1,!1.6!

1H),!7.53!(dd,!8.1,!0.7!1H),!7.30!(dd,!2.1,!0.6!2H),!6.95!(dd,!8.7,!2.1!2H),!6.93!(dd,!8.7,!0.6!

2H),!6.30!(t,!1.7!2H),!3.39!(t,!6.5!2H),!3.32!(occ,!2H),!3.09!(quintet,!1.6!2H),!2.69!(d,!0.8!2H),!

2.29!(s,!6H),!1.53!(m,!2H),!1.51!(m,!2H),!1.36!(dt,!9.7,!1.4!1H),!1.13!(d,!9.7!1H).!Peak!at!3.32!

ppm!occulted!by!trace!water.!

isomer!6:!Rf:!0.35!in!80%!EtOAc/PE!

1H!NMR!(500!MHz;!DMSORd6):!δ!8.69!(t,!5.7!1H),!8.21!(dd,!8.1,!1.4!1H),!8.16!(dd,!8.1,!0.7!

1H),!7.79!(dd,!1.4,!0.7!1H),!7.31!(dt,!2.1,!0.6!2H),!6.97!(dd,!8.7,!2.1!2H),!6.95!(dd,!8.7,!0.6!2H),!

6.28!(q,!1.7!2H),!3.32!(t,!6.6!2H),!3.20!(q,!6.1!2H),!3.04!(quintet,!1.8!2H),!2.64!(d,!1.3!2H),!

2.29!(s,!6H),!1.44!(m,!2H),!1.42!(m,!2H),!1.30!(dt,!9.7,!1.5!1H),!1.07!(d,!9.7!1H).!13C!NMR!(126!

MHz;!DMSO):!δ!177.6,!168.8,!167.7,!164.3,!152.14,!152.12,!150.8,!141.2,!137.5,!129.9,!129.3,!

127.6,!125.3,!122.2,!118.7,!115.7,!110.5,!81.2,!47.2,!44.4,!42.3,!39.5,!38.9,!37.6,!26.3,!24.8!

!

5(6)"carboxyPN,N,N,NPtetramethylrhodamine-(CTMR).!

A!suspension!of!9.999!g!(73.0!mmol)!of!dimethylaminophenol,!7.008g!(36.5!mmol)!of!1,2,4R

benzenetricarboxyanhydride!and!322!mg!(1.6!mmol)!of!pRtolueneic!sulfonic!acid!in!500!mL!
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propionic!acid!was!refluxed!for!two!days.!!The!solvent!was!removed!via!rotary!evaporation!

and!azeotroped!with!water.!!Dark!purple!product!was!isolated!via!flash!chromatography!in!

20!→60!%!MeOH/DCM!as!a!mixture!as!5/6!isomer!in!an!approx.!4:5!ratio,!1.88!g,!4.35!mmol!

(11.9!%).!!The!reaction!was!also!tried!with!butyric!acid!as!the!solvent!and!catalytic!sulfuric!

acid!but!resulted!in!a!5%!yield.!!!!

MS!ESI+!Calc’d:!430.15!lactone!form.!Found:!431.0.!!

1H!NMR!(500!MHz;!CD3OD):!δ!8.79!(d,!1.5!1H),!8.27!(d,!1.2!1H),!8.25!(d,!1.6!1H),!8.17!(d,!8.2!

1H),!7.86!(d,!1.6!1H),!7.38!(d,!7.9!1H),!7.25!(d,!9.5!2H),!7.23!(d,!9.5!2H),!7.032!(dd,!9.5,!1.0!

2H),!7.027!(dd,!9.4,!0.8!2H),!6.93!(d,!2.6!2H),!6.92!(d,!2.6!2H),!3.28!(s,!24H).!

!

N"(4"(N,N,N,N"tetramethylrhodaminyl"5(6)"amido)butyl)"cis"5"norbornene"exo"

dicarboximide#(TMR4NB).!!

A!solution!of!578!mg!(1.38!mmol)!of!5(6)Rcarboxytetramethylrhodamine,!168!mg!(1.46!

mmol,!1.05!eq.)!of!NHS!and!315!mg!(1.85!mmol,!1.3!eq.)!of!EDCRHCl!in!15!mL!dry!DMF!was!

allowed!to!stir!at!room!temperature!for!20!min.!!Then,!350!mg!(1.49!mmol,!1.08!eq.)!of!

NB4NH2#was!added!and!the!reaction!was!allowed!to!stir!overnight.!!The!DMF!was!remove!

via!rotary!evaporation!and!the!residue!was!dissolved!in!~!20!mL!of!EtOAc.!!The!organic!

layer!was!washed!with!10!mL!of!water,!10!mL!of!0.1!M!HCl,!and!10!mL!of!brine.!!The!

organic!layer!was!dried!with!MgSO4!and!filtered.!!The!solvent!was!removed!and!the!residue!

purified!via!flash!chromatography!in!10!→25!%!MeOH/DCM.!The!product!(d.!purple!solid)!

was!isolated!as!a!mixture!of!the!5!and!6!isomer,!700!mg!(79%).!!Note:!isomers!could!be!

separated!with!careful!chromatography.!!!!!

MS!ESI+!Calc’d:!646.28!lactone!form.!Found:!647.1.!!
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isomer!5:!1H!NMR!!(500!MHz;!CD3OD):!δ!8.66!(d,!1.5!1H),!8.16!(dd,!7.9,!1.5!1H),!7.45!(d,!7.9!

1H),!7.18!(d,!9.5!2H),!7.04!(dd,!9.5,!2.4!2H),!6.96!(d,!2.4!2H),!6.33!(t,!1.7!2H),!3.55!(m,!2H),!

3.48!(m,!2H),!3.30!(s,!12H),!3.19!(t,!1.7!2H),!2.73!(d,!1.1!2H),!1.68!(m,!4H),!1.50!(dt,!9.8,!1.4!

1H),!1.26!(d,!9.8!1H).!!isomer!6:!1H!NMR!!(500!MHz;!CD3OD):!δ!8.27!(d,!8.2!1H),!8.12!(dd,!8.2,!

1.8!1H),!7.74!(d,!1.8!1H),!7.20!(d,!9.5!2H),!7.04!(dd,!9.5,!2.5!2H),!6.96!(d,!2.5!2H),!6.30!(t,!1.7!

2H),!3.48!(m,!2H),!3.40!(m,!2H),!3.30!(s,!12H),!3.12!(t,!1.6!2H),!2.68!(d,!1.0!2H),!1.60!(m,!4H),!

1.42!(dt,!9.8,!1.4!1H),!1.18!(d,!9.8!1H).!

!

N"(3"hydroxypropyl)"cis"5"norbornene"exo"dicarboximide-(NB3OH).!

A!solution!of!6.10!g!(37.2)!of!carbic!anhydride!and!4.00!g!(53.3!mmol,!1.4!eq.)!of!3R

aminopropanol!in!50!mL!toluene!was!refluxed!overnight.!!The!solvent!was!removed!via!

rotary!evaporation!and!the!residue!dissolved!in!75!mL!of!EtOAc.!!The!organic!layer!was!

washed!twice!with!25!mL!of!brine.!!The!organic!layer!was!dried!with!MgSO4,!filtered!and!

the!solvent!removed!via!rotary!evaporation.!!The!residue!was!purified!by!flash!

chromatography!in!40!→60!%!EtOAc/hexanes!to!afford!7.53!g!(92%)!as!a!light!yellow!to!

clear!oil.!On!a!20!g!scale!the!yield!dropped!to!64%.!!Note:!The!above!procedure!worked!

better!than!the!neat!trial.!!!

MS!ESIR!Calc’d:!221.11.!Found:!220.0.!!

1H!NMR!!(500!MHz;!CDCl3):!δ!6.29!(s,!2H),!3.64!(t,!6.3!2H),!3.54!(t,!5.8!2H),!3.28!(s,!2H),!2.71!

(s,!2H),!2.60!(s!br,!1H),!1.77!(dd,!6.3,!5.8!2H),!1.54!(d,!9.9!1H),!1.23!(d,!9.9!1H).!!13C!NMR!

(126!MHz;!CDCl3):!δ!178.5,!137.7,!59.1,!47.8,!45.1,!42.7,!35.2,!30.6.!
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Methyl-3,4,5"tris(methoxymethoxy)benzoate.16!

A!solution!of!21.28!g!(116!mmol)!of!methyl!gallate!and!30.0!mL!(397!mmol)!of!

chloromethyl!methyl!ether!in!~350!mL!anhydrous!DMF!was!cooled!to!0!°C!under!N2.!!To!

the!reaction!was!added!16.68!g!(417!mmol)!of!NaH!(60%!in!mineral!oil),!in!three!aliquots!

over!a!30!min!period.!!The!reaction!was!allowed!to!stir!15!h!then!quenched!with!20!mL!of!

water.!!The!reaction!was!concentrated!by!rotary!evaporation!to!~!100!mL!and!then!

dissolved!in!500!mL!of!EtOAc.!!The!organic!layer!was!washed!with!250!mL!of!sat.!aq.!NH4Cl!

and!twice!with!250!mL!brine.!!The!organic!layer!was!dried!with!MgSO4,!filtered!and!the!

solvent!removed!via!rotary!evaporation.!!The!product!was!purified!by!flash!

chromatography!in!10!→20!%!EtOAc/hexanes.!!The!product!was!isolated!as!a!clear!viscous!

liquid,!20.04!g!(63%).!!The!reaction!at!half!this!scale!resulted!in!only!38%!yield.!!Note:!

Attempts!to!triRprotect!gallic!acid!resulted!in!a!mixture!of!tetra,!tri!and!di!protected!

product.!!!!!!

MS!ESIR!Calc’d:!302.10.!Found:!301.0.!!

1H!NMR!!(500!MHz;!CDCl3):!δ!7.53!(s,!2H),!5.24!(s,!4H),!5.21!(s,!2H),!3.88!(s,!3H),!3.61!(s,!

3H),!3.51!(s,!6H).!!13C!NMR!(126!MHz;!CDCl3):!δ!166.4,!150.8,!140.8,!126.0,!111.7,!98.6,!95.4,!

57.3,!56.5,!52.3!
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3,4,5"tris(methoxymethoxy)benzoic-acid.17!

!A!solution!of!19.95!g!(61.7!mmol)!of!methyl!3,4,5Rtris(methoxymethoxy)benzoate!and!

41.96!g!(253!mmol,!4.1!eq)of!LiOH‧H2O!in!230!mL!of!methanol!and!60!mL!of!water!was!

heated!to!80!°C!for!an!hour.!!The!reaction!was!neutralized!with!100!mL!of!2!M!HCl!and!the!

solvent!removed!via!rotary!evaporation.!!The!product!was!titrated!with!water,!vacuum!

filtered!and!dried!under!high!vacuum!to!afford!18.6!g!(quant.)!white!solid.!!During!one!

repetition!of!this!reaction!too!much!water!was!used!to!titrate!and!the!yield!dropped!to!

75%.!!!

MS!ESIR!Calc’d:!302.1.!Found:!301.0.!!!

1H!NMR!!(500!MHz;!DMSORd6):!δ!7.36!(s,!2H),!5.15!(s,!4H),!5.03!(s,!2H),!3.89!(s,!1H),!3.46!(s,!

3H),!3.36!(s,!6H).!13C!NMR!(126!MHz;!DMSO):!δ!169.4,!149.7,!137.9,!133.9,!111.1,!97.8,!94.8,!

56.6,!55.9.!

-

N"(4"(3,4,5"tris(methoxymethoxy)benzoate)propyl)"cis"5"norbornene"exo"

dicarboximide-(G3NB).!

A!solution!of!3.90!g!(17.6!mmol,!1.3!eq.)!of!NB3OH!and!0.79!g!(19.8!mmol,!1.47!eq.)!of!NaH!

in!60!mL!anhydrous!DMF!was!allowed!to!react!for!10!min.!!The!solution!was!then!added!to!

the!reaction!vessel!with!4.09!g!(13.5!mmol)!of!3,4,5R!tris(methoxymethoxy)benzoic!acid,!

5.63!g!(13.9!mmol,!1.0!eq)!of!HBTU!and!7.0!mL!(40!mmol,!3!eq.)!of!DIEA!in!100!mL!

anhydrous!DMF.!!The!reaction!was!allowed!stirred!overnight!(with!needle!vent)!at!ambient!

temperature.!!The!reaction!was!quenched!with!2!mL!water!and!the!solvent!was!removed!

via!rotary!evaporation.!!The!product!was!isolated!by!flash!column!chromatography!in!40!

→60!%!EtOAc/hexanes!to!afford!3.2!g,!6.3!mmol!(46!%)!of!viscous!pale!yellow!oil.!!Note:!
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There’s!an!impurity!that!comes!off!just!before!the!product,!it!stains!white!with!vanillin!stain!

and!the!product!stains!purple.!!Using!EDC!as!a!coupling!agent!resulted!in!a!28!%!yield.!!!!!

Rf!=!0.29!in!50!%!EtOAc/PE!!!!

1H!NMR!!(500!MHz;!CDCl3):!δ!7.54!(s,!2H),!6.28!(d,!1.5!2H),!5.25!(s,!4H),!5.21!(s,!2H),!4.29!(t,!

6.4!2H),!3.64!(t,!7.2!2H),!3.61!(s,!3H),!3.51!(s,!6H),!3.27!(s,!2H),!2.68!(s,!2H),!2.07R2.01!(m,!

4H),!1.52!(d,!9.9!1H),!1.23!(d,!10.0!1H).!

&

Synthesis&of&Various&Small&Molecules&for&ONP&

!

N"Boc-Tris.18!!

A!suspension!of!12.39!g!(102!mmol)!of!Tris!in!94!mL!MeOH!and!94!mL!t4BuOH!was!added!

to!a!solution!of!29.0!g!(0.133!mmol,!1.3!eq.)!of!ditRbutyldicarbonate!in!150!mL!t4BuOH!and!

stirred!at!room!temperature!for!19!h.!!The!solvent!was!removed!via!rotary!evaporation!and!

product!precipitated!with!cold!EtOAc!and!vacuum!filtered!to!afford!21.6!g,!99%!of!fluffy!

white!solid.!!Yield:!86R99%!

Rf:!0.44!in!10%!MeOH/(DCM:!CHCl3)!stain!with!KMnO4!

1H!NMR!(400!MHz;!DMSORd6):!δ!5.77!(s,!1H),!4.51!(t,!5.6!3H),!3.51!(d,!5.7!6H),!3.36!(d,!1.0!

3H),!1.37!(s,!9H).!!13C!NMR!(126!MHz;!DMSO):!δ!155.2,!78.0,!60.6,!60.4,!28.4.!

-

-

-
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N"Boctriallyltris.18!!

To!a!solution!of!20!g!(90!mmol)!of!NRBocTris!in!~225!mL!dry!DMF!was!added!43.6!mL!(504!

mmol,!5.6!eq.)!of!allyl!bromide.!!At!the!rate!of!~1!g!per!minute!was!added!29.6!g!(528!

mmol,!5.9!eq.),!of!finely!ground!KOH!which!slightly!warmed!the!flask.!!The!reaction!was!put!

on!ice!for!5!min!and!the!remaining!KOH!was!added.!The!reaction!was!removed!from!ice!

after!15!additional!minutes.!!The!reaction!stirred!overnight!at!ambient!temperature.!!The!

undissolved!KOH!was!filtered!off!and!the!solvent!was!removed!via!rotary!evaporation.!!The!

product!was!isolated!by!column!chromatography!in!5%!EtOAc/PE!to!afford!16.2!g!(54%)!of!

a!white!solid.!!Note:!KOH!needs!to!be!ground!into!a!fine!powder!!!Failure!to!do!so!results!in!

yields!as!low!as!14%!despite!vigorous!stirring.!!!!!

Rf:!0.69!in!20%!EtOAc/PE!

1H!NMR!(500!MHz;!CDCl3):!δ!5.88!(ddt,!17.2,!10.6,!5.4!3H),!5.25!(dq,!17.2,!1.7!3H),!5.15!(dq,!

10.4,!1.4!3H),!3.98!(dt,!5.5,!1.4!6H),!3.70!(s,!6H),!1.42!(s,!9H).!!13C!NMR!(126!MHz;!CDCl3):!δ!

155.2,!135.2,!117.1,!79.3,!72.7,!69.5,!58.9,!28.8!

-

Triallyltris.18!

To!a!solution!of!8.15!g!(23.9!mmol)!of!NRBoctriallyltris!in!60!mL!of!DCM!was!added!28!mL!

of!TFA.!!The!reaction!was!stirred!for!4!h!at!room!temperature.!!The!solvent!was!removed!

and!the!residue!dissolved!in!100!mL!of!EtOAc.!!The!organic!layer!was!washed!with!50!mL!of!

5%!Na2CO3!and!50!mL!brine!then!dried!with!MgSO4.!!The!solvent!was!removed!to!afford!5.5!

g,!95%!the!desired!product!as!a!pale!yellow!oil.!Yield:!81R95%!!

Rf:!0.35!in!5%!MeOH/(DCM:CHCl3)!stain!with!KMnO4!

MS!ESI+!Calc’d:!241.17.!Found:!242.3.!!
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1H!NMR!(500!MHz;!CDCl3):!δ!5.86!(ddt,!17.2,!10.7,!5.4!3H),!5.69!(brs,!2H),!5.25!(dq,!17.3,!1.6!

3H),!5.17!(dd,!10.4,!1.5!3H),!3.99!(dt,!5.6,!1.4!6H),!3.51!(s,!6H).!!13C!NMR!(126!MHz;!CDCl3):!δ!

134.4,!117.2,!72.4,!69.6,!58.1!

!

N"Boc-Tyramine.19!#

To!a!solution!of!5.03!g!(36.7!mmol)!of!tyramine!in!150!mL!MeOH:H2O!(2:1)!was!added!9.2!g!

(110!mmol,!3!eq.)!of!NaHCO3!and!12.1!g!(55.4!mmol,!1.5!eq.)!of!ditRbutyldicarbonate.!!The!

reaction!was!stirred!at!room!temperature!for!22!h.!!The!reaction!volume!was!reduced!to!~!

60!mL!via!rotary!evaporation!and!then!solubilized!in!100!mL!EtOAc.!!The!organic!layer!was!

washed!with!100!mL!of!1!M!HCl,!100!mL!of!brine!and!dried!with!MgSO4.!!The!solvent!was!

removed!via!rotary!evaporation!and!the!residue!was!purified!via!column!chromatography!

in!50%!EtOAc/PE!to!afford!7.9!g!(90!%)!of!sticky!clear!oil.!Yield:!90R99%!

Rf:!0.59!in!50%!EtOAc/PE!

1H!NMR!(400!MHz;!CDCl3):!δ!7.00!(d,!8.4!2H),!6.78!(d,!8.4!2H),!4.66!(s,!1H),!3.33!(q,!6.4!2H),!

2.69!(t,!7.0!2H),!1.44!(s,!9H).!!13C!NMR!(101!MHz;!CDCl3):!δ!156.4,!154.9,!130.3,!129.9,!

115.6,!79.7,!42.2,!35.4,!28.5!

!

Z"1,4"bis(O"((N"Boc)tyraminyl))but"2"ene-(CTA"TyrNHBoc).20!

A!solution!of!2.18!g!(9.19!mmol,!2.2!eq.)!of!NRBoc!tyramine,!0.44!mL!(4.2!mmol)!of!1,4R

dichlorobutR2Rene!and!1.90!g!(13.7!mmol,!3.3!eq.)!of!K2CO3!in!20!mL!anhydrous!DMF!was!

HO

NH2

(Boc)2O
MeOH:H2O (2:1)
NaHCO3

HO

NHBoc

ClCl
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90° C overnight

OO
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heated!to!90!°C!overnight.!!The!DMF!was!removed!via!rotary!evaporation!and!the!residue!

dissolved!in!50!mL!of!DCM.!!The!organic!layer!was!washed!with!50!mL!of!water!then!60!mL!

of!brine!and!dried!with!MgSO4.!!The!product!was!purified!by!column!chromatography!in!

2%!MeOH/DCM!to!afford!1.06!g!(48%)!of!white!solid.!

1H!NMR!(500!MHz;!CDCl3):!δ!7.10!(d,!8.4!2H),!6.85!(d,!8.4!2H),!5.93!(t,!3.4!1H),!4.65!(d,!4.0!

2H),!4.54!(s,!1H),!3.34!(q,!6.4!2H),!2.73!(t,!6.8!2H),!1.43!(s,!9H).!

!

!

-

1"methyl"2"iodoterephthalate.21#

A!solution!of!9.90!g!(50.7!mmol)!of!1RmethylR2Raminoterephthalate!in!100!mL!of!

concentrated!HCl!was!cooled!to!0!°C!via!ice!bath.!!A!solution!of!3.6!g!(52.2!mmol)!of!NaNO2!

in!20!mL!water!was!added!dropRwise!over!30!min.!!The!ice!was!removed!and!the!reaction!

was!allowed!to!stir!an!additional!30!min.!!The!reaction!was!filtered!through!glass!wool!into!

a!RBF!with!83.6!g!(520!mmol)!of!KI!in!~125!mL!of!water.!!The!reaction!was!stirred!an!hour!

then!diluted!with!1.5!L!of!DCM.!!The!organic!layer!was!separated!and!washed!twice!with!

200!mL!of!saturated!Na2SO3,!twice!with!400!mL!of!water!and!once!with!400!mL!of!brine.!!

The!combined!aqueous!layers!were!back!extracted!10!times!with!200!mL!of!DCM,!until!the!

yellow!stopped!washing!out.!!The!combined!organic!layers!were!dried!with!MgSO4!and!the!

solvent!was!removed.!!The!residue!was!dissolved!in!~150!mL!of!methanol!and!~250!mL!of!

water!was!added!slowly!until!the!solution!turned!cloudy.!!The!solution!was!cooled!at!4!°C!

CO2Me

HO2C I

CO2Me

PPh2HO2C

CO2Me

HO2C NH2

1. NaNO2 PHPh2, Pd(OAc)2
TEA, MeOH2. KI

45% 24%
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for!4!h!then!filtered.!!The!product!contained!~!5!%!impurity!and!was!reprecipitated!to!

afford!7.04!g!(45%)!of!a!pale!yellow!powder.!!

1H!NMR!(500!MHz;!CDCl3):!δ!8.69!(d,!1.6!1H),!8.12!(ddd,!8.1,!1.6,!0.5!1H),!7.84!(d,!8.1!1H),!

3.97!(s,!3H).!13C!NMR!(126!MHz;!CDCl3):!δ!169.6,!166.7,!142.7,!140.3,!132.6,!130.7,!129.6,!

93.5,!53.0!

-

1"methyl"2"diphenylphosphinoterephthalate.22#

A!mixture!of!2.98!g!(9.74!mmol)!of!1RmethylR2Riodoterephthalate,!37!mg!(1.65!mmol,!0.17!

eq.)!of!palladium!(II)!acetate,!and!3.0!mL!(22!mmol,!2.2!eq.)!of!TEA!was!dissolved!in!30!mL!

of!dry!oxygenRfree!methanol!(purged!with!Ar!for!2!h).!!The!reaction!momentarily!moved!to!

a!glove!box!to!add!1.7!mL!(9.77!mmol,!1!eq.)!of!diphenylphosphine!and!then!the!reaction!

stirred!at!70!°C!for!36!h!under!Ar.!!The!solvent!was!removed!via!rotary!evaporation!and!the!

residue!was!dissolved!in!1.5!L!1:1!DCM:H2O.!!The!layers!were!separated!and!the!organic!

layer!was!washed!with!100!mL!of!1!M!HCl,!dried!with!MgSO4,!and!gravity!filtered.!Then!the!

solvent!was!removed!via!rotary!evaporation.!!The!residue!was!dissolved!in!a!minimal!

amount!of!methanol!and!an!equivalent!of!water!was!added.!!The!solution!was!cooled!to!4!°C!

for!2!h.!!31P!NMR!indicates!approximate!ratio!of!6:1!or!two!species!with!peaks!consistent!

with!the!desired!product!and!the!oxide!form!as!an!impurity.!!The!desired!product!was!

isolated!by!flash!column!chromatography!in!2!%!MeOH/DCM!to!afford!850!mg,!24%!of!pale!

yellow!solid.!!!!!!!!

MS!ESIR!Calc’d:!364.09.!Found:!362.9.!

1H!NMR!(500!MHz;!CDCl3):!δ!8.09!(dd,!8.1,!3.3!1H),!8.06!(dd,!8.1,!1.2!1H),!7.67!(d,!3.3!1H),!

7.36!(m,!6H),!7.29!(td,!7.4,!1.9!4H),!3.76!(s,!3H).!!31P!NMR!3.69!ppm!



!
!

111!

!

!

Triethylene-glycol-monoazide.23&#

A!solution!of!17.65!g!(105!mmol)!of!triethylene!glycol!monochloride,!15.08!g!(232!mmol,!

2.2!eq)!of!NaN3!and!0.33!g!(2.2!mmol)!of!NaI!in!100!mL!3:1!water:acetonitrile!was!heated!to!

80!°C!for!22!h.!!The!product!was!extracted!thrice!with!50!mL!chloroform.!!The!organic!

layers!were!combined,!dried!with!MgSO4!and!the!solvent!was!removed!via!rotary!

evaporation!to!afford!15.99!g!(87!%)!of!a!clear!liquid.!Note:!SM!and!product!aren’t!clearly!

differentiable!by!1H!NMR!so!monitor!progress!via!13C!NMR.!!!!!!!

1H!NMR!(500!MHz;!CDCl3):!δ!3.74R3.72!(m,!2H),!3.69R3.65!(m,!6H),!3.61R3.60!(m,!2H),!3.39!

(t,!5.0!2H).!!13C!NMR!(126!MHz;!CDCl3):!δ!72.6,!70.8,!70.5,!70.2,!61.9,!50.7!

-

2"(2"azidoethoxy)ethyl-4"methylbenzenesulfonate.24!

A!solution!of!7.72!g!(44.1!mmol)!of!triethylene!glycol!monoazide,!9.83!g!(51.6!mmol,!1.17!

eq)!of!tosyl!chloride!and!9.9!mL!(71!mmol,!1.6!eq.)!of!TEA!in!50!mL!DCM!was!stirred!

overnight!at!ambient!temperature.!!To!the!reaction,!1.2!g!(15.6!mmol)!glycine!and!20!mL!of!

DCM!were!added!and!allowed!to!stir!overnight.!The!reaction!was!washed!thrice!with!75!mL!

of!brine.!!The!aqueous!washes!were!combined!and!back!extracted!with!75!mL!of!DCM.!!The!

organic!layers!were!combined,!dried!with!MgSO4,!filtered,!and!the!solvent!was!removed!via!

rotary!evaporation.!!The!product!was!isolated!by!flash!column!chromatography!in!25!→50!

%!EtOAc/hexanes!to!afford!11.54!g,!80!%!of!a!clear!oil.!!Yield:!(71R80%).!!!!

HO O Cl
NaN3

HO O N3 TEA, DCM TsO O N3water: CH3CN
TsCl

2 287% 80%
2
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1H!NMR!(500!MHz;!CDCl3):!δ!7.80!(d,!8.1!2H),!7.34!(d,!8.1!2H),!4.16!(dd,!5.2,!4.4!2H),!3.71R

3.69!(m,!2H),!3.64!(t,!5.1!2H),!3.60!(s,!4H),!3.36!(t,!5.0!2H),!2.45!(s,!3H).!!!

!!

!

-(Z)"1,19"diazido"3,6,9,14,17"pentaoxanonadec"11"ene-(CTA"TEGN3).-

A!solution!of!11.54!g!(35!mmol,!2.5!eq.)!of!tosylated!triethylene!glycol!azide,!1.15!mL!(14!

mmol)!of!1,4Rcisbutenediol!and!4.52!g!(40.3!mmol,!2.9!eq.)!of!potassium!tRbutoxide!in!100!

mL!DMF!was!stirred!at!90!°C!overnight.!!The!solvent!was!removed!via!rotary!evaporation.!!

The!product!was!isolated!by!flash!column!chromatography!in!4!→8!%!MeOH/DCM!to!afford!

2.28!g!(40%)!of!a!clear!oil.!!Note:!Attempts!to!form!this!product!from!triethylene!glycol!

monoazide!and!1,4RcisRdichlorobutene!resulted!in!substitution!on!one!side!and!elimination!

on!the!other.!!!

1H!NMR!(500!MHz;!CDCl3):#δ!5.68!(m,$2H),$4.06!(m,$4H),$3.64R3.61!(m,$16H),$3.56!(d,$3.0!

2H),$3.54!(d,$4.2!2H),$3.34!(t,$5.1!4H).      !!13C!NMR!(126!MHz;!CDCl3):!δ!129.6,"70.90,"70.86,"

70.2,"69.7,"67.1,"50.9                   !

!

Propargyl-biotin.!

A!solution!of!500!mg!(2.05!mmol)!of!biotin,!645!mg!(3.36!mmol)of!EDCRHCl,!400!mg!(2.96!

mmol)!of!HOBt!and!340!μL!(5.31!mmol)!of!propargyl!amine!in!10!mL!of!acetonitrile:water!
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(1:1)!was!stirred!overnight!at!ambient!temperature.!!The!solvent!was!removed!via!rotary!

evaporation!and!purified!via!flash!column!chromatography!in!5!→12!%!MeOH/DCM!to!

afford!400!mg,!1.42!mmol!(69!%)!of!white!solid.!!

1H!NMR!(;!DMSORd6):!δ!8.22!(s,!1H),!6.42!(s,!1H),!6.35!(s,!1H),!4.30!(t,!6.8!1H),!4.13!(m,!1H),!

3.83!(m,!2H),!3.10!(m,!1H),!3.08!(m,!1H),!2.82!(ddd,!12.3,!4.6,!2.1!1H),!2.57!(d,!12.3!1H),!2.08!

(t,!6.8!2H),!1.60!(m,!1H),!1.42!(m,!3H),!1.30!(m,!2H).!

!

!!

ROMP-catalyst:-RuCl2(pyridine)2(H2IMes)(CHPh).25!

To!a!solution!of!242!mg!(0.285!mmol)!of!Grubb’s!II!catalyst!(RuCl2(PCy3)(H2IMes)(CHPh))!

in!0.5!mL!of!toluene!in!a!scintillation!vial!was!added!3!mL!pyridine!and!swirled!for!3!min.!!

Additional!pyridine!(0.3!mL)!was!used!to!rinse!the!sides!of!the!vial.!!Pentane!(10!mL)!was!

then!layered!on!top!and!the!vial!stored!in!the!freezer!(R20°!C)!for!3!h.!!The!catalyst!was!then!

vacuum!filtered!and!washed!with!~25!mL!of!pentane!then!dried!on!high!vacuum!to!afford!

150!mg!(72%)!of!green!powder.!!Note:!Use!as!little!solvent!as!possible!because!small!

increases!in!solvent!lead!to!significantly!lower!yield.!!

1H!NMR!(500!MHz;!CDCl3):!δ!8.63!(s,!2H),!7.82!(d,!2H),!7.63!(d,!7.5!3H),!7.48!(t,!7.3!2H),!

7.32R7.29!(m,!2H),!7.08!(t,!7.8!5H),!6.98R6.96!(m,!2H),!6.75!(d,!!0.3!2H),!4.20R4.19!(m,!2H),!
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4.06R4.04!(m,!3H),!2.65!(s,!7H),!2.32!(d,!!35.9!8H),!2.23!(s,!7H),!1.63!(s,!11H).!note!RuCHPh!

H!is!downfield!!

!

Synthesis&and&Modification&of&ONPs&

A!table!with!the!composition!of!all!the!ONP!synthesized!can!be!found!in!Chapter!IV.!

Appendices.!!!

!

Ring-Opening-Metathesis-Polymerizations-of-Norbornyl-Monomers.!!

Monomers!were!massed!into!scintillation!vials!and!dissolved!in!ArRpurged!chloroform!then!

topped!with!a!septa!to!prevent!evaporation.!!Solutions!were!stored!in!the!freezer.!!ROMP!catalyst!

was!massed!into!a!vial!and!dissolved!in!ArRpurged!DCM.!!Solutions!were!less!than!5!days!old!and!

stored!in!R80!°C!freezer.!!Typical!scale!is!a!theoretical!yield!of!200!mg.!!!

To!a!scintillation!vial!was!added!the!required!volume!of!each!monomer,!a!stir!bar!and!capped!with!

a!septa!seal.!!!The!solution!was!ArRpurged!and!then!ROMP!catalyst!was!added!to!the!stirring!

solution.!!After!30!minutes!the!chain!transfer!reagent!was!added!and!the!reaction!was!allowed!to!

stir!overnight.!!The!reaction!was!quenched!with!butylvinylether!and!allowed!to!stir!30!min.!!The!
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solution!was!rotary!evaporated!to!dryness!and!dissolved!in!minimal!DCM.!!The!polymer!was!

precipitated!with!di!ethyl!ether!and!centrifuged!(5000!rpm,!10!min).!!The!polymer!was!

redissolved!and!precipitated!twice!more!then!dried!under!high!vacuum.!!!!!!!

!

Tris-allyl-Functionalization!of-ROMP-polymers.!

The!polymer!was!dissolved!in!10R20!mL!chloroform:nitrobenzene!(8:1)!in!a!scintillation!vial!and!

one!mass!equivalent!of!tris!allyl!added.!!The!vial!was!capped!and!heated!at!50R60!°C!(heating!

block)!overnight.!!Most!of!the!solvent!was!removed!by!rotary!evaporation!and!the!polymer!

redissolved!in!DCM.!!The!polymer!was!precipitated!with!ether:hexane!(2:1)!and!centrifuged.!!The!

polymer!was!sonicated!with!ether!(2!x!12!mL)!and!methanol!(2!x!12!mL)!and!centrifuged!when!

necessary!to!decant!the!solvent.!!The!polymer!was!then!dried!under!high!vacuum.!!!!

-

Ring-Closing-Metathesis!of-Allyl-Containing-Linear-Polymers.#

The!polymer!was!dissolved!in!dry!DCM!(200!mL/!50!mg)!and!heated!to!35!°C!(heating!mantle)!

under!N2.!!Once!the!polymer!is!completely!dissolved!the!Grubbs!generation!I!was!added!(12!mg!

cat./!50!mg!polymer)!as!a!solution!in!DCM.!!After!6!h!and!24!h!additional!catalyst!was!added!(6!mg!

cat./50!mg!polymer)!each!time.!!After!reacting!48!h,!butyl!vinyl!ether!was!added!(to!quench!the!

reaction!(3!mL/!50!mg!polymer))!and!stirred!for!30!min.!!The!DCM!was!removed!via!rotary!

evaporation!and!purified!by!column!chromatography!(eluted!with!DCM).!!The!catalyst!sticks!to!the!

silica!and!the!polymer!elutes!(dark!brown).!!The!DCM!was!removed!via!rotary!evaporation!and!the!

polymer!was!titrated!and!sonicated!with!ether!yielding!a!brown!powder.!!!!

-

Dihydroxylation-of-RCM-Polymers.#
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The!RCM!product!polymer!(~120!mg)!was!dissolved!in!20!mL!acetone:water!(7:3)!in!a!

scintillation!vial.!!NMO!(0.5!mL/!60!mg!polymer,!50%!in!water)!was!added!as!well!as!catalytic!

amounts!of!K2OsO4.!!The!vial!was!covered!with!a!Kim!wipe!and!heated!to!40!°C!(heating!block)!

overnight.!!Additional!water!was!added!the!next!morning!(fill!vial).!!The!reaction!was!allowed!to!

continue!until!it!appeared!translucent!green!in!color.!!The!reaction!was!quenched!with!NaHSO3!

(750!mg)!for!two!h!then!vacuum!filtered.!!!

-

Hydrolysis-of-Protecting-Groups.#

The!filtrate!from!above!was!acidified!to!pH!1!with!2!M!HCl!and!stirred!overnight.!!The!polymer!

was!still!not!completely!in!solution!so!the!reaction!was!basified!to!pH!14!with!4!M!NaOH!and!

stirred!2!h.!!The!reaction!was!reduced!to!~13!mL!via!rotary!evaporation!and!dialyzed!in!cassettes!

with!MWCO!10,000.!!!

#

#

#

! ! !
Figure 3.7: RCM reaction set-up (left), column of RCM product (center), hydrolysis of protecting 
groups (right).   
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#Large#Scale#ONP#Synthesis#

Ring-Opening-Metathesis-Polymerizations-of-Norbornyl-Monomers.-

Into!a!500!mL!RBF,!1.669!g!(6.018!mmol,!100.4!eq)!of!NBPdiOH,!958!mg!(3.010!mmol,!50.2!

eq.)!of!NBGlyNHS!and!165!mg!(0.244!mmol,!4.07!eq.)!of!AcF4NB!were!massed!and!

dissolved!in!100!mL!of!chloroform.!!The!solution!and!flask!were!then!purged!with!Ar!for!5!

min.!!A!solution!of!43.6!mg!(59.9!μmol,!1!eq.)!of!ROMP!catalyst!in!4!mL!deoxygenated!DCM!

was!added!and!the!reaction!stirred!at!room!temperature!for!20!minutes.!!To!the!reaction!

was!added,!1.097!g!(2.08!mmol,!35!eq.)!of!CTARTyrNHBoc!and!the!reaction!stirred!4!h.!!To!

quench!the!catalyst,!15!mL!(116!mmol)!of!butyl!vinyl!ether!was!added!and!the!reaction!

stirred!for!45!min.!!The!solvent!was!removed!by!rotary!evaporation!and!redissolved!in!30!

mL!of!DCM.!!The!solution!was!transferred!to!two!50!mL!tubes!and!polymer!precipitated!

with!30!mL!of!diethylether!then!centrifuged!(10!min!at!4000!rpm).!!The!brown!supernatant!

was!removed!and!the!polymer!was!redissolved!(contents!of!both!tubes!were!combined,!

total!volume!of!28!mL)!and!precipitated!with!22!mL!of!diethyl!ether.!!The!polymer!was!

pulsed!for!30!s!in!the!centrifuge!and!the!supernatant!was!poured!off.!!The!polymer!was!

dried!under!high!vacuum!to!afford!2.48!g!(94!%)!of!an!offRwhite!solid.!!

-

Tris-allyl-Functionalization!of-ROMP-polymers.!

To!a!solution!of!2.48!g!(50.5!μmol,!2.54!mmol!activated!ester)!of!ROMP!polymer!in!200!mL!

of!chloroform:nitrobenzene!(19:1)!was!added!2.9!g!(12!mmol,!4.7!eq.)!of!triallyltris!and!the!

flask!was!sealed!with!a!septa.!!The!reaction!was!heated!to!55!°C!for!12!h.!!The!solvent!was!

removed!via!rotary!evaporation!and!the!residue!transferred!with!DCM!to!a!50!mL!tube!

(total!vol.!22!mL).!!The!polymer!was!precipitated!with!25!mL!diethylether:hexane!(2:1)!and!



!
!

118!

centrifuged!(10!min!at!4000!rpm).!!The!supernatant!was!removed!and!the!precipitate!was!

redissolved!with!10!mL!of!DCM!and!precipitated!with!40!mL!of!diethyl!ether.!!The!polymer!

was!pulse!centrifuged!and!the!supernatant!removed.!!The!polymer!was!dissolved!in!20!mL!

of!DCM,!precipated!with!30!mL!of!methanol,!sonicated!for!5!min!then!centrifuged!and!the!

supernatant!decanted.!!The!polymer!was!then!dried!on!high!vacuum!to!afford!1.76!g!(62!%)!

of!an!offRwhite!solid.!!!!

!

Ring-Closing-Metathesis!of-Allyl-Containing-Linear-Polymers:!!

The!above!1.76!g!(35!μmol)!of!polymer!was!dissolved!in!5.0!L!DCM!in!a!5!L!3Rneck!RBF.!!A!

solution!of!445!mg!(0.54!mmol)!of!Grubbs!I!catalyst!in!5!mL!DCM!was!added.!!The!reaction,!

under!nitrogen,!was!heated!via!heating!mantle!to!maintain!an!internal!temperature!of!30!

°C.!!After!20!h,!223!mg!(0.27!mmol)!additional!Grubbs!I!catalyst!was!added.!!After!total!

reaction!time!of!68!h!the!reaction!was!quenched!with!25!mL!(193!mmol)!of!butyl!vinyl!

ether!and!stirred!for!45!min.!!The!solvent!was!removed!via!rotary!evaporation.!!The!

polymer!was!columned!and!eluted!with!DCM!to!remove!the!bulk!of!the!catalyst.!!The!

solvent!was!removed!and!the!dark!brown!polymer!carried!forward.!!!

!

Dihydroxylation-and-Hydrolysis:#

To!the!RCM!polymer!product!in!a!300!mL!RBF!was!added!200!mL!acetone:water!(7:3),!26!

mg!(70.6!μmol)!of!K2OsO4!dihydrate!and,!16!mL!(77.2!mmol,!50!%!wt.!in!water)!of!NMO.!!

The!reaction!was!allowed!to!stir!with!the!bottom!half!of!the!flask!heated!in!an!oil!bath!at!50!

°C!covered!by!a!Kimwipe.!!After!12!h!most!of!the!polymer!has!dissolved!off!the!sides!of!the!

flask!but!it!remained!dark!brown!and!little!to!none!of!the!acetone!had!evaporated.!!The!
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temperature!was!increased!to!65°!C.!!After!a!total!of!40!h!the!reaction!was!greenish!and!8.0!

g!of!sodium!bisulfite!(sold!as!mixture!with!sodium!meta!bisulfite)!was!added!and!stirred!for!

an!hour.!!Several!large!black!clumps!were!present.!The!reaction!was!acidified!to!pH!1!with!

5!mL!of!concentrated!HCl.!!After!stirring!for!3!h!the!solution!was!basified!to!pH!12!with!4!M!

NaOH!momentarily,!then!neutralized!with!2!M!HCl.!!The!black!clumps!were!dissolved!with!

the!addition!of!~150!mL!DI!water.!!The!reaction!was!vacuum!filtered!and!most!of!the!

solvent!was!removed!via!rotary!evaporation.!!When!~50!mL!water!(solid!starts!to!form!on!

the!sides!of!the!evaporation!flask)!remained!the!contents!were!transferred!to!dialysis!

tubing.!!The!polymer!was!dialyzed!(Spectra/Por!dialysis!membrane!MWCO1000)!against!4!

L!water!for!14!h!and!solvent!changed!thrice.!!The!volume!was!decreased!via!rotary!

evaporation!then!dried!via!lyophilization!to!afford!a!fluffy!orange!solid,!1.509!g,!Figure!2.2.!!

three!step!yield!88%!!!!

!!

!

Conjugation-of-biotin-to-ONP:-

ONP!(with!a!terminal!azide)!(5R15!mg),!0.25!mL!of!50!mM!solution!(12.5!μmol)!of!

propargyl!biotin,!10!μL!of!2!M!solution!(20!μmol)of!CuSO4!and!20!μL!of!1!M!solution!(20!

μmol)!of!sodium!ascorbate!were!stirred!at!room!temperature!for!60!h.!!The!reaction!was!

then!dialyzed!with!MWCO!10,000!against!water!for!~!48!h.!!!!

# #
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CuSO4, sodium ascorbate
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Appendix$A.$Data$Work5up$Methods$

A.1.$UV'vis$and$Fluorescence$Spectroscopy$Data$Explanation$of$Data$Work'up$

The$GAVv#$corresponds$to$the$page$but$also$references$on$the$data$Table$1.4$

Vial A 

 
 
 

SI: C UV‐vis and Fluorescence Spectroscopy Data

Explanation of Data Work‐Up
the GAVv# cooresponds the the page but also references on the data Table SI.C.1

vial A

contents of the A stock solution

2.07 [A] μg/mL Abs @ λmax [A]  µM Abs @ 475 nm   fluorescence

A1 207 0.599 7.3 0.307 2.12E+08

A2 270 0.816 9.5 0.418 2.89E+08

A3 344 1.016 12.1 0.524

A3a 34 0.095 1.2 0.047 3.81E+07

A4 98 0.29 3.5 0.149 1.10E+08

A5 67 0.188 2.3 0.095 7.35E+07

A = εlc

ε = Abs./con.l

85,000/78,000 = 1.1 fluorescein

all data is taken in triplicate and therefore the average is reported

ελmax fluorescence slope ελmax 88,300

vial A 85,000 6.69E+08 dye/poly 1.1

vial B 91,900 6.69E+08 F slope 6.86E+08
vial C 88,100 7.19E+08 F const. 1.54E09

avg. 88,300 6.86E+08 QY (Φ) 1.06

brightness 9.33E+04

rel. brightness 1.3

To calculated quantum yield, Φ, it is necessary to determine the percentage of excited molecules that 

fluoresce (by  definition).  However, fluorescence is quantitated by comparison to a known 

fluorephore.  This must be done each time the instrument is used in order to calibrate the "counts" 

detected.  This cooresponds to the F const. value in the table above. 

Plotting absorbance vs concentration and 

fitting the data provides the molar 

absorbtivity  

 = 0.085 (Abs/μM)cm
1

 = 85,000(Abs/M)cm
1

the absorbance of fluorescein is 78,000 (Abs/M)cm
1 

under the conditions.  Assuming the absorbance of 

fluorescein doesn't change appreciably upon conjugation 

the number of dye/polymer can be calculated

ε polymer /ε fluorescein = dye/polymer

y = 0.085x ‐ 0.009

R² = 0.999
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The$data$from$HPG4fluorescein$controls$and$ONP$are$compiled$in$Table$1.4$and$IV.C.3$(pg$

140),$respectively.$$$ $

slope

8.50E+08

8.65E+08

8.88E+08

8.68E+08 avg. 

Fluorescein is used as a standard and assumed to have a Φ = 0.9

Φ = # of photons emitted 0.9  = (F  counts) (F  constant) 0.9 = 1.04E9 = F. const

       # photons absorbed           Abs. 8.68E+08

slope of above plot

QY (Φ) =(F slope)(F const.)

brightness  = εΦ

rel. brightness = sample brightness 

     fluorescein brightness

ελmax 88,300

ελmax fluorescence slope dye/poly 1.1

vial A 85,000 F slope 6.86E+08

vial B 91,900 F const. 1.04E09

vial C 88,100 QY (Φ) 0.71

avg. 88,300 brightness 6.30E+04
rel. brightness 0.9

The data from the HPGfluorescein control series were compiled in Table SI.C.1

6.86E+08

6.69E+08

6.69E+08

7.19E+08

y = 6.69E+08x + 8.53E+06

R² = 1.00E+00

0.0E+00

1.0E+08

2.0E+08

3.0E+08

4.0E+08

0 0.2 0.4 0.6

F
 f
ro
m
 4
8
0
 ‐
6
0
0
 n
m
 (
ct
s)

Abs @ 475 nm*

Fluorescence of GAVv#: Abs vs F

# A

y = 8.88E+08x + 2.15E+07

R² = 9.98E‐01

y = 8.65E+08x + 2.86E+07

R² = 9.96E‐01

y = 8.50E+08x + 3.50E+07

R² = 9.96E‐01

0.0E+00

1.0E+08

2.0E+08

3.0E+08

4.0E+08

5.0E+08

6.0E+08

0 0.1 0.2 0.3 0.4 0.5 0.6

F
 f
ro
m
 4
8
0
 ‐
6
0
0
 n
m
 (
ct
s)

Abs @ 475 nm*

Fluorescein Fluorescence Standard

C

B

A

The fluorescence integrated from 480 

to 600 nm is plotted against 

absorbance at the excitation 

wavelength (475 nm)



127$

A.2.$Example$Work'up$Data$for$Photobleaching$
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Appendix$B.$Data$Associated$with$Chapter$I.$$

B.1.$Relationship$between$MW$determination$techniques$

The$fractions$of$HPG$was$characterized$by$DMF$SEC,$water$SEC$and$1H$NMR.$$Each$fraction$
was$isolated$and$purified$by$multiple$precipitations.$$$
1H$NMR$overlay$of$the$fractions$spiked$with$DMF$
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Refractive Index Chromatograph of Water SEC Traces of HPGs 

 
 

Refractive Index Chromatograph of DMF SEC Traces of HPGs 
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Comparison of SEC estimate Mw & Mn of HPGs (kDa) 

 
 

Table of MW values (kDa) determined by SEC and NMR 

 
Mw Mn PDI   

frac water DMF water DMF water DMF NMR 
1 12.6 28.5 16.4 40.4 1.3 1.4 51 
2 12.3 24.5 14.8 33.6 1.3 1.4 43 
3 9.8 21.3 12.2 28.0 1.4 1.3 33 
4 6.4 16.5 9.5 21.0 1.5 1.3 24 
5 5.7 13.8 8.5 16.9 1.5 1.2 19 
6 4.5 11.8 6.9 14.4 1.5 1.2 16 
8 2.7 6.3 4.0 8.7 1.5 1.4 11 
9 2.1 5.1 3.0 7.8 1.4 1.5 10 

water and DMF refer to the SEC 
solvent 

    water SEC is calibrated with PEG 
    DMF SEC was calibrated with PS 
     

 

 

y$=$0.4837x$4$0.7142$
R²$=$0.97511$

y$=$0.4071x$+$0.7209$
R²$=$0.98413$
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Comparison of water SEC and NMR est. MW of GAViv41 HPG (kDa) 

     
The$NMR$values$are$based$on$the$integration$ratio$between$the$glycidol$protons$and$the$

hexynol$methylene$protons.$$NMR$over$estimates$the$MW$because$it$assumes$that$all$

polymers$originate$with$54hexynol.$$The$values$determined$by$SEC$are$in$general$a$

percentage$of$the$NMR$value.$The$relationship$between$the$values$determined$by$the$two$

SEC$systems$is$expected$to$be$consistent.$$However,$the$relationship$between$the$NMR$MW$

and$the$SEC$values$is$expected$to$change$for$each$polymerization$reaction$(and$possibly$on$

the$fraction)$based$on$the$percentage$of$polymer$not$initiated$with$54hexynol.$$$
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$B.2.$SEC$of$select$HPGs$

Water$SEC$traces,$details$can$be$found$in$Chapter$III.$Experimental$$
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B.3.$Detailed$Molecular$Weight$Values$of$HPG$Series$

 

 
water SEC DMF SEC MALS 

 "name" Mn Mw PDI Mn Mw PDI Mn Mw PDI   
A sample a 1,256 1,798 1.43 1,415 1,797 1.27 6,279 6,875 1.09   
A sample b 1,286 1,861 1.45 1,430 1,838 1.29 2,213 2,287 1.03   
A sample c 1,155 1,605 1.39 1,514 1,899 1.25 1,799 1,945 1.08   

A 1,232 1,755 1.4 1,453 1,845 1.3 3,430 3,702 1.1   
B sample a 1,747 2,899 1.49 2,281 3,007 1.32 6,108 6,408 1.05   
B sample b 1,448 2,368 1.64 2,318 3,104 1.34 4,018 4,684 1.17   
B sample c 2,075 3,488 1.68 2,337 3,081 1.32 4,051 4,469 1.10   

B 1,757 2,918 1.6 2,312 3,064 1.3 4,726 5,187 1.1   
C sample a 3,651 6,214 1.70 4,329 5,337 1.23 10,320 10,540 1.02   
C sample b 4,452 7,636 1.72 4,266 5,379 1.26 10,860 11,720 1.08   
C sample c 3,456 5,628 1.63 4,291 5,334 1.24 13,590 13,990 1.03   

C 3,853 6,493 1.7 4,295 5,350 1.2 11,590 12,083 1.0   
D sample a 4,557 8,114 1.78 4,654 5,818 1.25 14,650 14,740 1.01   
D sample b 4,469 7,860 1.76 4,455 5,759 1.29 12,880 12,940 1.00   
D sample c 4,638 8,146 1.76 4,501 5,760 1.28 12,850 12,900 1.00   

D 4,555 8,040 1.8 4,537 5,779 1.3 13,460 13,527 1.0   
E sample a 7,785 13,059 1.68 8,000 10,000 1.25 46,950 51,750 1.10   
E sample b 7,487 12,397 1.66 7,661 9,692 1.27 56,070 61,700 1.10   
E sample c 6,756 11,427 1.67 7,648 9,509 1.24 35,250 39,370 1.12   

E 7,343 12,294 1.7 7,770 9,734 1.3 46,090 50,940 1.1   
Each were run in triplicate but samples a, b and c are not the same samples for the water and DMF SEC.  DMF SEC samples and 
MALs samples are the same and were between 5 and 20 mg/mL.   
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B.4. SEC of HPG Purification: Dialysis verses Precipitation  

 

 
 

A recently polymerized HPG was isolated by precipitation.  The water SEC trace of this 
HPG is shown in blue.  The HPG was then further purified by dialysis.  The SEC trace is 
shown in green.  These data indicate that dialysis was able to remove low molecular 
weight HPGs effectively reducing the polymers PDI.   
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Appendix(C.(Data(Associated(with(Chapter(II.$$$

C.1.$Index$of$ONP$synthesized$

Name ref. # 
theo. MW 

(kDa) NBPdiOH NBGlyNHS AcF4NB AcT4NB G3NB 
ONP150-1F 139 47.2 100 50 1     
ONP150-4F 140 49.0 100 50 4     
ONP150-7F 141 50.8 100 50 7     
ONP150-10F 142 52.6 100 50 10     
ONP150-15F 143 55.5 100 50 15     
ONP150-4F-40T 165 67.1 100 50 4 40   
ONP150-4F-4T-a 166 50.8 100 50 4 4   
ONP150-4F-10T-a 167 53.5 100 50 4 10   
ONP150-4F-20T-a 168 58.1 100 50 4 20   
ONP150-4F-60T 169 76.2 100 50 4 60   
ONP150-4F-4T-b 180 50.8 100 50 4 4   
ONP150-4F-10T-b 181 53.5 100 50 4 10   
ONP150-4F-10T-c 182 53.5 100 50 4 10   
ONP150-4F-20T-b 183 58.1 100 50 4 20   
ONP75-10F 191 29.4 50 25 10     
ONP75-15F 192 32.3 50 25 15     
ONP75-4F 200 25.8 50 25 4     
ONP75-20F 201 35.3 50 25 20     
ONP38-4F 202 14.2 25 12.5 4     
ONP38-10F 203 17.8 25 12.5 10     
ONP40-4F 204 16.4 20 20 4     
ONP40-10F 205 20.0 20 20 10     
ONP150-4F-LS 223 49.0 100 50 4     
ONP150-4F-4G 20 50.5 100 50 4   4 
ONP150-4F-10G 21 53.0 100 50 4   10 
ONP150-4F-20G 22 57.0 100 50 4   20 
ONP150-10F-10G 23 56.5 100 50 10   10 
ONP150-10F-20G 24 60.6 100 50 10   20 
ONP150-10F-30G 25 64.7 100 50 10   30 
ONP75-3F-3G 30 26.3 50 25 3   3 
ONP75-3F-6G 31 27.5 50 25 3   6 
ONP75-3F-9G 32 28.8 50 25 3   9 
ONP75-6F-6G 33 29.3 50 25 6   6 
ONP75-6F-12G 34 31.8 50 25 6   12 
ONP75-6F-18G 35 34.2 50 25 6   18 
ONP150-10F-B 52 52.6 100 50 10     
ONP150-10F-10G-B 53 56.7 100 50 10   10 
ONP150-10F-10T-B 54 57.1 100 50 10 10   
ref$#139+223$have$CTA+TyrNHBoc,$20+35$have$Ph$as$a$terminal$group$and$52+55$have$CTA+TEGN3,$$
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Nomencalture$is$ONP$followed$by$the$number$of$NBPdiOH$and$NBGlyNHS$monomer$units$

(to$give$a$rough$indication$of$size)+$#$of$fluorescein$monomers+#$of$AFA$units,$T$=$trolox,$G$

=$gallate.$An$addidtional$letter,$a,b,c$indicates$if$the$polymer$was$synthesized$with$the$same$

composition$multiple$times.$$LS$indicates$this$polymer$was$prepared$on$the$large$scale,$1+2$

g.$$B$indicates$biotin$was$conjugated$to$these$polymers.$$
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C.2. SEC data of ONPs 

  
ROMP ROMP allyl RCM  

Name Ref # Mn Mw Mn Mw Mn Mw 
ONP150-1F 139 76.04 76.25 74.36 74.64 65.39 66.92 
ONP150-4F 140 76.71 76.88 74.71 75.11 66.49 67.41 
ONP150-7F 141 77.11 77.34 75.57 75.92 67.49 68.16 
ONP150-10F 142 77.80 77.98 76.74 77.01 67.84 68.64 
ONP150-15F 143 78.42 78.62 74.76 75.56 67.65 68.47 
ONP150-4F-40T 165 79.30 79.50 76.90 77.40 74.20 74.80 
ONP150-4F-4T-a 166 75.80 76.00 73.20 74.80 67.30 68.10 
ONP150-4F-10T-a 167 72.40 73.10 75.70 76.00 67.80 68.80 
ONP150-4F-20T-a 168 74.70 75.10 75.90 76.30 70.00 70.90 
ONP150-4F-60T 169 78.10 78.60 76.70 71.20 75.00 75.50 
ONP150-4F-4T-b 180 76.83 77.71 75.03 76.06 72.62 73.59 
ONP150-4F-10T-b 181 75.26 75.89 72.57 73.60 73.73 74.50 
ONP150-4F-10T-c 182 75.77 76.57 76.31 77.12 72.96 74.02 
ONP150-4F-20T-c 183 74.36 75.22 74.28 75.06 71.85 72.72 
ONP75-10F 191 69.14 70.98 64.75 67.25 63.72 64.67 
ONP75-15F 192 68.95 69.47 67.51 68.30 59.63 60.43 
ONP75-4F 200 64.69 65.25 57.66 58.59 54.94 55.67 
ONP75-20F 201 69.92 70.30 68.55 68.97 63.86 64.76 
ONP38-4F 202 48.22 48.79 44.87 45.64     
ONP38-10F 203 54.17 54.72 48.19 49.55 46.63 47.98 
ONP40-4F 204 48.92 49.94 41.79 43.53     
ONP40-10F 205 55.58 56.30 48.30 50.12 46.57 48.29 
ONP150-4F-LS 223 76.14 76.68 74.57 75.25 70.72 71.43 
ONP150-4F-4G 20 70.60 72.02 78.59 78.85     
ONP150-4F-10G 21 75.90 76.69         
ONP150-4F-20G 22 75.42 76.15         
ONP150-10F-20G 24 72.10 73.52     73.99 74.77 
ONP150-10F-30G 25 75.18 76.31         
ONP75-3F-3G 30 64.97 66.03 58.57 60.31 61.21 62.71 
ONP75-3F-6G 31 59.14 60.51 66.34 67.02 60.68 62.40 
ONP75-3F-9G 32 66.44 66.96 57.35 59.16 60.68 61.79 
ONP75-6F-12G 34 66.45 66.85         
ONP75-6F-18G 35 66.75 67.33 66.81 67.42     
ONP150-10F-B 52 66.84 70.17 77.78 78.27     
ONP150-10F-10G-B 53 74.35 75.59 75.93 77.01     
ONP150-10F-10T-B 54 72.36 73.65 79.51 79.72 71.09 72.08 
Blanks are due to software malfunctions or insufficient sample to run.  
Reported as kDa.  Data determined by comparison to polystyrene standard.  
DMF SEC details can be found in Chapter III. Experimental 
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C.3.$UV,$Fluorescence$and$Photobleaching$of$ONPs$

  
theo. MW λmax ελmax  QY (Ф) brightness half- 

name ref # (kDa)  (nm) (kAbs/Mcm)     time  
ONP150-1F 139 47.2 501 38 0.31 12   
ONP150-4F 140 49.0 500 132 0.53 70 3.2 
ONP150-7F 141 50.8 500 232 0.49 115 4.2 
ONP150-10F 142 52.6 500 336 0.48 160 5.2 
ONP150-15F 143 55.5 500 360 0.48 171 5.4 
ONP150-4F-40T 165 67.1 496 221 0.56 124   
ONP150-4F-4T-a 166 50.8 497 135 0.65 88   
ONP150-4F-10T-a 167 53.5 496 126 0.6 75   
ONP150-4F-20T-a 168(1) 58.1 501         
ONP150-4F-60T 169 76.2 502 132 0.59 78   
ONP150-4F-4T-b 180 50.8 499 176 0.72 127   
ONP150-4F-10T-b 181 53.5 499 169 0.72 122   
ONP150-4F-10T-c 182 53.5 495 147 0.67 98   
ONP150-4F-20T-c 183 58.1 500 208 0.69 144   
ONP75-10F 191 29.4 496 296 0.31 92 5.7 
ONP75-15F 192 32.3 505 473 0.58 277 9.7 
ONP75-4F 200 25.8 494 90 0.49 44 1.9 
ONP75-20F 201 35.3 496 697 0.17 116 6.9 
ONP38-4F 202 14.2 499 138 0.47 65 3.9 
ONP38-10F 203 17.8 497 266 0.33 89 4.7 
ONP40-4F 204 16.4 496 133 0.37 49   
ONP40-10F 205 20.0 497 277 0.38 106   
ONP150-4F-LS 223 49 497 119 0.47 56   
ONP150-4F-4G 20 50.5 502 149 0.56 83 3.7 
ONP150-4F-10G 21 53.0 501 88 0.43 38 1.8 
ONP150-4F-20G 22 57.0 496 108 0.41 45 2.1 
ONP150-10F-20G 24 60.6 498 279 0.51 142 4.3 
ONP150-10F-30G 25 64.7 500 198 0.47 93 4.1 
ONP75-3F-3G 30 26.3 504 44 0.46 20 4.8 
ONP75-3F-6G 31 27.5 505 60 0.51 30 5.3 
ONP75-3F-9G 32 28.8 506 46 0.38 18 5.7 
ONP75-6F-12G 34 31.8 505 91 0.51 47 6.2 
ONP75-6F-18G 35 34.2 506 68 0.43 30 5.4 
ONP150-10F-B 52 52.6 505 126 0.39 49 6.6 
ONP150-10F-10G-B 53 56.7 506 320 0.42 135 10.8 
ONP150-10F-10T-B 54 57.1 507 372 0.48 177 8.9                                   
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C.4.$Determination$of$the$pKa$of$fluorescein$on$the$ONPs$

The$fluorescence$of$fluorescein$is$known$to$be$pH$dependent.$$It$was$thought$pertinent$to$

determine$if$the$pKa$was$altered$when$incorporated$into$the$ONPs.$$A$series$of$ONPs$were$

studied.$$The$ending$–t$in$some$of$the$ONPs$names$indicate$that$the$sample$was$treated$

with$Smopex+105$metal$removing$polymer$prior$to$this$study.$$The$fluorescence$of$samples$

were$collected$at$different$pHs$in$sodium$phosphate$buffered$solutions.$$The$fluorescence$

was$normalized$to$the$fluorescence$at$$pH$9$and$plotted$(shown$below).$$The$curves$were$

fit$to$a$linear$equation$in$a$small$range$between$pH$5+7.$$Solving$for$the$value$of$0.5$(50$%$

of$the$maximum$fluorescence)$gave$the$pKa.$$Using$this$technique$the$calculated$pKa$of$

fluorescein$was$5.97$but$the$known$pKa$of$fluorescein$is$6.4.$$This$error$was$derived$from$

the$incorrect$assumption$that$protonated$species$has$no$fluorescence.$What$was$significant$

was$the$fact$that$all$but$one$of$the$ONPs$tested$had$a$higher$pKa$than$the$free$fluorescein.$$

The$fluorescein$on$the$ONPs$was$expected$to$have$lower$pKas.$$This$study$has$only$been$

performed$once$and$needs$repeated$before$conclusions$can$be$drawn.$$In$the$future,$UV$

spectra$should$be$collected$and$used$to$calculate$the$pKa.$$If$large$enough$samples$are$

available$it$should$give$a$more$accurate$value.$$

$
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C.5$Effects$of$Metal$Removal$on$the$UV$and$Fluorescence$of$ONPs$

Results$of$the$treatment$of$ONP150+4F+LS$with$SiliaMetS$DMT$metal$removing$polymer$

equivalents initial 0.47 1 2.1 3 
Os 1751 8216 8824 7568 8647 
Ru 4407 2026 1678 1361 1226 

total 6158 10242 10502 8929 9873 
% material recovered n/a 84 63 69 45 
Levels reported as ppm 

     $

In$this$case,$the$SiliMetS$DMT$did$a$poor$job$of$removing$the$metals$despite$claims$it’s$the$
best$for$removing$ruthenium.$$$
 

The$data$present$below$is$the$characterization$of$several$ONPs$before$and$after$treatment$

with$Smopex+105$to$see$if$removing$the$metals$altered$the$spectroscopic$properties.$$$

Characterization$of$ONPs$prior$to$treatment$

ONP  λmax (nm) ελmax (x1000) abs/Fl QY (Ф) rel. bright 
Em. λmax 

(nm) 
Os 

(ppm) 
Ru 

(ppm) 
ONP150-7F 500 231 33 0.49 1.63 525 7000 3600 
ONP75-10F 496 296 29.6 0.31 1.31 521 280 7500 
ONP75-15F 505 473 31.5 0.58 3.94 526 40400 9400 
ONP75-20F 496 697 34.9 0.17 1.66 521 72800 11300 

ONP150-4F-20T-a 501 137 34.3 0.69 1.36 524 14600 6800 
ONP150-4F-20T-a* 496 167 41.8 0.58 1.38 521 6800 3400 
ONP150-4F-20T-b 500 207 51.8 0.69 2.05 524 23000 9700 

 

Characterization$of$ONPs$after$treatment$with$Smopex+105$

ONP  λmax (nm) ελmax (x1000) abs/Fl QY (Ф) rel. bright 
Em. 
λmax (nm) 

Os 
(ppm) 

Ru 
(ppm) 

ONP150-7F 495 109 27.3 0.6 0.93 519 1510 1732 
ONP75-10F 496 286 28.6 0.32 1.29 522 15 7 
ONP75-15F 505 325 21.7 0.53 2.43 527 37 5532 
ONP75-20F             922 2633 

ONP150-4F-20T-a             208 3646 
ONP150-4F-20T-a* 494 106 26.5 0.68 1.03 519 398 160 
ONP150-4F-20T-b 498 136 34 0.58 1.12 523 37 3799 
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Change$in$Spectroscopic$Properties$$

ONP λmax (nm) ελmax (x1000) abs/Fl QY (Ф) 
rel. 
bright 

Em. λmax 

(nm) 
ONP150-7F -5 -122   0.11 -0.7 -6 
ONP75-10F 0 -10   0.01 -0.02 1 
ONP75-15F 0 -148   -0.05 -1.51 1 
ONP72-20F             

ONP150-4F-20T-a             
ONP150-4F-20T-a* -1 -61   0.1 -0.35 -2 
ONP150-4F-20T-b -2 -71   -0.11 -0.93 -1 

 

The$molar$absorptivity$of$all$the$ONPs$decreased,$substantially$in$most$cases.$$The$effect$on$

the$quantum$yield$was$inconsistent.$$In$all$cases$the$overall$brightness$of$the$ONP$

decreased$when$treated$with$the$metal$removing$polymer.$$$


