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peak current for the 18 A (red) sample is due to the large amount of hydrogen bubbles being
ViSibly produced 0N the eleCtrOUE.........covvuiiii it 50



Fi g u4 @urreht density versus concentration comparison for PDMAE§IRFe 2S]
metallopolymers with hydrodynamic radii of 18 A (red circles), 42 A (green squares), and 64 A
(blue triangles) in 1 M TRIS adjusted to pH 7.00 £ 0.01. The dashed lines show fits of the
adsorption isotherm with a Langmuir model. Experiments werpned with a glassy carbon
electrode and a scan rate 0f 0.10 V/S.......uuuiiiiiiiiiiiiiieeeiiiiieeeeee e 51

Fi gud @siad1.00M TRIS adjusted to pH 8.00 £ 0.01 of the initial reduction of the [2Fe

2S] active site with a concentration of 10 uM metallopolymer with hydrodynamic radii of 28 A
(orange), 42 A (green), and 64 A (blue) PDMAEMJA[2F& 2S] metallopolymer. The CVs are
adjusted for a linear baseline. The 28 A sample has an additional baseline correction due to the
lower overpotential for catalysis that shifts additional current to the region of the reduction event
aroundi 0.2 V as aproximated by the grey line interpolation from low to high potential. The

peak currents of the piaatalytic reduction were estimated 8t21 V as shown by the black

(L= o= LN 1T 3SR 53

Fi g u@ lanea? sweep voltammograms of 10 uM PDMAEN® [2F& 2S] metallopolymers

with hydrodynamic radii of 18 A (red), 42 A (green), and 64 A (blue) using a rotating disk

electrode at a rotation of 2000 RPM and scan rate of 5 mV/s. Overpotentials are indicated at

current densities of 10 A/t gr ey dashed | ine) with change ir

F i g ut [2epeRdence of current density on scan rate for PDMAEYIRFe 2S]
metallopolymers with hydrodynamic radii of 28 (orange circles), 42 (green triangles), and 64 A
(blue squares) in 1 M TRIS adjusted to pH 7.00 £ Q.01..........coooiiiiiiiiie e, 55

Fi g u8 EIS cdmparison of metallopolymers with hydrodynamic radii of a) 18 A (red), b) 42
A (green), and c) 64 A (blue). Experimental data are open circles and fits are solid lines. The
equivalent circuit used for all fits is shown in d). The EIS data was callesiag a RDE

rotating at 2000 RPMs with 10 mV of alternating current at a holding potential®s® V vs

RHE (SEE APPENUIX A). ..ottt emmme ettt e e e e e e e e emema e s e s e e e e e e e e aeeeeesananeaaaaaaaaees 58

Fi g ug Snapghots of the molecular dynamics simulation of adsorption of the 3.5 kDa
PDMAEMAI gi [2Fé& 2S] metallopolymer on a graphite surface. The active site is depicted with
van der Waals radii and the polymer is depicted as balls and sticks. (a) adsorption begins as
protonated amines are pulled to the surface (~2 picoseconds), (b) protonatesi @mplete
adsorption of the metallopolymer to the surface and position the active site close to the surface
for electron transfer (<20 picoseconds), (c) view looking down at the surface of the adsorbed
metallopolymer showing the spread of the protonatathe tethers to the surface and the

Fi gulrlel Bustration representing how the use of
pl acement-2&81 tbéei vBFeite asfemc¢thieonalnt ewi ohi o
POl ymer fl amMe WO K e 6 3

Figuz@r 8ph depicting the percent of monomer cc¢
the difunctional (bl ue) and..maonof.unct.i.66al (r

Fi gu3leR3spectra depicti nggft2R2eSI|dNvlIer(lgape enf) RDMALE
PDMAEMA 2RSTERM (bl ue) met al.l.a.p.ol.y.mer..s@&mpl es.
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Figusd@ydlic voltammogram indicating the simil e
at 10 2amMd ctmhe current,f,de nBDMHKEMASI|pNUTt (agtr e n) a
PDMAEMA 2RSTERM (bl ue) met ailn opoMymRIrS sadnpu etse |
2 O I O T N S o T o e TS 6 8

Figus@urmrdrent density versplotosnkcewitmnagtaompml &@Deng
density with -go2tPhSIIMNOMAEMA en) @ahaR2RBDEREMA
(blue) metal liomp ol yMeTRIs% mpd jess.t.e.d...t.o..p97. 00

FigudRe@Bendence of curr eRDMAENA4 2RSIINA $gaerenat
and PDMHAEMRSTERM (bl ue) metaild opoMyTmRIrS sadipu =t

70 00 N0t DLttt 70
Figuftlel IB3ustration depicting the surface cover e
of metall opolymers with internal (green) and
ST T O = OSSP TPPPPPPP 71

Figur@emMer al approach to it2i5d fmern atlil ompall iyanetri or
electrocagahestsi oor by t he ATRP of azirde func
pol ymerization functionalization using copper
A | K Y S e ————— ettt —————— 75

Figuz®t slcked GPC traces showing progressive it
MMA and AzPMA (9:1 #M®&llamernatlil )i nfinto.mt.joFBBe fr om

Figu3®l NMMR spectra showing the prortAearPMAi)gnal s

o[ 2IReS] is reacted with phenyl acetyl ene and b)
POl Yy (-IMIVIAA M) 2TR2ES |ttt e e e 79
FigudleR4spectra showing a) the metalloinitiatc

the azide and ester signal HdUmomptoph e sM@MA zaantd oA
and c¢c) the disappearance of thei2&8dode poghatl! |

L= N o S o 1 PP U PP PP PP PRI 81

Figuga) 4Cyclic voltammograms and b) |l inear s we
pol y( DMAERRS] mbombpol ymer (greenBhAMA)pPol y (DM
met a&lgdgol ymers with 5% (red) and 10% (bl ue) gr e
solution corrected to a pH of 7.00 N 0.01. A
Shown 1.0 D 8 G K e 8 3

Fi gur@hémDraw structures represent-dBgcmashegl s\
as possible targets..f.or...,.al.kyne..funct.i.oBdl i zat
Fi guZlel ISustrati on s howimogn otnheer dpirfofxeirBebnjcye tion tahz
active site in a) random .c.o.p.ol.y.mer.s...and8b) bl
Fi gu3amadl | mol ecul e r €pSr]e sseamatldt inbod eaxcfulae [wdHReh

al kynes capallke neef cayrc | maidda..t..i...a.n....r.e.a.c.t.i.doh .
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Figudlel ISustration showing the structure of a
after-lan&kimgs agent has react.ed. . wit.h..t.h@0 pol ym

FigubsRepresentation of small meodectuil @n ctah atl ylsd
functionalized for integration into carbon na
cat al yti.Coabl Y 91

Figudg@neéeé Proposed synthesis to functionalize &
ATRP from a r.heni.um..cat.al.y.S to . 92
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creased use of renewable energy sour
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ot aligning with peakbredecgydddhmanaodsg.e
through electrolysis is a possible so
yzers are cur rpearttllyy tbheec ammedsdt ttehbefye catdi avp
i ng r enewbobweev eern e rtghye oruetl paatn eex pefn sk &M
i ke platinum antdashei d ermaonrceh od fofed reccd lr loal
i ves. Small mo | e chuyl der ocgaet naal syes tasc tiinvsep isri

for the hydrogen evolution reaction (

i on, and poor water solubility.

ous nr dhdlsrdghtmsg béemet al |l opol ymer cat ¢
these | imitations by covalently bind
tall opol ymers demonstrated superior H

-

forming previ ousevsemav dl inmmog epclud tei ncuam ae

|l y-Btppmpadwingls I(4dss than 0.2V overpot el
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ol ymers would have faster rates due t
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accessible active sites. However, the experim
are independent of the polymer size, as it wa
adsorption of the metall ogolnymermeon 2tFleé 2&l]l e cta
into close contact with the electrode surface
solution. The assembly is conducive to fast e

of catalgsi sesfrebpargbéymer si ze.

By designing a new metalloinitiator smal/l

catalysts was con28pl dedi velaiciodnait ey eri h&AF e

(endgirmutphe pol ymer networ k. By comparing el ec
met all opol ymer catalysts with the same compos
pl acement, it was determined that the metallo
desnnties, Langmuir adsorption, eametal d otprod ryime r

t he el ectr osdsei nsiulrafra cceh ecmiecaatle envi ronments f or
active site can be placed ameywahéoepol yameri $ omo

without | oss of performance

Through the incorporation of a methacrylic
synthetic methodol-@8y metbuhopobywgamerszseupg?hg a
polymerizati ormo(l ATNRRP)i zaantdi opno sftunckiyomealiict @a t ik @n
cycloaddition W&y dneval dpeod.l yimeFes wer e prepar
azidopropyl methacrylate (AzPMA) with either
(di met hyl amino)ethyl met hacryxlaataé ygeMABMA) c kfo

cycl oaddi ti omrc.opTohl eysnee rnse tweelrleo f ound t o retain F
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active site after the click chemistry reactio

activitywewnderl mpHueous conditions.

ChaptBiri don Disulfide Metall op
El ectrocat alSypsltist tfionrg Wantde rMo |
Hydrogen Producti on

1. [12R&] Metall opolymers for Seseaiabhabhe

The devel opment of efficient and sustainab
reaction (HER) remains a critical challenge f
el ectrode remains the benclgmaek atli eat voaatwal g
However, the re@aquier emerftorf arppdlitcraga i on coupl ed

Earth abundancy has prompted the devel opment
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wa tseprl i'A ipirgami sing strategy involves the use
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hitecture to direct mechanical properties,

ctrochemi®tdowevemperttiesdevel opment of cat al
all opolymers remains an i mportant area for

par2eS][ 2nfeet al | opol ymers but are often accomp

er Iima®Bilizat

I n this electrochemical-28basbalugst 1t adeehsim
orbs to t heFibg wsgee din@C usnudrefragcoee s( el ectron tr
tonation from proton donors i rFiwdadipous pha
duce mol Blterd miredmet al |l opol ymabuodaat ymatat.i
i's highly modaS$]arc atoa lt(lumtelesst rnahretraua[rpFoes i t 1 0
pol ymer supportntulktemarekcptangbiisngnef@fu
HER performance of this hybrid system is
ctrodes under identical neutral pH condit:i
cchbeadu’d®irbe. catalytic efficiency of this
erscbval pah associati ve-cdynahwmbstFsiugddl §t hac el
met all opol ymer side chain functionality ¢
orption onto the electrode surface, as man

rpotential rPr&dhei peméotr mMaoceHBR. this system
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[FeFel-Hydrogenase [2Fe-2S] Metallopolymer

Enzyme Catalyst
h Turnover Activity (& [ Polymer Composition Effect
of ~21,000 s 5 Homopolymers vs Copolymet
ensitivity P\ '1 Protic Buffer Electrolyt
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.
ires anaerobic conditions’-if ’ Proton donor and pH regulatc

‘ogen Inhibition
creases activity

Polymer Post-functionalizatiol
Prepolymers for Click Chemistr

[2Fe-2S] Catalyst Desi
Tunable active sit

essibility
It to scale up-synthesize

Fi gu2€ompari son-hg
i mitati o2S]t onett la
enzyme.

drogbenkeEeenzyme cat al
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The metall opolymer catalysts represent a s
occurring [FeFe]?® W¥Ringolee.n aWtei leen ziyrmesi red by tt
hydrogenase active site, these dartificial en
demonstrate supetbberaatal anidcl-Diatj&$T heeaer at i o
modul ar nature of the metall opolymer all ows f
radi cal pol ymerization methodology, in partic
( ATRP¥3.37T3Re%3catal ytic activity of these met al
enhanced by pairing with an appropri-ateolspleci
based mol ecules, such as, tri%ddadiytdircomxalmey,h ytlh)e
functionality of these cat alpasltysmerainz ebtei drur t h
functionalizati Aprwivtihdicng cak vcehresnaitsitirey,avenue

performance and creating advanced material s.
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synthetic strategi e2SJfocai amyps tl &83SHearbenienn owe [ 2
review the recenSt] Imettearldtowrod yomer[ 22Heect rocat al
own efforts on new catalyst synthesis, contri
el ectrocatal ysis and mec-taa mil gytsitc i sntt led if e ei ra st
Figures 1 & 2.

1. [2R&S] Active sites and Small Mol ecul e
producti on.

The devel opment of efficient hydrogen evol
abundant material s r-iemapinsmdl kmyl £ hadtl &lnygset. s ,B

after the active site of the [Fekes] oHydrogena

% §S O % §S »L© & 0
NPAS NS WAS
e—re e—re e—re
" 2\ W =X W B\
ofd o d To o4 To
0 0 0 0 0 0
1) 2) 3)

Cc
rd 0 THF; reflux \Fé' Fe’
C

oc/é\co o %Co
o (o]
5) 2)
c) 2-bromothiophene 7
(Grignard) /
Oc\ _S/—S‘ ®©  mgar_S gc . S/CHs
Fe—Fe!  + @ > N\ A /CO
Oc‘l 2Co Fe—F¢
[ % cd "-)CO
o] /I o~¢c %
Methyl lodide
Fi gu8a) 1Representative smal | -hnyadlreocguel neass
and the basic synthetic scRameésbuIpdRR&penr eat
smal | mol ecul e catalysts.
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candi*&&tiegsn.i fi cant effort has been directed to
these compl exes, wi-23] eavaemteali 5n0i On gd icsattianl cytt i[c2 Fsep

date??

These molecular mimics are differentiated
bridging |ligand connecting the two iron cente
di metallic core. Diverse | igandidrhd il tad et brre «

organi cFiuglggandsiwi th amine functional groups b

unsatur atteudrled a h k20 gehfi obliast e | i gands, wit4h symm
gr olFpwylBa), 3and | inkatsrwiatch i oef ifumigtoan) f*cdnal i t i
The synthetic m2$hodymmagtyr iforbd{i2dged | i gand c

the reaction of a dithiol c o-rnyyded p°do rwitthhe an i r

substitution eefxilsitgianngd sdiosnutlof iad opbrieded t°}i car bony

Some of these small molecule [2Fe2S] compl
activity as electrocatalysts, with certain mo
nati ve °BEnazrylmee.r reports have des2cSr]i mentmet hods
macr omol ec ull®awh iscuhp ptoyrptisc,al |y compromi sed the a
site. These i1issues include | ow turnover numbe
sol ub®ut ygroup has focused on addressing the:
redesign to introduce efdh®#nced functionality

As shown previous(llydt g he@)@p hiesiesucceodsFel | )
compl eted through the r5gaahdoh,ed#tentieoili rionn TdHd~d
r e fPlRIIMg 14 B . Conversely, a f un2ctainormal mamdael dguea e

the bridging benzene ring wvaltlhowa nmga @ hotrh o quurit rhee
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functionalization of the small FHFnodgleddul e whil e
Synt hesi sdiosf ccommlleetxed by first reaétiwigt hh r on
sul fur and ammonium chloride in a sol 6tian mi

common pr ecttrSsors nfadrl [noA%ocnp 6éesc a thaelny stesluced v

super hydride, protonated with trifluoroacet:i
presence of piperidine, undergoing t#&d consec
Smal | mol e®wbe poepaeed in a single step b

compdweixt-tme 2hy |l pyri di ne b o rbnreo nmaonids oebsutt&frhigfly ibnrgo r
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28 o Q
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o
Metallopolymer Catalyst

Figu#a8chemes showing the synthetic rou
comp9ienxcl uding a b) a crystald sfyncherieccoale
showing the polymerization reaction9atnod cr eat ¢
met hacrvliic monomers via ATRP.
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reaction af3ior dgeodo dc oynmipeledx after puri fication b
confirmed by XRDiug elybdt adol9mpglseaxp hgn (i nvestigat e
activity as an initiator for ATiRo lwa tt2d&d] me2 e c 1
met al | opol yAreglelddla mpAlneax ysi s of the new metall oo
englroup anaHyNMR, usi ng excl usion c¢hWiosmatogr aph
detection, and | R spectrroesictoyp-3&f] cl[o2nAfee r anf ngr st

pol ymerization and purification.

1.Metall opolymer Composition Effects.
Access to ATRP synt-2ejt i metmaltlhoidrsi tfiratmonf 2 Fenab

in the side chain composition of met B RIlug@epol ym

15833The key criteria and role of the metall opo
solubility and suppr ess2Sl]esdiraurcitan es pda arieers zaast
smal | mo |-2eSc]u leel e[c2ztFFeocat al yst .-2S]Heimepeal fmerst ge

catalysts was prepar gdivmiea htyh ea np onloy) neetrhiyzl a tmea nh
DMAEMMWhere over 90% of the DMAEMA tertiary anm

protonat edrhifs ade piHgr7w .enabl ed the synthesis of

met all opol ymer, with the potential for either
surfaces and/or repulsive interactions in sol
ionic, neotoubal ewaide chain groups were prepar

gl ycol me t jh-a SOyl gt/ enMol )M ( s @fFdugicde . t oBat h O&GMA

water soluble metall opol ymagrsamneerge eaxbhliebittoe do ee
water solubility and with tunadpl eemabécnigasyw
el ectrochemical studies of electrostatic adso
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el ectrocatalytic water sliistmbtechedFuetlcer mot g
met lolpom!| ymers with controlled feeds of DMAEMA
synt hesized by direct ATRP c o pcelfy meeslio dwanth le@n t
met lolpm!| ymer el ectrocatalysts with varying anm

pol ymer bY¥MMek#lclo®d pol ymers samples of varying c

electrochemically analyzed in agqueous solutio
to pG®lyclic voltammetry, | inear sweep voltammet
comparing four different metall opolymer sampl
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100% DMAEMA, one sobp drOd % voEGMApol ymers, 70: 30
compositions of DMAEMA to OEGMA 500 (Fig. b5c
under these conditions showed that the -sampl e
o[ 22&] homopol ymer el ectrocatalyst exhibited
reduced overpotenti al r e ggd i 2r28&ne nht g movda |l yemd rh ec ¢
catalyst was essentially inactiveiaal noted by
el ectrocatalytic conditi-one) polCcyameard rycsa Isy ,wi tt the

varying mol ar composi tiseenx hoifb iDMAIJE MA garnadd i OeENGM Ao

PmWDMAEMA)gBHﬁS] PmWOEGMA)gpFZ 1

Br. 00 Br
: S oA T
Fo—re

» doy &f T §

)

3 o t
Increasing HER Catalytic Activity Pon(DMAEMA-r-OEGMA) Fx [2Fe28]
C) 2 _Lower Overpotential d) 221_ pDMAEMA-g-[2Fe-25]2 .,
-249 = PDMAEMA-g-[2Fe-2S] 2 1 -207 - 70/30 Copolymer 5 e il
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Figuba)ll l ustration representing metal
sol ubl e monomers, OEGMA (bl ue) and DMAEMA (re
representation-gpR2©4dl,y (pPDVMAKH BSNA) and
poly( DMAEMAMA) 2R2&] . El ectrochemical cor
samples by ¢) cyclic voltammetry and d) | inee
phosphate buffer aqgue oRiesp rsoodluucteido nwictohr rpeecrtnei ds st
33 CopAmergihcan Chemical Soci ety.
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wave densities increasing with DMAEMA content
t hese cormpugdebtr i onksi fear sweep voltammetry (LS
(co) potcyantearl ycsot s al so afforded similar trends
requirement values under identical el ectrocat
phosphatlkiuplefiif.er L(SV el ectrocatal yti-c characte

(co)polymers al$olkr @gklad b fyesd st wa tahi rGC el ectr

current density and overpotenti al remai ned co
(solid | inkisgléconditt iiosnsi mM{(portant to note that
mol ecul2eSs] [e2Feect r ocatal yst, all met all opol ymer
| ower overpotentials, and aerobic stability.

aromati c, br i d2gS]d adcittihvieo |Isaittee ,f 2rirdetolpaod ryylea tse blea
the tertiary amine from DMAEMA monomer (and t
groups) is distinctive-ta$erthetanetéaelcyaxtoi wheen r e

with a GC electrode in neutral water.

1.PAr ot on Donating Buffer Effects.

Il n our early efforts to extend the catalyt
medi a, we observed the benefits of adding pro
tris(hydroxymethyl)aminomethane (TRIrS), to se
electrolyte, and a buf’ dWhemg diesis @l v ®d miam nn a@u t
protonat ed-H)RI1iSs (p[rTeRdoSmi nat el y for med, serving

electrolyte medi um.

To investigate the key factor sgf{afd&]cti ng el

met all opol ymer was studied in the presence of
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tris(hydroxymethyP§Y Emgnofae) hamBRl STRaAS)a pKa o
to operate as-9a ©Bofdfiem fphomphldt 2 has a | ower
as a buffe8. 2robueHt &.t12he di fference i n pKa, e

rotomage@lduti on while only 35%Fougles.di TThme ph o s |

©

hi gh concentHTatfif omr defd [sTURIfF$S ci ent i onic conduc
need of a supporting electrolyte.celsRsliSbiallistoy hf
catalysis when compared to sodium phosphat e,

catalyst. The generality on the benefits of wu
enhancing the HER of a hpeolaycreynstea lolfi men yP tmed lad

catalyst, as Fdiglhuwessed bel ow in

Due to the electrocatalytic enhancements o
i mprove the catalytic performance of | ess rea
Hence, the PBE effect of TRI S ws odadcitdmnphds p
hydrogen was ex@ploar ede ouvamibrege tplog| y2(EE]|GMA)
met all opol ymers which we previously discussed
sodium phoBpgblioc, PBBHIUti ons oofn ctehnet rsaatmeo nc antear| ¢
compared and analyzed with either TRI'S or sod
el ectrol ytFaeugild psoEULbecbno¢atal ytic CV experi me
gl 2Fe2S] metal |l opol yfnoelrd (i5nucM)e aasfef oirnd etdh ea p7r0e s e

(0. 75M) in cat ail9yYtmAd) camhre e nme tdaelnlsdapoyl yymer cat e
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prepared using TRI'S PBE in comparison to cont
(il. 3 mA)/ Foiuy 16 b .

Comparison of the TRI'S and sodium phosphat
sweep voltammetry was performedrFiugslé6oieg pFghati nu
initial benefit of PBE addition for electroca
was oObserved with significantly enhanced hydr
bufffreee 0.1 M KCI sol uti canl.ysSpe omafsi csahlilfy,e dt hbey
250 mV and the currendr defnsmagniithcde.aslerd thlye ag

catalysis began near the thermodynamic potent

density increases, however, the overpotenti al
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o B0 | e With phosphate g
- eo__ﬁ_oe g-eo §._
HoﬂoH ‘I)H §40 5
:20 g
1 / ;
L c) ~ S
HO. ’1“ GO_E_OH -04 -05 -06 V»S.:RH-EO.(?/) 09 -1 -11 E
pKa = 8.1 pKa=7.2 -200 = v“::m &tgsopnr:;te PBE only ook : E
€ 150 =
@ E J AJ =50 mAlem2,~” B _ \ -r"..". :; a4 = g.g
s 50 | .‘ ; ', "- ’.A' ‘4_;,:, '._t. ‘;:, 7 ‘ o, gé
N o Bl Ak AN
92"/;0;3“):"?‘9(1 35"/;1“953271;“6(1 04 0 \-/0"./4S RHE_[()IQg PPREPE © © © © Electrode ®E©E e
Fi gu6a®) 1Scheme showing TRI'S (left) and
electrolytes of interest, along with values r
percent at pH =7, and el ectrostati ci bpioltietnyt i al
(dark blue) for hydrogen catalysis. b) Cyclic
of a poly({ OoR&YA)Met al |l opol ymer in 0.75M TRI S |
phosphate (blue) PBS aqueous solstabhsnebpPt LS
rotating disk electrode in optimum 1.0 M TRI ¢
solutions, and compared to 0.1 M KCI solutior
i ncreased concentration of prdotpond gt(-gOE GIMRAI)S 1 r
[ 2R &S] metall opol ymer due to the cathodic pot
formation of the-lalykerprodheend cwil t Il oJuebd mi ssi on
Copyright Proceedings of ofhet hNeatUnointadd A
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PBE's proton donor. The difference in pKa bet)
predicts a 94 mV increase in overpotential fo
observed 92 mV -heaicghletasef att hd heoSdMaudcru rpvheo. s pThhaet eh
activity of protonated species in the 1 M TRI
l i mitation currenrt rdeesnuslitteyd oifn 1a4 5s unbAs/tcamt i al o«
mA/ ¢émthe TRIS PBE solution required a potenti
phosphate PBE solution to achieve the same cu

PBE pKa and concentration in tumsng the perfo

Further analysis suggested that tghe | ower
[ 2Fe 2SS4t a&loyst with sodium phosphate PBE was at
complexing with the oligo(ethylene glycol) si
coordination increased the soltvuadmn wme & pthlreg e o0
surface coverage and catalytic current densit

| ower diffusion coef-§iZFe1$] ohe DOBYPWONVER ( OEGMA

experiments in the sodium phosphate solution.
confirmed by addition of free NaCl salt to th
catalytic curreatedensescayal 26 Wy gwi2tFe 2tShe cpol vy
catalyst. Additionally, the introduction of K
significantlylecéedcroaadedaltyhe cHcurrent density
reduction), highlighoning $spati ¢ehei crihesal el e

experi ments.

The cationic -Hp[PBtEo watsed opnTVTRIrSely observed

enhance pobyZPELMA)el ectrocatalytic activity,
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PBE enhancemehliccat iTohne c[ TsRlei es was presumed t
charged catFiwogde Yisurefagl¢ceng ¢t 0o an increase in PB
el ectrical doubl e ledyert roofd et Hentmeatfalcleap dllhy e re
becaus#H]JadMTKRObSserved as the sole electrolyte,

proton donor near the catalyst at the surface
PBE, the cationied exgaedicead fdoryrilaggi ldahssord iiusn tiloe
whil e the psPd}tiis @smpiecnies,anfdH t hus r efpiadg eed fr ¢
16d. The reversible transient adscraptlgstpraod:t
GC electrode, coupled with P8B8&t &Il et relseat i @d ¢
both strongly effecoprodecteil erct whicghledtifbiis ryy o e |
Whil e -theer mmt ai pgr cd et if onAc afraolny stth es tciol | i nvol

protonatioenSJofditahrei M Feecti ve site, the attract

cationiHfahd Rt Be di anion intermediate form of
be favorable for this protonation step, as in
observed with this PBE. Conversel yan tbhee r edu
attributed to repulsive interactien[s2be2 W]een

catalytic sideP@Qspbcthe. anionic [H

1. Metall ofgblegmenonde Dynamics on EIl ectroc

The metall opolymer side chain composition
with the GC carbon electrode and the electroc
production. The synthesis of bggt2hF e@dSl]y ivesn ince up
pol y( OObEMA) 2 S] metall opol ymers all owed for di

the protonatedar[pRgdlepSCHPMAaBMA) s were i nferred to
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sociated with the WFiwwdeEH. GCoeValctdatde i mit r |
|l ecul ar dynamics (MD)-esemuratdeodyaoab mmesalwhs
ong with electrochemical studies probing su
nsi’ti es.

MD modeling of a model ol i-ggo2neS]i ¢ form of

tall opol3ymerk DlaM, corresponding to 92Sjonomer
tive site, with a graphene sheet, similar t
teRiugdel b ( The simulatiosnt ageeadedr pat irampi gr, o d
e initial stages the positively charged amm
sociate to the GC interface within picoseco
riemmgd ont o the electrode interfastatisctiheinemnd

thin 20 ps,2d]riagtiinge tsiet § 2iFret o cl ose proxir
sualization of this electrostatic adsorptio
tall o[poR&]Jmec at aleycstti vsiittye ecfofnenct on el ectroca
stulated the metall opoliymdratcoechaitry pteoqolnd gy n
rectional growth of DMAEMAdéeéd oan phelt mmé oi oo 1t
abil i znes tfhoer ni& Sapnficop e &y st against diferizat.
nce, we proposed tzhS]t wintbheidnd itnhge onfie ttahlel o p2oFley
hance the catalgatial yatisetfirmemotfhd hegre cws el
ese MD simulations i ndi daotne atnhda ts ptrheea dmentga loln
ectrode into extended chain conformations d
e primary role of the metall oposyglmebi Isiutpy oa |

omote reversibtliecorltecttrPstaltect mecd®ciimt er f a«
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pl acement-2&1 tbkbéi vBFesite within the main chai
to bessvential for robust electrocaicaltytliycstper
Similar interfacial dynami ¢ nnfaenmd emde d loan it htei ;e

poly( OEGMA) metall opolyxymernl eat wrikhea dspolkan

To experimentally validate the iIinsights re:
met all opol ymer mol ecul ar weight on the electr
el ectrochemical surface coverage wasyi oifti alel
ATRP process was | everaged to create three di:

with varying molecul ar wei diBt 5 ,aMm® hydracmdly roadm
confirmedHbNMMROSYectroscopy. Thepalay @DMAEMA)p et
gl 222&] metall opol ymer series was evaluated by
met al |l ophel M@Ben )( Rf forded t he hmAg/hcens2t) caunrdr elnotw e
overpotenVias$.i(ROEPpEBainNgwi ficantly outiperfor mi
84 N 42amA/TdOm 577 V v s hnReHtEa) | laonpd® 2| yakn egteBatth AR ¢ m

1T0.585 V RwEgIREE) Addi ti onally, a detailed conc:¢
met all opol ymer adsorption to the electrode fo
density reaching a plateauMaKioguerdl . a Apolsemar i

CV experiments, the hi@®Wendtf) caonaatsa loybtsiecr vceudr rweintth
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FiguTeae)lll lustration representing rever

met al |l opoadtyameystcot o a negatively biased gl ass
Mol ecul ar Dynamics snapshog[s2Pdi 2 $le MBeét &IDlao pa
in solution and adsorbed on a graphite surf ac
poly( DMAHMADS] metall opol ymers of varying hyd
buffered aqueous solution corrected to pH 7.

comparison f org[p2oHeyi(208MAEMWA)al | opol ymers of va
radius in 1 M TRI'S adjusted to pH 7.00 N 0.01
i sotherm with Repgramduue ¢ wvmiotdie oA emiys sighn s

American Chemical Society.
smal |l est metcaltlad pyoslty, meorutcpoer f-8 2 mAfH g mtntde | iamtgeerstt
(-52mAf)cmet al | ecpactlayl nyesrt sco Furt her studies were

8) to delineate thecatadlaytyita cr evRubSct itaor o fi inteht gn
voltammograms, allowing for t h(© stua flae eq wamtciet

determined from the curr e3fth eo ultopmets afl rRonp otl hyemeir
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exhibited the high@=st8 .s2fimdfafrcem wbnkemt hati ang ¢
pol y( DMAEMA) metall opol ymer Gha8.®mabDPhomest su
directly correlating to the reduced catalytic
of adsorbed medatadll yptod y mRes giote these differeri
kinetic anal y siwh eate Ipirgph ot alt if d autse sdanredv eaM eerdc o
a plateau in currenterdefnrseaqgwenadyydliicmitti ngf tthhee
data, the intrinsi2S]catoalégt (8 @U@ ndPHA)Y Hé 1PD2F
was calcul ated to be remarkably consistent ir
This finding demonstrated that the polymer ch
catalytic core but ratherc maxdulvdtted btyh e¢ o e rod

of available catalytic sites on the electrode

1. Met all opoi2ysherMmopdFe®egy Effects on EIl ec
To experimental l-2S]varmetdaltleomd!| ytrher [ @Ha&i n 1t ¢

monofunct-2®nad madl2IFemol ecul e initiator was desi
at the metalenddibleymgntbleais of 1hi(@& Dirreowmomet al
2met hy | pr-b pparnoopaatnee)) di t hi ol at o )bbriosntorei seRaBrfb o[n2yHei r
was carried out bydiinihiamltyr i etk dindrezcrodny ¢ e X
propanol tolGolrmowetpbgxesterification simil a
complle xa-2[SAFe mal | mol ecul e with a single init
characteri zaltWwasn ocodn dcdwatpdd xusi ng solution FTIF
'H NMR spectr os croapyy,d iafRfdrgdssi pnigd ne (X

With metalilomimandatiohe-28Synthasinseod | :nmhebi

met all opol ymers was conductedFwgaEATRRNnal ¥y &i sne
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of these new metall opodryanepg sa nwalsy siag ra fe dt hbai t me
fragmenH NMRi sgectroscopyvi $ Rsppetctovscpyly, ¢ &
SEC, which confirmed-2sStjr wlacttu rvael siindtee qarfittey @fol
i solation. Synt hetSiJc céhcad ens sinkdi liintmyo btid i[z2FKe p ol
poly( OEGMA) metall opol ymers enabl eids oellaetcitorno coaf
t he -Z2]Feacti ve sites wi tchhiani nt hwee rnee tnael cl eospsoal ryymefr

produkEiugisnp (

a OH )‘><B' C
) 1) LITEBH 1) ELN i )
THF; -78°C 2
% 58 o T o LL o THRRmTm o [T
NP2 W NP W o NV
Fei—Fe( 2) o Fé—re!  2) P Fe
4 o B A_®r &£ 20 g & 2o
§ % % B %
4) -78°C toRmTmp © 10) 11)
Interior-functional, single site
2Fe-2S] metallopolymer
b) . )_J( . [ ] poly
&Br \N'CUI‘N< )%iBf
(o} é (o) n
r
+ =g=° 4 o g
Q% S co o THF; 50°C Oc S, CO
TFf;é}?:% X TFl‘é'._'é‘*’cco
o 2 Methacrylic c¥ P
. 3 % monomer ¢ 8 %
1) End-functional Metallopolymer End-functional, single site
Catalyst [2Fe-2S] metallopolymer
d) 184 | -16 4 |
16 i
14] ——Mn, ePc = 24.4 kg/mol (1) & R
——Mn, GPc = 33.1 kg/mol (Il) Il .
& 124 M = 37.2 ka/mol (Il ——Mn, gPc = 33.1 kg/mol (1) Il
e ——Mn, GPC = 37.2 kg/mol (IIl) &~ 10 M, cpc = 37.2 kg/mol (Ill)
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Figu8a)1Schemes showing the synthetic

the polymerization reaction to create metall c
met hacrylic monomers via ATRP. c¢) 28] ustratio
topolhoegny uwusi ng a dual site ini-thatosstegmpl ex
[ 2R2&] metall opolymer, and a single-site initi
functiowmalt,e2$iRirpee al | opol ymer. d) GQwecelpi c volt
voltammetry measur emgen2&Jof mpobd yfi( (DMA MEAMmMpP | e x
uM of-28pRPFeompl ex per metall opolymer) of wvaryi
in 0.1 m acetate buff&®eprd@dducedKWli tdgqpeosus ssa
35 CopyYyohmghWi | ey and Sons } 6



A seri eadSdohfai[n2Feend i mmobil i zed pol y( DMAEMA)
varywWwmplRr mass were synthesized-chay aATyRR sanwd t
w GC electrode. An el ectrolyte composed of a
observed from electrocla@al yts malsh am dedérsydtsuilse ngo
related metall opol ymeS]s ocfdnstiald ensitnhge seil neicltarro c[a2t
performance of met2a3]l oapcotliyviee rssi twe stihke rf @nFiemé e a li I
to the metall opol ymer s 8,y ntthheesser2z8dw-efréioFe met al
i mmobilized metall opolymers were still wviable
el ectroepamdryatiicord The c-28teoatuateopni ofthéaemeg
was determined ibysusiahgbrBRmasods WY aRdbdasdae’dFe
per a metalclhap |l wee e prepared in the buffer s
El ectrocatalytic experi me2tS§hdiomeendai @Mobhnhi .
poly( DMAEMA) metall opolymers of varying mol ec
inatalytic current density along with a highe
el ectrocatalytic experiments using a rotating
of higher overpotrmettalallowoltyhmathe daErgegs r®mits dr
(Fiugl88d corresponding to reduced surf-ace cover

catalysts as previously discussed.

1. Met all opoiFymern i Poatl i zati on.
Whil e the broad synthetic moduladity of ATRP

copolymerization of functio28] met alhlkcoyhiat eam
popbl ymerization modifications wereiwomyl iodat

i r-oarbonyl gr e2uSpg s aicrnt itvhee s[i 2 Fee Hence, novel me
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functiona28]t ymeotfal[l20Fpeol ymer s required the wuse
retain electrocat-aSytcatalcyswvitVhefapmpmlei ¢ 2tFieo |

selected for this obj-pot yaeetridawre ftwn dthieo rsallciczat

wide range of Ma°dPrr o mma | emou lka rb ymo&Xoil fass. and Maty
efficiently combined Click chemistry and cont
particularly ATRP, where an azide functional r

pol ymet hacrytatesdbeahbahng geoupgotllyanterwerad i roen
with small nPd9 ienciull ser ad tktyennepst.s t o combine contr
with-cChleintikst ry functionali zation was reported

activity28f s$hee[ @&s -gpolmpmemi satdi pdSftuncti onal

Hence, a clATKRP eshemhetiryg methodol ogy was a

functi e2nSal nje2tFael | opol y meiugleOfpar Tthhee nfeit rhsatc rtyil me

PMMA (Organosoluble) (b)

[o] [} o]
3 - or Br
PDMAEMA (Water g ggow %ﬁ
] +

Soluble) o i o ==& CuB/PMDETA ' q §l o A
\F(e’y—l"‘F(e’c > F /
N, ™= AzPMA 1\%: oc‘[“'):l %o ﬁ © ChCly; 0°C; 1hr OCge/F%c [{_>
o"~o N
{ P(MMA-r-AzPMA)-g-[2F e-2S] \/ou Poly(CCC)-g-[2Fe-2S]
[2Fe2S] active site N
Cu-catalyzed Azide-Alkyne =R R = Ph, octyl, -CH,-OH Fe-CO
Click cycloaddition R g p
~N 3
< N~ - Eonctlonal ?qo ow, Polymer )L(o Br Polymer
|/< Metallopolymer ¥ ) 7 o o Eater J% Eater
‘ N Electrocatalysts for s N },:ﬁ}e/
@ N~y Water-Splitting g To To
By ATRP and Click S . (N
Chemlstry P(MMA-r-AzPMA)-g-[2Fe-2S] Poly(CCC)-g- [2Fe 28]
Wavenumber (cm-) Wavenumber (cm)
Figu®a) 1General approach ti® St]haneftuwar d toipc
el ectrocagahestasi ooar by t he ATRP of azide func
pol ymerization functionalization using copper
al kynes. b) Synt het iacl ksycnhee ntey cpl bi bzyam ei goi niz E
pol MMAAZ PM&) 2RR&] met all opolymer. c¢) I R spectr
azide and ester signal from t hpeo | Miheetraimech Az P MA
(bl ack) and the disappearance of LI5¢ a@abpiree si
postick rea®epond(gedew) t Ir (80 piy sASmMgd i sc afnr o m
Chemical Society.
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3azi dopropy!l metbAvaacsr yclogptod y(mez R MAe)d wi th MMA or
met al | Ot i pirapare a seriess olfumlre anpets ayfimed Ise a
Met al |l opol ymer samples were successfully poly
AzPMA to either MMAIIs ADNWAEKRMAa(s5@ he max compo
pol ymerization click chemir-AtPWMg) HREStLtemetnabkoi
(co)polymers were then successfully reacted i
monfouncti onal acetyphdeystmaettyynebecatlesp(dparg
(Fiugl®pb. The integbBljtygonpe why I[FRREpemerdoscopy t
the retentCiCostofetticine ngefrequency throughout t
reaction, and t iNes tcroentscuhmpntgi ofnr eogfu etnhEejug®ef t er t h
9.

The prepar atoilub|l @f medataed opol ymers was al so p
DMAEMA with AzPMA, successirBhAWVE&] D2R&]| ngprepal 0
(co)polymers containing 5 mol %odmnud | 0 amao ld% d fu
met a(lcloo) pol ymers were isolated and then subjec
phenyl acetylene in chl oFiogldrOm aThe eedlueetdr @ @ antp
hydrogen evolution r eactsolnulllHE Bnpeothaylimieor st waagf
evaluated in a 1 M TRI'S buffered aqueous sol u
l inear sweep voltammetry (LSV), wigh2R&¢ resu
homopolFyugéet Ol 1ldmad. Pol y ( DMAEMA)O | nyentearl Icoat al y st
varyi ntgr ilga20l3e side chain content were observe
water with PBEgehercdtriodrytad . fpyY Hox i SndE el wi t h ¢

current densitiegathnheceepetagtaal mor Asnobserve
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poly( DMAEBMAMAY 2R&S] méta) pdfymacseasing the co
cl taok azol e grafted phenyl groups within the <c
current density and an increased in overpoten
densities from @Vsswhoewedat h@dt triPd AMgnol % pol
[ 2R&] meéta)pol ymer exhibited a highmA/ tamer age

compared tmA/T&2mr4didhe6 10 mdlivgld O npb Jihiisonrend

further corroborated by LSV data, where a pro
observed with higher content of click monomer
a) §>L(° @ Q Br %)L(ZZ - mBr
° @ ° a "(; o CuBr/PMDETA % §s o O oo °
\FeS/_S\Fe/CO 2 /© CHCls: 0°C: 1 hr “Fel‘,:e:c 2
occl ' N océf %:o /N_
o N; Phenylacetylene i NN
P(DMAEMA-r-AZPMA)- P(DMAEMA—r-PhAMA)—@’EN
g-[2Fe-2S] g-[2Fe-28]
P(DMAEMA-r-PhAMA)-g-[2Fe-28]
b) 50 0% PhAMA c) -16
E e 5% PhAMA 14
2 oy ==10% PhAMA 42
< -
=30 - -10 - - -
=25 8 1
[ g
8l
£-10 41
E 5 -2 1
3 o T 0 S
-0.7 -08 -09 -1 -11-12-13-14-15 08 09 -1 -11 12
V vs SHE (V) V vs SHE (V)
Figulil@)l Synthetic schalmkysé&ooey eigolzyhnes rai
of the polrnAZDPWARERMRGES] met all opol ymer -t o form |
Phagq)2R&]. El ectrochemical crePrhpAdkg]) 2®@&S]J]of pol y
metall opol ymers of 5% (red) and 1-@¢@R2&] ue) az
met all opol ymer of comparable size by b) cycli
voltammetry in 1M TRI S buff er ek papuwacesd swltiht
per mi ssir@¥8 CGoapym i gBheAmenl c&oci ety.
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densit mAbEwErled T 1. O 8anNd 07.10.0078 0 s NSBIE0©O8r t he 5

and 10 mol % compoBiugle®chs, respectively (

The progressive decrease in catalytic curr
polymerization functionalized metall opol ymers
adsorption process onto the gl assy malr®% onf etl lee
tertiary amine groups in the poly(DMAEMA) hom
reversible electrostatic adsorption of the <ch
Ssubstitution of these prhotsotneartiecda dialoymiomu lpkme s y ridc
rings pendanttr ifazoan & her du®s 3was observed to ir
process, thereby diminishing the catalytic cu
met hodol ogy odsucve anbelwe ftuoncihi@dprnanleit ay |l opodym2Fs
controll able balancing of electrocatalytic pe
novel electrochemical medi ators to facilitate

photadcyati c hydrd%en generati on.

1.8Bonclusion and Perspective.
As discussed in this Pe¢r2sSpe cnteitvad,l otphod ydreewr es

catalyst for-spust aipnrgobdauscdtwbBotneri s a promi si ng n
pol ymer chemistry and energy sciences. We s ul
the -I2]Femet al |l opol ymer structure to enhance ceé
devel opments odtinoy ebufpfreoensoonamMdnmechani stic as:t
We note that our syntheti,c wietflh o] YFet o pr e
organometallic complexes as ATRP initiators i :

soluble electrocatalysts, where the precision
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struptaperty effects on electrocatal ysi s. Fut

requirement of t kkeadealmettasl,| cpalpymar wid h expan

support functionalizati on fi sopapnaritcu npiattieeds tfoo re
hydrogen production. These include fu2S]her d
catalyst immobilization (without pobksoning th

producti on.
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Chapter 2: Natural Assembly of
on the Electrode Surface: Enha
of Hydroge28] bMe{ @2Fkeopol ymer s i

With contributions from Kayla Clary (el ect

concept), Jetdfhey) Pyamd (Dennawt Lor LarcdhtRInN)dber g

Reproducaced eft3dnrovg ¢ fhmi ssi on from the American C

2.1 I ntroducti on

El ectrocatalysis has a major role in devel
processes for ©& %Pseurshtaapisn atbhlee sfiumpurees.t and most
electrocatalytic processes is the reduction o
el ectrolysis. Unfortunately, the most energy
reaction (H&R)rare amadeexpensive platinum (Pt

el ectrocatal ystabunadmmds eed eanfe nEasr talr e bei ng dev

Figel.€omposition ofigit hR6&SPDMAEBMAI opol yme
the polymer |l ength n varies from 9 to 1
the PDMAEMA polymer catalyst are 91% pr
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cat a'ly(shtes .exampl e is based on tiReS]diaicrtdrn ehydrta
comprised of two of -abendaetpekkémamids moistomEaa
mol ecuil2& ][ Dre t erfly cl usters wkgxdh t hti rod att wr ano |
and ancillary ligands havV¥®Hetwewar prid®esemflRIF &
mol ecul e mimetics generally suffer from water

sensi’ti’"tity.

[2Fe-2S]
active site

- 'A-'M.O
e e 4l

e NS >
S

". }
ey B o
9

’ .},',,’ .
" 8L
) 2 -
¢ -n?

€.
C 5 s
o 0--

carbon cathode surface §
P ———

Fi gu2ZBRefiresentative mol ecul ar dynamg[cXSiRe
met all opolymer in solution (upper 1li28}1)
sites are $hownngssppaces between the p
orange) The DMAEMA unit samirree s hiownb lwu d .

A major advance i28] theaet dlegsign Podr [ RF@ér ogen
the synthesis of novel water soluble metallop
el ectrocatal ys8%9%i ke medto@énasne eenzymes, thes:e

macromol ecul ar struct uir2esyd talcati vireelsp tteo fir=oan atn
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reactions and &We opataipustyfsesoggesned that a
to i sol 42 %] tadet i[ RdFesite from associative degr
mol ecuil2es ][ 2Rd £OBes. st udi es 1RaSve ceambad dydsea s [ed R
covalently or via supramol ecular interactions
dendri mers, proteins, metal organic frameworKks
catal ytiO%TPhaicst iivsi thyot surprising considering an
macromol ecule is |Iikely to have inhibited ele
PDMAEMA 2Re&S] met al |l opol yawed P BMAHMA-s=2pol y (2

di met hyl amino)ethyl met hacryl at &)parc ha etviewse hyi
and high catalytic curréinnh deeasptéesnexcefedaind
Faradai c®“Bliifs cpemfcyrr mance is greatizag] thamalf pst
without the polymer. Furthermore, tHR®Oysystem
an order of magnitude and approaches the curr
|l ess higherf® overpotenti al

Schenrsa: 2Synt heti PDBABNMGNE FIiée 8f met all opol

si zes.
+
o Br
N\ A~/ -
o
Oxpecusiia [#
| |
N—
V4
B

—_— P
THF; 50°C

Example reaction conditions for polymer chain lengths n:

A:B=150 1 hour n=9
A:B=1:100 “2hour n=36
A:B=1:200 2hours n=112
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A major unresolved question concerns the r

stab

reducti on.

[ 2iReS ]
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a l

s h

ol

t

ity

while also allowing fast electron a

Previously, we synthwesesiglkeds metaml a

metall oinitiator containing a propanedi

er
s e
ch
ed
and
ein
och

opo

opo
mp |

of

opo
t h
ot s
ut i

h e

radi cal pol ymerization (ATRP) initia:
with smé&flindrormalnadwell agrg ¢ké i Riobd i ve si
poorer catal ytigifE 2iReSt]i wiytsyt etmh g 15 cthlreaneP
using pH 4 acidic solution condition

s on mMétallopol ymer size

o
>
—
Q
—
D

prot

, wWe investigate these deeper fundam
emi cal and computational met hods on
l ymers with gmadHcew ihrydrreasyenda md wr rr eardt
el ectrode area) at | ower overpotent.
l ymer anal ogues. |l mpedance spectrosc
oyed fesetkéefcitrotc at ianghpeean styilsv e nssi tt e
el ectron transfer apeéactait addysistsaf er

be similar regardless of the pol ymer

i mi-datriiveg dint gerates i s explained by
| ymers to the electrode surface. Com
e interfacial dyngmsmtcanbet Weeel ebér m

from a molecular dynamics simulatio
on and adsorbed on -2. cahbeomodékkitngd:

i niti dll ogptotl ryanetrison oo ft hteh es umdtaec e i s d
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interaction of the positively charged ammoni u
field of the el ectr eacbes.e nibH e met alhleo ppaulryf mecres ssu
the polymer size, (2h®] caittadny tlhacvwe l gsacoiven{ &
el ectrode surface for fast electron transfer

transfer and reduction. The Langmuir isotherm
a monol ayer on d¢imtealsumdaser e Exfpetrihen el ectr oc he
(ECSC) indicates there is one eldodctsruadrmemi aale
the 18 | sample, which is close to the footpr

both the hydrodynamic radius and the mol ecul a

experiments indicate tphaec kneedt aa nl do peovl EQr8yE rasd shoerehi e
catalytically active. The dominantehactdensihy
function of polymer size is found to be the n
the electrode per unit area. The features of

should apply as wat hl yetet bembethdedcuhat hese p

results offer an approach that could i mprove

2.2 Metall opol ymer Preparation
The preparation of ag[ aiREI]t rmertyal diozpe | BDNdA E

(Schelme Ry ATRP st ai2tSi]jngneftradm otimea t[izaReor mol e c |
mol ecul e B, and the Cu(!l)Br/ HMTE®A coartdaery stto h
obtain different molecul ar-cowatgbt| mdt ATRBpol vy
pol ymerizations were carried out wisth hediafmoem
monomer is influences the maxi mum mqlsecul ar w

AppendiHxweAyer, the fundament al synthetic steps
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samples remain the same. For -ccatcahl wiewmywd otpo | vy
formed in solution by imi XTiIHFg Glohlo)mer aad HMER
by the solubilized metall oinitiator, establis
pol ymerization was t HH nNMR nteot idceatlel rymimmoen itthoer eadn
converted to pol ymer, kisndtmad isntgu dai amo | eefc ud aaah -
to initiator were compleskedetlefordetachmi samph
for the approximate desired mol eThéar weight

pol ymerization was then halted after the desi

solution to the air and diluting with bul k me
pol ymerization through dil apeoneandAfgtheerog 1 gen
purification was completed, the resulting met

NMR, GPC, catnrdosilcRopsypet o establish the size and
The samples wer i 0sAtCor eTch eu rschemrp | fers artet ai ned t he
2 years even after repeated warming to room t
sampling and éXPRhe mehtjatsampl e was not stored
degraded before al/l experiments could be cond

on with the experiments.

2.3 Hydrodynamic radid@ of the metall opo
The most i mportant feature of the size of
experiments is the geometric dimension of the
Therefore, the metall opol ymers di 00ugdhed in t
hydrodynamic radii. The hydrodynamic radi. of
experimentally from the diffusion coefficient

4 8



Einstein equation. The 1H DO®YINMR WerOe apmg rufsad
pH of 7.00 N 0.01 to have a metric of metallo
were employed for the electrocatiadegd irce mrnad wcsi
di ffusion coefficients with an-BEinncsetretiani netqyu aotfi
assumes that the object igi§ 2®RgpEHe rmecall,l ohpoow eyvimeerr
l i kely not spherical a88%te wnatbiyo tdfe enpuatl oriine
(c) radi.@ is |l ess than three for these metall
approximation of t%FeorSttonkiess srtauddiyi, legi] eNRys%.s o f

2S] metall opolymers with the approxi mate hydr

equation S.1) are discussed.

2.4 Cyclic Voltammetry Compari son

The el ectrocatal ytic prodgi[c2®Re&h of hydroge
met all opol ymers with different hydrodynamic r
with 1 M TRI'S used a®%{ Ri gp@joea iXh e uHZX ege red reacttir oor
PDMAEMA 2Re&S] met all opol ymers showed an increa
decrease in hydrodynamic radii from 64 | to 1
met all opol ymer wa8& bubbheaftedmbhyi oapatd Hhe el
the unusual CV profile as the scan proceeds t
of multiple CVs taken at O0.iD2V/Ns 1f0oiBnAt [en®1 8 |
mA/ cm2 42orj t6teend 11 mA/ cm2 for the 64 . The s
consequence of variations in surface conditio

experiment to experi ment.
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Fi g u-8: €ycl voltammetry comparison of PDMAEMAi [2F€& 2S] metallopolymers wi
hydrodynamic radii of 18 A (red), 42 A (green), 64 A (blue), and glassy carbon (grey)
TRIS adjusted to pH 7.00 = 0.01 aqueous solution. Experiments were conducted at a sc
0.10 V/s. The rough decrease in catrdensity as the scan proceeds negative of the may
peak current for the 18 A (red) sample is due to the large amount of hydrogen bubbles beil
produced on the electrode.

2.5 Metall opolymer Concentration Depend

Fi gud estfRows t he dependence of current densi

met all opol ymers based on CVs taken at O0.10 V/
form of a Langmuir adsorption isotherm The p
concentration of 1 OM is due to the formation

surface. The dadhetdowi hessi of Fterad2or pti on
Langmuir model . I n the Langmuwi rj ads qrip/teinorbymaa
maxi mum current density jmax timépytae fract.i

el ectroactive molecule (A):
L. : 0 o x oAz m
Q Q — Q .—6%NOA©E¢I
wheKagiss the equilibrium constant for adsorptioc
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0 YE OY WNOAQE(¢ I

Il n Equati®ni 2 an empty surface site and AS
A. The fits are generatejdméaypykKlaoapdi BEgpbhhgomh& t
range of [ Amawmdluess.i nThease from 52 mA/ cm2 fo
72 mA/ cm2 for the 42 j metallopolymer to 87 m
of an increasing number of electroactive spec
sizehefspecies. The equi |l Kdbdswsneadoinsttame sf ifos
Fi gud ewkRae&s 13 f orKatdhse8 1f8or ,tkedEsA2 §for andde 64 |
observed Kadnwirtelasthefdecrease of polymer size |

crowding and more available adsorption sites

The adsorption on the surface persists aft

experiments and removal of the electrode from

100 -

90 - ..-.-.-III-OIIIIIIIIIIIIIIIIO
8 {4 PO
§70 .. o lllllllllllllllm
$T01G geeserrerereEr
E6o v o
> i
‘@ P s EEEEEEEEEEREEDN
gSO .A“‘-.-|lllll6 A
240 o O18A
2 30 042 A
G 20 264 A

10

04

0 1 2 3 - 5 6 7 8 9 10

Concentration of Catalyst (pM)
Fi g u+#.eCuréent density versus concentration comparison for PDMAE§RFe 2S]
metallopolymers with hydrodynamic radii of 18 A (red circles), 42 A (green squares), ar
(blue triangles) in 1 M TRIS adjusted to pH 7.00 £ 0.01. The dashed lines show fits

adsorption isotherm with a Langmuir model. Experiments weropned with a glassy cark
electrode and a scan rate of 0.10 V/s.
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electrode and then placing the electrode in a
met all opol ymer, the first CV scan shows the s

by -5106%. The catalysis peal,dicoappsarcntoni $hbdgd

equilibrium nature of the adso¥*ption indicate
2.6 Electrochemically active surface co
The different sizes of the polymers as 1ind

di fferent amountigS¢f catatysdtaadisve bpdFeéo t he

electrochemically active surface coverage (EC
met all opol ymer size was e vcdtualtytdi ai srientu d thieo rc (
2S] activebyité€&€o (meagsure 2t his precatal ytic rei
M TRI'S adjusted to pH 8.00 NuDi6d, Bgechhegmo
potential of catalysis is shifted n@af6g heghtei
observed before the catal yitciad apegadak.c Wiutrhr et sse
reduction of t hCe caacnt ibvee essittiemalteie uls@ $tgi &Iq urade d
currents weibe22o0@Adf 0n 1tk eDA2 & 0jri0t B8 HOZA fprand
i. The amount oS¢l ectecsaabsvoebpdFéo the cath
10 12 mol / cm2 f or 6t.h0e x2 8L 0j 1r2a dmou s/ csma2mpfloer, 42 |
mol / cm2 for 64 . The results are summadri zed

2S] catalyst ECSC trends with reducing the po

Q N
3 = WNOAQEG® |
I & Ol
T 2 4%
The concentration of metall opolymers in a
with a simple physical model based on the are
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—28A _, /
-1 Background for 28A y’
—42A “
el [ |
=2
= 0.6 -
o
3 -0.4 -
-0.2 A »
.fg:xfiiﬂ’ﬁgfb&//
- ,

-0.1 -0.15 -0.2 -0.25 -0.3
V vs RHE (V)

Fi g u-b: €Vs2n 1.00 M TRIS adjusted to pH 8.00 + 0.01 of the initial reduction of theé
2S] active site with a concentration of 10 uM metallopolymer with hydrodynamic radii o
(orange), 42 A (green), and 64 A (blue) PDMAEMA[2F& 2S] metallopolymer. The CVs ¢
adjusted for a linear baseline. The 28 A sample has an additional baseline correction c
lower overpotential for catalysis that shifts additional current to the region of the reductic
aroundi 0.2 V as aproximated by the grey linaterpolation from low to high potential. The p
currents of the preatalytic reduction were estimatedi&21 V as shown by the black verti
lines.

(similar to tha)t. shhpeartcklieous deiogqicresnt 2 ati ons ar e

electrochemically active surface concentratio
met all opol ymers $Hpackedeasoaageyremi ss eaand hal |
adsorbie®&][ ke es are electrochemically active.
the high activity of these metall opol ymer el e

and effective nmetuanhl opebg mb2rSg] eshiditehsh eo N[ 2tFhee e

sur face.

2.7 Overpotenti al Di fferences Using Lin

To illustrate the effect of polymer size o]
performed with a rotatineg,ditshke elnescttr owde .c al had
occurs at OppirS5oxi matrelay | t hreeadmetadlelsop dlay me h

electron transfer overpotential for onset of
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V vs RHE (V)
Fi g u-6:dinedr sweep voltammograms of 10 uM PDMAENM# [2Fé& 2S] metallopolymel
with hydrodynamic radii of 18 A (red), 42 A (green), and 64 A (blue) using a rotating disk el

at a rotation of 2000 RPM and scan rate of 5 mV/s. Overpotentials are indicated at current
of I0mA/cnf( gr ey dashed | ine) with change in

with the similar proximity of the active
potential for catalysis also indicates t
similar. The overpotential spdieaetgeal wheéwo
densities. Comparison of overpbseoabmmbas

literature (di®¥herefferpetenvias change

site
hat t
rsbag
ah ®ah

bet we

met all opol ymers of 22 mV to?irseadh rda baidrerdetto

in concentration overpotential for the s

met all opol ymer has a | arger concentratio

ur f ac

n ove

active sites on y,het marlfarcger Cmoetsalqluemdlly mer

potential to reach the same curremtendens
concentration overpotenti al i ncreases as

sizes and el ectrochemicadl.characteristic
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Tablle Qummary of metall opolymer size and

Mn crcg/ mol ) R, ,( i) Joo . 10°(vmA ) m - (V)
3.5k 18 i9g2 N 10 i0. 563
12. 2k 4 2 isg4 N 4 0. 577
24 . 3Kk 6 4 i62 N 11 T0. 585

214 DOSY NMR was performed in 1 M TRIBCI in D,O with a metallopolymer concentration of approximately
KM,

b Cyclic voltammetry peak current density. The peak current density of the small metallopolymer was attenu:
rapid H bubble formation at the electrode.

¢Qverpotential vs, RHE at current density of 10 mAfevas determined using LSV (scan rate of 5 mV/s) with a
rotating disk electrode (2000 RPM).

2.8 Rate of Catalysis
Due to the fast rate for Iigdt2ide]si s observe

met all opol ymers, the proton source near the e

at a scan rate of 0.1 V/s and bubble formatio

—~ 700 -
E -600 - PUPIRNY TTRTTTRREY
E 500 - o
,%' 400 - : K Avecccccogroccccccsech
G301 e & g,
g 20018 ceereeiretnnenns
3 -100’

U0 5 10 15

Scan Rate (V/s)

Fi g u f7e Defendence of current density on scan rate for PDMAEMRFe 2S]
metallopolymers with hydrodynamic radii of 28 (orange circles), 42 (green triangles), ar
(blue squares) in 1 M TRIS adjusted to pH 7.00 £ 0.01.
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l'imiting. To diminish the effect of proton sol
with increasing scan rates to decrease the ti
density is no | ong’8rs cdepevmd &mt Fdrg uxaa | rydtie. c
density becomes independent of the scan rates

hi gher. The

f oundi6et2ad bmeN/ocrm?2t H4€3 2 8mA/ c m2

aver age

current densities for t he

foe3dheAd2Z mp, fandt

64 | metall opoRymer (See Tabl e 2

2. 9. Catalytic Rates

Using these platp@auioucoenundeén®sintiwes h(d he es
determined above, the catalytic rates of hydr
can be apPhe peradtiveait @ms (~+5%) were found to be 3.$slifor the 28 A,

3.8x10 st for the 42 A, and 4.1xfG* forthe 64 A (See Table2.The rates of hydr
production per active site do not trend with
not inhibiting proton transfer to the [2Fel2S

Tabl2z&Eaxper i ment al

polymer and el ectrocat

active site.

Mn, cHcg / m Roy3( i) B mAAC mlecnéamo %) k(Y
8.5k 28 i621 8. 21T ( 31DDd
12. 2k 42 i437 6. 0t 3J1BD
24 . 3K 6 4 i234 3.01% ¢ 4710

al4 DOSY NMR was
100 OM.

bPl ateau current
RHE (see7Figure 2

‘Rate of hydrogen

densities

mol ecul es

perDC&€t mOd wdbmn hl aMmERIAS I opol ymer

are an average oiff0.Qur

produced per catalyt
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2.10 El ectrochemical |l mpedance spectros

el ectron transfer in catalysis
El ectrochemical i mpedance spectroscopy al s
site is not strongly dependent on the size of

three -di tedrempet al |l opol ymer.s Tdhmeg hphdadwemtiimal Fii gu
region of catalysis slightly -@)b.ovehae ONyNAU icat2
show that a scdoingslteanotv efreadtlurte ndkecomi nates cataly
evidence of a Warbuha@ati mpcebdndtriraos ilicemid i pcractciensgs 1 s
significant factor. The si mpl e -8sdt amoddaerlds etghuei VE
data well. The circuit has a commonly used re
uncompensated(Ra})i sfathe system. The capacito
el ement typically used to account for the i mp
doubl Thayat pha value for capacitance is clos
Nyquist plots show only minor diff e¥feoircels8 i n
i, Yoflor the &% ojr, tehred 6447 | met al lo@odiyenepr i Mari
to small differences in | ow frequency i mpedan
adsorption of ?THeesmetdifobpoéymes sare most cl e
frequency region of the Bode plots (Figure Al

|l ow frequenci ersesoifs taa nsceec opnrdo cheisgsh t hat contri bu

and terxet Imaetgal | opol ymer shows evidence of an i
Overall, the EI'S data denmn@s$)tsates bdabrbed ¢
have similar charge transfer resasnsfancesat esea
similar protdhncedasthngnpohymer size does not

57
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0 alpha
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Fi g u-8: EIS Gomparison of metallopolymers with hydrodynamic radii of a) 18 A (red),
A (green), and c) 64 A (blue). Experimental data are open circles and fits are solid lir
equivalent circuit used for all fits is shown in d). The EIS data was callesiag a RDE rotatir
at 2000 RPMs with 10 mV of alternating current at a holding potentigd.60 V vs RHE(se¢
Appendix A).

transfer in catalysisi2&fpredi alel w, tiersdiaa &t ii mg

the electrode and soluti on.

2.10 Mol ecular dynamics

To further corroborate and proviede caddidtei o

surface conformati onal dynamics, an initial m
adsorption of the metall opol ymer tree time el ect
Appendi x A. Snapshots of intermediate steps i

229 and a video of the entire adsorption proce:

sampling of the confor mereisgthrtu cnieutraelsl oopfo Ityhnee r3
the structure, the metall opolymer was pl aced
surface iped0. TG0 Do atom) as shown in Figure A
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the protonated amines are drawn directly to t

in Fi-Qasraef t2er ~2 picoseconds. After ~10 picose

arms o
and f I
i nto c

to the

Loo
proton

that t

The
over t
smal | e
per un
have t
contr a
The La

t hese

n

both sides of the eactTihwee pwiltyenear e oand g

atten against the surface and within |e

k

ose contact wi t RO bt.h eT hseu rrfeatceen taiso ns hoofw nt h

csounrdf uacciev @ st o f ast el ectron transfer.

ing down on the fully ads9cr bsehdo vesp etchiee s

ated amines spread out to tether the me

h

e sulfur atoms and one irsonest pmoproes eda

ation in catalytic schemes of °pt%t on re

(0]

c

n to the geometrr i eelaeccctersosni brieltPlteys doda ctthi
electrostatic attraction for protons a
xt to the surface will occur similarly

ton reductilonbe asiemi lp&r astobeensvead. wi

mol ecul ar dynamics also show that the
e surface, and thus tphae kmetga lalra maolgyemerm
met all opol ymer has a gteatsr mouer act i
t eraec&k eidn aa ralngsene nt . Finally, a secon
e benefit of the protonated amines int
t has retpweesn vei timttema@acpn eoinen dteed ami ne
gmuir -plehewinh&i gareecQond | ayer of me

oncentrations, so the active sites are
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Fi g u49:eSnaghots of the molecular dynamics simulation of adsorption of the 3.!
PDMAEMAI gi [2Fé& 2S] metallopolymer on a graphite surface. The active site is depicte
van der Waals radii and the polymer is depicted as balls and sticks. (a) adsorption
protonated amines are pulled to the surface (~2 picoseconds), (b) protonated eoniplet
adsorption of the metallopolymer to the surface and position the active site close to the si
electron transfer (<20 picoseconds), (c) view looking down at the surface of the a
metallopolymer showing the spread of the protonaisdne tethers to the surface and
accessibility of the active site to protonation.

2.11 Conclusi on

|l ncorporation of the electrocatalytic acti
enhances the rate and | owers the overpotenti a
Small er POMABRMA metall opol ymers exhlidowdr | arge

concentration overpotentials when compared to
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more el ectipS8hacacvevp2Bbetes adsorbed per unit

small er metall opolymer-actiThessstedyatfends ¢ at.
transfer rates are similpal ymersess Thiosedif ate oe
consequence of the si2r8]l aac tpiovsa tsiiotne nwgi tohf rtehser
to bulk solution regardless of the polymer si
adsorption proceiscs atetvreamdt iaonn edfectt he sgradt onat e
surface that spreads t haei mensaildrmglo!l ytmreu c tt wr e«
pulls one side of the active site to close pr
leaves the other side of the active site expos
reduced active site is conducive to fast prot
the metall opolymer to slitdeghtapesebt kd monbha
|l eads to the high current per geometric surfa
reactions, such as catalysts for carbon dioxi
natur al as A€Ml yneafal PDMol ymers on the el ectro

electrocatalyst for fast electron transfer an
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Chapter 3: -3 ]| ueantcieve fsift2dep |
pol ymer frameworks on el ectroc

With contributions from Metin Karayilan (s
concept), Jeffrey Pyun (initial concept), and
3.1 I ntroduction

There is a need for a change in energy pro
from the consumption of fossil fuels, such as

finite resources and produce gresnhopusercghben
alternative ¢netgps$reer somualdbtughakmesgyal |l hy
currently produced comes from steam reformat.
naphffita.i s possible to create hydrogen cl eanl )
using renewabl e energy sources | ike solar and
energy requirement for the hydr ogmeembervaoneut i on
(PEM) electrolysis cells are optimal for pair
intermittent nature. However, PEM cells use r
as the electrode/ catal yrsdl 191 £r esd ea hylle agem,

alternati’9e% s needed.

The diiron hydrogenase enzyme active site
mol ecul e catalysts capable of the hydrogen ev
abundantly avai®aMa&rey i ofont mensle surhdlulr . mol ecul e s
capabl e as 'MEWR ctahteayl yssufsf,er from short catalys
water i A% d¥fubiel itthyer e have been successful att

mol ecul e catalysts into macromol ecul ar fr amew
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Interior-functional, single site End-functional, single site
[2Fe-2S] metallopolymer [2Fe-2S] metallopolymer

Figutlel B
pl acemen
pol ymer

ustration representing how the
t-2&61 ®Blei v 2iFmstietrei oars-f (elmnet fihe)otnleairl n e
framewor k

Our PDMAERRS] metall opol ymer catalysts have b

i mprove
order of
studi es
a single
radi cal
pol ymer.
al ways r
deter min

influenc

catalytic activity, and even surpass

magnitude, while remafHPHd gateivv e uisn
conducted in our group to understand

commonality in the difunctional met a
pol ymerizatiomal ( ATRPYX. aDwe tsonatlhe mod ra
zations for alll met al | e2pSoll yantetri vcea tsailtye
emained firmly placed internally in t
e i itrmteertrealmimladc eoement of the active

es the caR8lyactiabibitg, obst Blh.oiwBFsc
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3.2 Synthesis of New Metalloinitiator

A new metalloinitiator small mol ecul e was
met hod used to create the original dilfft®cti on
The previously reported naphthoquinone cataly
triethyl amine, then reacted with two differen
i sobutyryl bormi de and benzogducihhrt hreee Tdief f
[ 22&] products in similar yields. Molecule 6
metalloinitiator. Mol ecule 6 is the desired p

Schemd: 3Synthetic scheme showing the for
addition of a second acid halide during

benzoyl group, h er enaoff tuenrc tri eofnearl r ank ttad | @9 ntihta am
Mol ecul e 7 is new small mol ecul e with two ben
initiation. Each molecule was isol ated by col

50% DCM: Hexaned)ByNWR deMR,i faind | R spectroscop
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B). The similar yield of each product is due
chl oride and bromisobutyryl bromide in the es
Overall, similar yields to tdhd opr d@wvieoultyalr e@pg

recovered.

The reported monofunctional metalloinitiat
to polymeri z¢[ aR8DMAEMAI | opol ymer catalyst wi-
site (9ghemes&cong| PDSINAEMNAt al |l opol ymer of si mi
wei ght was made using the previously reported
newly made metall opol ymer. I n the following d
created fr o itohneal momeafadn oi n PDMAE &4 2RI | be re
TERM and the metall opolymer created from the
PDMAEMA 2R&SIINT. The notation refers to the ter

active site within the polymer backbone.

Sche3d® Synthetic scheaihe R&dE RRMBMMAMEMANO n o
metalloinitiator (6).

x .
° = ° \Nf.-rl_\N{.é Br

+ (o) é‘N’cu;‘“.T
I
¢, .
/ THF; 50°C
DMAEMA PDMAEMA-g-[2Fe-2S]-TERM
3.3 Characterization of Metall opol ymer

Met all opol ymer samples WeNBMRIinhtoaghyt céak,]
tracking of monomer to polymer conversion, al

the metall opolymer. A kinetic study was compl



to determine the necessary time needed for ea

similar mol ecul ar weight. The rate of pol ymer

Precent Conversion Over Time for ATRP

on

Fract.i
025 030 035 040 045 050 055
|

m Difunctional
u = Monofunctional

| T | | |
40 60 80 100 120

rcent of mo n

gu-26r 8ph depicti e
e d monofunctio

di functional I( ﬁ
monofunctional and difunctional metall oinitia
conversion that the monofunctional metall oi ni
metall oiniti&torT.hi(sSde FRixpwrcd eddi ag héeé etsoti &1 h

from 2 to 1 with btohteh immoilteicautliensg bgerionugp st hfeo rs a me

being polymerized.
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—— PDMAEMA-g-[2Fe-2S]-INT
— — PDMAEMA-g-[2Fe-2S]-TERM

Polymer
Esters
Fe-CO
2150 2050 1950 1850 1750 1650

Wavenumber (cm™)

Fi gu8kR3spectra depPOMAEREGIAtI2ZHRZeSI|dNVIe r( lga @ e
PDMAEMA 2RSTERMbIl ue) met all opol ymer samp

Further analysi-sowpmeciompi ievbpedbpoBTI R and |
determine relative size of the samples. Throu
t he mol ecul ar weight of each metall opexgmer w
mass of sample relati veCQ ovithireatsiiomaall forue pwen ¢
signal fCO@mltshee rFeel ates to the relative el ectr
signal will shift upfeebd decdewsti ehdelwethra
met al center. As seed) i nClocheFd Kkt cslpiercd r far € dru g ma
PDMAEMA 2RSTERM and POMARBANT overl ap, confirm
alteration of functional groups to create the

overall el ectron density on the metal centers

DOSY NMR was conducted using a 1MxXxtoncentr
corrected to pH 7 with DCI to imitate the aqu
analysis. The resulting analysis gave hydrody
NMR and 15.0kg/ mol and 1-¢[ 5RETHERPVM &md RMMAPNAM

gl 2R&SIINT metall opol ymer samples respectively.
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3.4 EI

Acti ve Si
I ni ti al

cyclic vol

vol tammogr

ectrochemi

c al

te Pl acement

anal ysis of the

tammetry (CV) 1in

am shows extreme

Anal ysi s

of Metallo
catalytic output o
1M TRI'S buffered a

l'y sieni Fagduyce md ¢ it

a hhadifght cur33®.n8 AMDMABDNA 2RPSTERM -88d 4
mA/ éfnror PDMAEMRASIINT, and an overpotfoef@t 5ab Valu
vs RHE for gPRPESEMRM -8n839 V vs RHEg[f20R&]JPDMAEM
| NT
-80 —+
——— PDMAEMA-g-[2Fe-2S]-INT
_.7° 1t ——PDMAEMA-g-[2Fe-2S]-TERM
g—GO——
g
£-50 |
> -33.4 mA/cm?
040 ¢ -33.8 mA/cm? A
q) :—-—-—-—-—-—-—-—-—-
0O 30 §
1=
()] .
=20 |
S -
3 OSZSVQ
A0 A i e e
0 T — — : I
0 -0.2 -04 -0.6 -0.8 -1
V vs RHE (V)
Figu#4€y8lic voltammogram indicating the
at 10 ?aMd ctmhe curr ent f cPeDIVSAIEtMYA 20RUGI|pNUTt  (agtr
PDMAEMA 22STERMbl ue) met al liorppol yMieT RIs& me
7.00 .N 0.01
Further analysis was completed through the
increasing metall opol ymer concentration and i
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—— PDMAEMA-g-[2Fe-2S]-INT
—— PDMAEMA-g-[2Fe-2S]-TERM

-80 o

Current Density (mA/cm?2)
g

0 10 20 30 40 50
Concentration (uM)

Figub€€uBrent density versplsotoshkcewitnagta
densi ty PRIMAKE MARIENWSIINT (grrRREMAEMA @RSTERM
(bl ue) metal lioppol yMeT RIS mgpdjersst ed to pH

analyzing 1M TRI'S buffered aqueous solution c
met all opol ymehetoudeeetr mi@eesi ty produced at di
catalysts. Both metall opol ymer samples exhibi

of current densibt yuM ecgoinncreinntg aarioounn do f1-5met al | op

The @diange of current in the concentration st uct
adsorbing to the surface of the electrode, as
' i mited by surface area. The adosdoer pstuirofna coef rtehs

heterogeneous catalysis activation of the sur
the solvated solution species. The samples al
di functional met &4 | mAfainymé hepmohwdéiumgti onal m

produecd nmAatcma scan rate of 0.1 V/s.

The two metall opol ymer samples were furthe

increasing the scan rate until ti#6¢ dherent de
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— PDMAEMA-g-[2Fe-2S]-INT

00 . —— PDMAEMA-g-[2Fe-2S]-TERM

s S P ;...
-500 1 o g ol ~HEHT 8
400 1 =
300 f

200 £ ©

-100

Current Density (mA/cm?2)
© +——m
[}

0 F——— ey
10 15 20

Scan Rate (V/s)
FiguéPependence of curr eRDMAEN42RSIINAT ¢
anRIDMAEMA 22STERMbl ue) met al [iorpol yMieTRIs& |
7.00 N 0.01

pl ateauing current of the scan rate sample is
rate of electron transfer i s outpacing the co
the enhydeodtgewfproduction to be Iimited sol el
site catalyst. The metall opol yv4nk? smA/emamhbéd a

| NT samgB6 a#ftbamthe TERM sampl e.

3.5 Conclusion

These studies have shown that there is a n
met all opol ymers with internal or ter minal act

scan rate study proves that even t hosuigthe mionor

create an asymmetric metalloinitiator, both t
el ectronic properties. The Langmuir plot show
met all opol ymers adsorb onto tédeeri @acitoowdef anil
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the metall opolymers and not affected by the p
catalyticakbBby acteseaf@Fen similar chemical e
regardl ess of whether theytheepahymatec)harnor

This opens the door to other avenues to creat

pol ymerization methods with | ower degrees of
PDMAEMA-g-[2Fe-2S]-INT PDMAEMA-g-[2Fe-2S]-TERM
Surface Coverage Surface Coverage

FiguT.el Bustration depicting the surface
of metall opolymers with internal (green
site.



Chapter 4: Func tSodnuablliez ameitoan | o
El ectrocat a3 plsittst ifrog UMaitreg At or
Pol ymeri zati on and Click

With contributions from Richrd-a®.t h®&lrgss ahnid

Dennis L. L i-acuhtt reanrb eagce r P I()c.0o

Reproduaced eft3dmmmvg e fhmi ssi on from the American C

4.1 I ntroducti on

The generation of) mbremubkasthydabgena(@H r e
sources remains a critical tqaragwitnd ogl emalr gegn e
economy. eumrocecwmdtliyon Hi s achieved | argely throt
via methane reformatiecgenbet Bt n ashpilvietbhtyiwagt erset ma
one of the fAholy grailso for sustainable ener
splitting i s meEsatr tehf fanbeurnedmatmteitsa Inge lIneant r ocat al \
( Pt'Pue to the high cost of these noble metals
devel opmespl oft wageel ectrogeatabhytbo sgshgmbofiv

abundant!%ha'te hmiasl 4 ong beéry dk magvem atstea te n[zFanfees] e

produegatngamaer obic, neutral aqueous conditi ons
systems with the ability to electrocatalyze t
Many synthetically produced smal |beamn ewrl seu eod
the hopes of replicating and i mpt%vi®AYt2upon t
however these small mol ecul e catalysts suffer
water, and o%X%gléh sensitivity.

72



The devel opment oi2SHiicabal gesal eEmbbedf28ein
macromol ecul ar frameworks have bé®Fopuf@ted t
2S] catalysts capable of HER, the aim of macr
catalyiebBt f@Fe tdeguppréeso®nseéehtrough di meri zat
t wo iRSFecompl exes upon r®&dX‘cnteiranz)atd uorni nhga sc abteae
as the main degr d28t i omalplat mavlagc ulid@2ffl@YFeér ogen ¢
circumvent the degradation pathway via di mer.
suppoi2S][ 2cFeet al ysts a'¥i?pepori @d Cbmvjhp glhy mers,ul t
in poor or complete |l oss of catalytic hydroge
t he i22Fecatalytic active site can inhibit bot
which can profpunduygtsoppr®bsl Bl eai2d]er effor
catalysts with synthetic polymers have been e
resulted in deacti vat 9Renc eonft eelxeccetprtoicoantsa liyntcilcu d

Pyun, Gl ass, aho" dhfdc Zztaenmabhédreys®ectt aall..

The major i mprovement by our-s @lrwouleSWazFd he
single site metall opolymers that are highly a
hydrogen in neutral water. Usingancd irwastosd wédll em
met all opol ymers were synthesized by direct at
met hacryl at e mb2nSg mefrusn cftricomm a[l 2 Fzeed met al-l1 oi ni t i
o[ 2IReS | met al |l opol ymer exhibited femamkablog eeal
under aqueous solutions buffered to neutral p

produxeve-hlye times fastemydhagen&ee nanzyme [ Fie
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catal yt to% Adfdfigtiiomea.l | vy,

unli ke the enzyme, the

stable under &robic conditions.

Further investigations were conducted to b
this metall opol ymer el ecg(r2d2eaf amgtsal | dhel pmeé 1y
found to produce higher current density and h
copol ymer-isomwii¢ hwantoemr sol ubl e oligoethyl ene oxi
OEGMA 2IRé&S] ), showing the advantage of the ami
which werepmnewohgt édl| Wiyen el ectr ocraatlalwastiesr wap:
= 7 buffered!3tiNtthmer oMsTRIoS)t.r ol experi ments wi
|l inear chains made starting from a metal free
t hat etlheectH ocatalysis was only obseri2&d with t

silt’®®e have al so

met all opol ymer

recently, we investigated
met all opol ymers as a f
showed that the rate

met all opol ymer mol ecul

attributed to

i nvesieiSjanedi veesetfeest rafct U2l

composition.pane @&t M®®’retrocat a

the effagfl2iReS] el ect

unc¢ifiloenc torfo cthheenirc ahly dkrionde

d2Shysirogewapriohlecs amea mp

ar weight. Mol ecul ar

dy

t oampsii®omt od | ¢ diter onett atl il © padad 3y mer

promoting fast el ecti2d&dr] tarcdn ssfeersi b et mean etl e t
also promoting fast proton transfer to the bu
exhi betteded el ectrocatal ytic curri@rst] densiti e
el ectroactive sides per el ectrode surface are
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4.2 Click Chemistry with Macromol ecul es

To increase the adaptability of the metall.
and operating conditions, we explored strateg
materials, namel ymeef fziad ii @emt nyo ais nf ti rcoad u coen nreevt h
functional groups as side chain moietiies on t
2S] catalytic site. The devel opmen2Slof new fu
metall opol ymer systems wansi ceaxl a cseernbsaitteidv ibtyy tohfe

carboryd) (IFegandigSpfcahddiyg@Fleacement, or therm
aftepopygmeri zati on functi eeladdtzrad d atna Iwytuil ad peet
Hence, the application of wversatile reaction
sought. Click chemistry was ®hdenthief i@l kgkeéanmz
cycloaddition chemistry proceeds under mild c

functionalizati on numerous pol yméiManmade v

PMHA(ngamolubk)
PDMAEMA (thr Soluble)
@ N, ™= upuA o

Cu-catalyzed Azldo-Alkynel—R R = Ph, octyl, -CH,-OH

[2Fe-2S) active site

Click cycloaddition

Functional
Metallopolymer
Electrocatalysts for
Water-Splitting
by ATRP and Click

Chemistry
Figuil&ederal approach to 254 fmern atlil ompall
el ectrocagahestsi oor by t he ATRP of azid:
pol ymerization functionalization using
al kynes.
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di fferent polymers have been both synthesized
which now gnowttdeposyepri das-abhdtebdaipil $ ng

react i onfsorwnetdn fpurnect i on &4é rp alsy rmd rd ep rceh-au o rgs ,0 U |

pol ymerization addition. Click chemistry has
pol ymers for electrochemical and catalyticall
sur fld4wkisch is very desirable for catalytic sys¢

catalyst and the electrode can enhance the ca

Herein, we report on a novel &tfal synthes
met all opol ymers using apaloynbhe miaz atoinoroff ATKRPI ar
Click chemi-ls)t.r yWe( Fiignudr et hda 12 ]z i ndeed gf bul ngcneel rosn aal [
chemically «staahlall  ztead dicpperk 0 reactions with s
for facile @®omodywmenrsgataitli o np onotd icfoipood tyinerr sa f Tthh es
first demonssttregpt isoym t chfe s tttad | foprod tyimem asl ii e t h e
hi ghly r e2aX]t icvaet gl2yFtei ¢ center for the hydrogen
the activityvofl vtilmeg hcyadradgyest . The features of
preparati omeamfd hvatt lero rsgpd pudll yemered avwiatoto | 2, 2,e3 i v
side chain groups formed after click chemistr
El ectrochemical studiAe Mg 2IREd palnctDMdABMA zed
copomgr grafted from a series of functiional te
2S] catalytic activity towarpd|ltalre amydd rnoeguetmnr adv

medi a.
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4. 3 Metall opolymer Synthesis and Charac
The general synthetic strategy ethployed fo

hal oester fuiSt]i eomapil 2zexd ([M2F@l | oi nitiat-or i n
pol ymeri aatidoprofpyd3 met hacryl ate (AaPB®MA) with
( MMA) -(dri mt hyl ami no) et hyl met hacr ytaantde ( DMAEWN
wa tseorl ub |l ec onpeotlaylmeor s, respectively. The synthe
Matyj asz eWsaksi aectc oarip.l,i shed bazitdcepresdgamdlf iwiatth
met hacryl oyl eghrlaont isdcealoen. aConpuolltyimer i zati on wit
proceededbrfommi $ bleullyr atiSgr anegsaldmitnh & i[aZ Poea
Brezitnsali. e( 8%Tthem@&TR®) of AzPMA with MMA from t
afforded a solid material that was readily 1is

concentrated metall opol ymer solutions.

Schemd:ad ATRP odo peltyarhdros -&aoind ap ma mygl 3me
met hyl met hacryl ate and b)}r-AQIPiMe8# 2H2eSac tme
copol ymers and various acetylene subgro

1
n
=€= o CuBrIHMTETA W
O +

N3

/
'.V
2, co

N3

P(MMA-r-AzPMA)-g-[2Fe-2S]

0 o (o] CuBr/PMDETA
o) + =—R —_—
\ CHCls; 0°C; 1 hr
=
N;
NN
P(MMA-r-AzPMA)-g-[2Fe-25] _OH P(MMA-r-R)-g-[2Fe-25]

77



Il nitially, the abppodéymemcwiasnalr ematr aldl by t
and AzPMA (10 mol %) wusing Cu(l)Br/ HMTETA as tl
Using our previously reported ATRP wwlotnad tiimns ¢
rapid uncontrolled polymerizati on. Hence, red
equivalents), which afifpoddgenctrmare i ot pololcect d
vinyl conversi'BnNBMR mpacto®Bdoipry,t eheakydr of ul
PMMA medmddloymers revealed a progressive incre

agreement of experimental vs-2t)heoretical mol e

Due to overlapping proton HeNMRas\gest od, M
total vinyl group conversion values were obta
broadening of mol ecul ar wei ght dposltyrmebruitz aotnison

hi gher monomer conW R¥ sli.oh2 atbovie. 50)% (Whi ch wer

60 min, 41%, — 90 min, 51%

M_= 8,600 g/mol M_= 11,000 g/mol
PDI=1.17 PDI=1.36

30 min, 33%, ——— 120 min, 60%

M_ = 5,300 g/mol M_ = 14,000 g/mol
PDI=1.22 PDI =1.41

25 20 15

Elution time (min.)

r es showing progres

Fi gu28tdcked GPC ac
9: A&l amen atl il @) nfitomtfoZl

t
MMA and AzPMA ( 1
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agreement with prior reports on ATRP homopol yi
MatyjazeWwktierets allubl er-ApzoA M) R2NRXEIMAMe b pbl pmer s
were prepared in a similar fashion with AzPMA

(Scheme 1 and Support iSR2g3 Ifrofrordneataiidns,) )Ei gur es

4. 4 Functionali zing Metall opolymer thro

Click cheprmolsytmeyr ipzoastti on functionali z-ation v
r-AzP M) 2IRe&S] copol ymers as functional precur s o
cop-pat al yzaeldk yanzei dcey c|l oaddi ti on ( CuAArG)a zcaleeast i n
side chain groups on the metall opol yenuerby( Sche
adding the Cu(l)Br/ PMBRAIRMAY 2ERESY]st( M5, P00 y ( MM,
g/ mod M=M1. 24, 10 mol % AzPMA) di ssalroedviise c hl

addition of the functional al kyne while kept

a)

CHCl,

ppm

Fi gu8&8 ANMR spectra showing the pr ortAaiP M
o[ 2Re&S] iIis reacted with phenyl acetyl ene
pol y (-MMAA M4 2 RS .
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=] ©

—

g
2

|l l owed to react for 2 hrs. The copper cataly

ol y (-MMWEAP M&) 2IReéS] met al l opol ymer was expl ored |

clicko functionalization. Wh&aMReapecbnoprogy

racking the eediNsmanphy loenn enfpBht@pmpsa3 & JH i agrud et hHe

or mat i € #f-noeft htyh ee n eas p rda tSqpmpsnr3 @ iF | agnidr e 1a420,13e pr ot

Hs

8 .

O5ppi#a)Fiagumwel 4 as the signal s(bBsf the p

. 42ppm) Hy nve.t8a7 pp m)bsand 3pdgprpan) positions from

henyacetyl ene wertt MNMWR esrpveecdt rboys csoop yu.t iTohne fc | i

f phenyl acetyl ene was f oumAdz PME&)REReS]|u croeetsaslif lud

opol ymers with higher azid®a),ompmsmdli %n(sFiodur
nN"d0 mol % (Fi gur errAQPevg]) 2ReS]y (neMA DI pmer s wer e
raftedctwynhé 4dnd propargyl alcohol, resulting

5 mol % (Figure C34), ancdotbyOn emoalni (1F0i gmorl e% Q 3F5i

Schem&ad ATRP odopeltyarhdros -&oind ap ma pygl 3me
2-(di met hyl amino) et hyl methacrylate -aend |
AzPM&) 2RReS] meoalbl g mer and phenyl acetyl e

P(DMAEMA-r-AzPMA)-g-[2Fe-2S]

CuBr,’HMTETA W l w

m 1

il o 0 O

% ot

THF 50° N A
Fle/ eic 2

—N OCC (o]

| s % M
N3

P(DMAEMA-r-AzPMA)-g-[2Fe-25]

/@ CuBr/PMDETA
—_——
& CHCIy; 0°C; 1 hr

P(DMAEMA r-PhAMA)-g-[2Fe-28]
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25 mol % (Figure C43) with pcopaygyelr.alCtolél re
were conducted in a similtldrz Pi#&) ABBReS]f swranpHe spo
using phenyl acetylene tocapbbymet hedeeisgnaded

poly(DMAEMME) 2IR&S] (Figure C48 and S49).

I nfrared spectral analysis before and afte
clickd functionalization wasi2cSogn dcuacttad dy ttioc eancst
core. The integrated area ofe tthoeiC@oelvyFikee ate Dhe
al so give an additional me a s ucroep ool fy mehres . moA neacl uy

the I R spect-rfaz PM&)RIReY]( Mo pb |l pmer s showed t he

carbonyl stretchihg20mM@qared cROFhGy-Bg8 &vacmpart i

@ Fe-CO
o o]
) BN
Initiator
°°\F 72, £ Ester

Fe-CO
b) @
o 0,
Br
§ o § o 9 Polymer
e 5% 2\ olyme
e %o Ester
§ °
il
i
o X ——
?L{ 0 Br
% 55 © Polymer
Dc{f—“f;;co Ester
o [}

2100 2000 1900 1800 1700 1600
Wavenumber (cm-1)

Figu4#keR4spectra showing a) the metall oi
the azide and ester signal dUmo mptop e sméMA
and c¢c) the disappearance of thei2é&bdode p
reaction
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masked by the azide stretching flregqesesegnoint
Figudbe. 4However, after cycloaddi t-rrAoznP Megf) phenyl
[ 2IRéS] meopbl pymer via CuAAC, compl ete consumpt
observed 4Fi 802, dmnd tiCeO svii prraatturoen ale peaks a

2040 cemnd 2welr0e cobmserved, confirming successfu

4.5 Synthesis and-Solladtl reo ainCd li yvkiés Meft aWwd
Upon validation of the ATRP and click synt!l

modi fi-2&] [ mBeal |l opol ymers, water soluble mate
approach, in this case reptHamnicndg oMMA iwiatth oDhMAw
phenyl acetyl ene t e-PhfAMag) @ RS | y (SEM)AENMAC4 ¥ MMA
met xlolpo!| ymers weoelaebhet watdehence could not be
el ectrocatalyticcopodiytmieoss piarfPh¢ADIAGNE RIRAS

and poly(OB-MABMAgG|[ 2IRe&S], where the percent comp

the polymerizations is 5% and 10%, respective
and investigated for electrocatalytic product
sweep wdlrtyamfimSV), and chronopotential coul ome
established el ectrochemi cxagle nmataltd dsn fvdra ceh aerca

water &§%Ff8BRQ iwags. used to identify and deter mir
hydrogen. The results for these copolymers ar
characterizations of theg[ 2iRPéBippoVegmerhipoh yg¢ DMrA
for hydrogen production were obtained with ve
(10 OM) at neutral agueous conditions using a

hydrogen gas nieorr ctahtealhyosntopaonidy t cataysnd hO® e
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V vs SHE (V) V vs SHE (V)
Figuba)4dCyclic voltammograms and b) | in:

pol y( DMAERARES] mbombpol ymer (greenBhAMApoOl y (DM
met e&clgdgool ymers with 5% (red) and 10% (bl u
solution correx0el@ltoAaspHupbifod. O0W scan

i's shown in bl ack.

100% within the ~3% standard deviations of di
copolymers the faradaic yield was deter mined

integrated over 5Cl®Ooseazmpmpesomdt 4y hwas sgonduc!
i0.831 V vs SHE, forming hydrogen gas on the s
was take of the electrode surface after exper
hydr ogemegdasonf oo fer eheetandecompared to the nu
to determine faradaic yield. Chroonpd1@0ts ®me!
using a glassy cafxthambeireld eleéddtr ode®lian iamg3th
reference electrodes. (See Figure C59) The pH
chronopotenti ometry etxlperamemgeatiimnp e Wert e5 I
faradaic yield o¢| 2] plod md PMAERAN was det er mi

dumg the first 20 seconds of catalysis, the f
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30,000 secohdsth(e>8nelaswmre). vol ume of hydrogen
mat ches the amount of protons reduced in soluwu
all three catalysts, showing that the reduct.i

guant it abAepwe.n doexe @et ai | s.

The CVs and LSVs of the homopol ymer and tw
Figusy.e Bhe CV and LSV vol ih RSt r ynedfal g olpy (I @ En@N
a platinum electrode (LSV only) are-also incl
functionali zed metall opolymers (See Supportin
gas generation by ad itrhirteiedlisgqde 04 tey sa hSorHUBF ilag W r @
to high current densities at crhatrodi anzeoglaet igvrea fptoe
phenyl groups incorporategol ymershenbaekbence
current density decreases and the overpotent.i
poly(DMAEBMAMAY 2IRe&S] copol ymers with higher com
The average peak current densities of multipl
rr-PhAM4&) 2ReS] mebpbl pmer with a 5 mol % composi t
hi gher average pi@8N56udr’lendtmpeendi ty bhe 10 mo
composition, which had aiR4awe rmeAg &\ ?(8E E5§-umoAd rcdme n
5a) . Linear sweep voltammogr amsagfewmretrhagri osnu pupsa
both pol y-(tDWMANEMA2IRES] coporhylméramal 40t ri azol e s
chains) with a progressive shift toward more
(potential dcdromert0 -AneA@ &€Bnt W 81 6@F0 VNamdOO8 V vs
respectively). The Taf el sl opes i mprove with |

metal |l opol ymer, going from 124 mV/ decade for
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for the 5% PhAMA and 110 mV/ decade the 10% Ph,

Table S62).

The mol ecul ar causality of this diminishin

composition of triazole side chain groups can

el ectrocatalysis of these metall opDMAEMA)S wit
o[ 2R | met all opol ymer system at neutr al p H, o]

protofat®ui*éh favors a reversible electrostat

met all opol ymer onto the electrode surface. He
groups with click chemistry triazole groups |
adbg ption on the electrode surface. The trend

increase in grafted phenyl arPehtAyYM-gg) Ré2edlhown i n
met eclgdgool ymers indicates that t he rphasztoglier uiphgs

the transient adsorption of the materi al ont o

4. 6 Conclusi on

Il n summary, we have developed a newdsynt he
water soR28plmefa@Fkopolymers using a combinat.
a variety of acetyl enei293]o ucpast aw lFidlti e | partcet g evrhivti yn.
generation under neut rsadl uvabgl@eS p[u2eFeet ah tdop b by ;e o
Aclicko functionalization was found to be eff
new method offers si gmiofrikc anot ionptproordtuucrei tnieews fiu
[ 2IReS ] metal |l opol ymer catalysts to Iimprove the
di sruption of the chemiCG&Ilgryo uapnsd atnhde rdmeaal cltyi vsaet

catalytic site.
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C

hapter 5: Summary and Fut

5.1 Summary

The ¢
metal |l op
framewor
pol ymer
without
backbone
with tot
chapter
catal yti
initiat.i
of the a

el ectroc

similar

terminal
met al |l op
i ncorpor

metal |l op
under st a

emphasi z

ontents of this dissertat-28h have i mp
ol ymer catalytic systems. Chapter 2 p
k influences tB&]cactaiyeiesnaett bt wab

f

]

amewor k all oawS] faat iawWes ogiptt @ otno otf hd he
i nsulating the catalyst. The hydrogen

has the same Iryamer owi tchatal ymalsl ears @o |

al catalytic output being |imited by
explored if the placement of the actd.i
cgbut pet syihhesi s of a new small mol e
on site for polymerization, metall opo

ctive site within the polymey fnamewo

hemi cal output sug@sESdtsithkrat atrlee opatra

chemical environments on the electrod
or interior i n tsheanpoilnycnreera sbea ciknb ofnuen c
ol ymer catalysts, while retaining cat
ating azide functional groups in the

op oylnyemie gpiozsats possi bl e through c¢click ch
nding and devel opment of metall opolym

ed and accomplished.
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5.2 Future Dit2rSd c tMeda md | foprol [yarlreeg Cat al y s |

Herein are possible areas that can be stud

met all opol ymer <catalysts.

5.3 Using Click Chemistry to {Tmadeanse F

Catalyst Operation

As seen in Chapter 4, @loilgykmeachegmitstomy mogi d
has mild reaction conditions-28¢reeabl eAtbenbat
azradekyne cycloaddition i s tecaul @swoormapcelry mdrss,
covalently joined together providing they can
integrati<ontaf nanigdenet hacr ISl c mavtadmeps | wimeh s
proven successful andtsocbobuold| be, i dist aeéd ent i mn
backbone provided they can be synthesized to
hydrogenase operates using@Stiweaoseparatponrse ddrr

hydrogen pr oduwicStlieccnw,niamd faacl[idhd ates el ectron

Cp Cp
7 rr’ < S-\\—I;e\
Y F:e |‘= Fi_s| T
/NI" Z @ Cp/ %S \Fe
Methyl viologen Ferrocene 4Fe-4S cluster \Cp

sent-d/®8gcihn

Fi gut€h8&mDraw structures repre
|l kKyne functi on

as possible targets for a
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el ectron tr anSs|f ecrorteo. tAhes i[mMdHAear t h®d8ghacttiane be

in the metall opol yme-al Eghal ggtboaddougbnt he a

Through the modification of different know
introduce a second amadcox wj2&) g dted [RErelsiit® t o
catalytic output of hydroger5.] Kdirurdsdoess noaa u lvd ol e
functionali zed to contain terminalcantkyinrisng a
pol ymer backbone of the metlal |ITohpeo |pyonheyrmecraitzaaltyi
for backbone construateiadn nggam all oa kb e opptl iymez
random copol ym2)y .BY Semplragiuzien®d t he spati al re
2S] active site and a new redox group, the me

monomer units oadanai ohagnazade p2I]mecdo rcel.o sTehset

combination of including a secondary redox gr
to the active site could allow for an increas
fmothe prior metall opol ymer catalysts.
a)
OOVOOPVOOTY o-
& L%

<

b) v_
Oc N4, L0 5
LY,
Fi gu2el bustration s howimogn otnheer dpirfofxeirBebnicy
active site in a) random copolymers and

8 8



5.4 -J2]Fecat al ystl imknenga®Agan€Cr o s1s Pol ymer

It i s possible to create a metalloinitiato
changing the acid halide used in the esterifi
was used to make a monofunctibdabempbabl bl ait
smal | mol ecul e capable of click chemistry rat
starting materials with propargyl <chlorofor ma

arm of the napthoqathenetbandge depiBgalldohNegen

Fi gu8&8mal | mol ecul e r €pSr]e ssamatldt inbod eacfu |l a
al kynes capallkey neef ceyrc | amzmidddlea ti on reacti o

synt hesi s r2SJuldmaliln mol[&dwl e c-atkhypets capabl

cycloaddition. Generally, smal/l mol ecul es t ha
pol ymer material s, altering thel ibrukikng.r olplee d a
properties could be introduced into polymer e

properties whil e i mtorlecwdiengcd i wveaet aloywtairad ss rhald

Pol ymer el ectrolytes are used to dissolve
el ectrochemical devi ces, including proton exc

di fferent monomers are used to createrpnotymer
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advantages and physical properties. Azide com
material s, to i mpdleyneerti 7z a&taican viidry ppesakiing s
a) b)

m

M
Figu4el bustration showing the structure
after-lan&kimgs agent has reacted with the
pol ymers (Heet diignuareeedse mechanical strengt h,
stability. By a contarl klylne2dS|i2rstarad d u cntoil cenc ud fe tcha
woul d be possible to Iimproveéetcheoplyyei &t wopr &

introducing a hyaulod erne dcuactea |tyhset .o vlenriasl Ic di st ar

di ffusionelagéersl gzethereducing the overpoten

55Broader applications of metall opol yme

The integration of pe&ISymemafldamowerckid ewictah

hydrogen producti ohS]i ssmaltl smamlgaid wlre t ma t][ 2IFyes t s

customization of the polymer <can uwlee adatealeyds tt

can be functionalized to allow for polymer

90
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56CQReduction Catalysts

For example, research by the Kubiak group
investigates the ability of small mol ecul e ca
and Ww®tBfrf.orts have been made to develop bipyr
smal | mol ecul es and adapt these catalysts int

and quantum dert)s. (See Figure 5

OH OH
7 N\ _/
—N\SN
1
/T"/
X C'\C'o
FigubRepresentation of small modwectuil ®n ct
functionalized for I ntleagrtarnd oqua migbm chat
catalytic ability.
Just as these organometallic catalysts hayv
and carbon nanotubes, it would be possible to

pol ymer framework, which woulld sdptwiinmihz @ c et led e
synthetically altering the bipyridine |igand
initiation site for ATRPL)c olutl dwaobuel d ntshteanl |beed .p o
form the organomenalR)cpodommeex zandorhalterna
bi pyridine initiation site and then (2) <chel a
catalyst s, pol yme2S] brmatedlilcomdl yment heat 2IFest s

catias ysor the manganese and rhenium organomet :
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-~
| P(Ph);; Ni(CI)y; Zn
== —_—
DNIEF: 50°C; 48hrs

o
OH
4 ] "
TEA
N N
| SN DMF | SN " oBr
= =
H
e

[®)
[e)
o O cjb EtOH

roc’/é :\“o

+
reflux; overmght

Figu6e&nb& Proposed synthesis to function
of RTRrom a rhenium catalyst
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Appendi x A: Chapter 2 Suppl e

A.1 Synthesis and Characterizati on

A. 1.1 Materials and I nstrumentation

Unl ess otherwise noted, solvents were receive
without furt hh®rCeyarsi fpiregptairerd. akEe or di hgnd o t he
sublimed befsgrO® . bd%ke sAFré)gaCONa OH ( EMIB] AE®Dgr ade
ACS gr@adw)l,l isrckr odSQ( EMD)] i MEd-mgt hgeé pyr2dine b
(95%, -ASlidgrmach) , Cel i te 548BW,WRHQ; )anvde rSd |u ssed Ga:
without furthaappthbudAesaen( AFPO) upwasophi Hi
by a silica gel column with diethyl ether bef
hexamethyltriethylenetetrami neOyf HMTEITRAat €87 %n
5@00n,e 60r s @cganics), triBBhgmaims akeut EMPDI, 119
(BI BB,-ABdgmah, 98%), tetrahydrofuran (THF) (E
(DCM) (ACS grade), methanol (ACS grade, EMD) ,
(ACS gradee UuEsMeDd) anserr ecei-gledRSFome POIMAEDMAI vy mer
synt hesis, THF (Dri Solv, Anfiipdmeubsyl|l BEMDNnOEGELt )
met hacryl ate (DMAEMA) (Al drich) was passed th
remove inhibiltdorsh, CO8MW)BwabéApurified by prec
by washing with deionized water, et hanol, and

vacuwum.
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H'€, and DOSY nuclear magnetic resonance (NMR
Avance |11 400 MHz spectromet ersf oBh&mWiRc &! shi
7.24 ppmMf AMR {@pdH. DOSY NMR was conducted usi
DO solution that had been corrected to pH 7.0
replicating the electrochemical experi ments.

were obtained and used to cahl csud mpglee tihsei rhg dtrhoe

Einstein equation (Equation A.1). MestReNova

| R spectra were obt-hRnwidt o nOBMNINCco®blet waiS@0 RJg:
0.24% ocrm all | R spectra. Durindjoua®esfienthes
relative to the molar absorptivity of the C=0
A8). A Fisha&r SgiecRFILHBIOOC OADe*I LiImivRiTteldh | ®.n5 spacer

path | ength =wilndomAéahbd pCavles used for | R meas
Det er mi Wfad i-GW&so fwas peeadarrimeg c il QpbmM f

met al | oi ni duisdatnagr viod uCGteClri ¢ gl asswar ea..Thhi s st
mM, 0.1 mM, 0.25 mM, and 0.05 mM in four sepa
pi pettes to perform a serial diTheéi m@astaheme !

performed i n?vtad iuplsi d @are emacd Ri near regression

Mol ecul aM, wamnd hmol(ecul arMwvili gnhetr ed idsettreirbmi tnieodn by
per meation chromatography (GPC). Sampl-2s for

mg of the purified polymer in 1.0 mL of THF (
the resulting solutiran MoHracugnas®G.es erRTRERI fciu
Waters Empower softwar e, cali brated against |

(PS) standar ds. Mol ecul ar uweioghdaaad-gmol OMAE
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[ 2RR&] metall opol ymer were collected by wusing
Optilab refractive index detector, and PSS GR

net works with 50 mM Li Br DMF solutabn58sA€l ue

A.1.2 Figure A1l: | R Spectrum of Metallo

Adjusted IR spectra of metallopolymer samples to display difference in
0.60 molecular weight
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A.1.3 Figure A2: Linear Regression Pl ot
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Figure A2. Linear r-€Qretssetoahiphgtfisr édpgu-g-ray hp &:
[ 2R&] performed in chloroform with metall opol
mM, 0.6 mM, and 1.0 mM in triplicate resultin

1.39 for the resulting calibration curve.

A.1.4 Hydrodynamic Radius Calcul ation

Example calculation of hydrodynamic radius fo
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E 4

$ Equatio
9 A2 q
Wher e,
D = Diffusios)coefficient (m
k= Boltzmannoés c?’omkgZKett = 1.39 1T 10
T = temperature = 296.15 K
d dcynamic viscoddglty = 0.134 kg m
kgT 1. 3Dk g?KST (296. 15 VK)&)Oi
Ry= ——=— - 1oL = 42
6 0 6 (@ gl ( 3.18¢ msil 1 06m?c m) m

A. 1.5 Pr egp2aBaatp hotni aalfieyn[leb i - @
met hyl propanbaséeydcahbohgtolon (metallo

Preparation of the metall oi nifwiitah orhé sexoept ie
change i n reduadiynpyageantne borane is used rath

for the | ower safety risks involved in the pr

The starting mixture of Nap®td&ai wd ruo ggwiarso rpe /erp
as previodBHeg melpormrateido of the naphthoquinone
in the mixtur elHvadNMRd stpercmir mesd opwiya by comparing
signals from the aromatic carbons. The startd.i
Fess(COMi xture) (422.4 mg, O0.843 imMmheld) Swdd eankd 4 ¢
along with t henened/d piymg dd gie8mtb dr2mage 1. 68 mmol )

of the reducing agent was used to create 100%
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was t hemurpwenp for -m3 nautcel evsacaufuml O Anhydr &é0s, dec
mL) was added to the flask, and the so3 ution
hourssl. (&t 35 mL, 2.52 mmol) was added, and the

(0.29 mL, 2.52 mmol) was added to the fl ask,

observed. The solution was -3sthiorurresd avthsr osoonh utte
filtered through a shfountnesli luisciangp IDU@M iunntai If rtih
and a red filtrate was collected. The filtrat
ca2.00 torr) to a red/orange solid. The solid w

and purified via column chromatography (Si Gel

15%, 35%, then 50% DCM in hexanes) .ndT hewhp wrhe

yielcéd*xddd. 8 mg (0.41 mmol, 50%) powdery red sol
sui tfaolrl el ectrochemical studies and preparatio
di ssolving the final product (metalloinitiato

gl asscal.Gbem(in -Rengpt hnaddameter). This soluti
degas, then the solution was-2l0ayndened Twiet s odmg
undi stuHdbeayfsormt3room temperatureyi ahsysupegen
and the crystals werdéritaredf gl aesd foanarl M PBab
i eceol d met hanol and air drying on the funnel g
recrystallization. The mother | iquor was used

stored wundeerdaarrkgoinn ian densi ccator at room tempe
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Naphthohydroquinone/
naphthoquinone Fe,S,(CQO)g

anal ysi

met al

Scheme S1: Synthesis of Metall oin

@\

THF, stir
P —_—
+ N

—_—
@) Rm Tmp, 2 hrs 0 o]
BH3
° e
Picoline a-Bromoisobutyryl
borane

bromide Metalloinitiator

Mol ecul ar weight determinations o0

ecul ar weights and sizes of the metall
ng the percent of DMAEMA monomer conve
and sizes were further ex-AB@nnde dGPVG a t
s (Figure A4) as well as by I R spectro
to gauge the molecul ar weights that s
I active sites. MAEMAbsetpti ounhbratensh
e to the absCO pvtiibomatiintnean s intoideess oafr et hae
ar weight. Cali bration of the IR inten
ar wei ghtcse dnadnitthsei rTheeonfRi g t he sampl

rati oomebdél tbar pohymeacti ve sites in so

Pr epacf(atiimen hg/fl apma Inyo() 2t hyl met hac.|

opolymers, specifically the 42;i n

of I oCud=L)100 : 1 : 1 : 1.5,
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A 10 mL Schlenk flask was | oaded wpuhg€d(f pBr
three cycles (30 minutes, 10 minutes, and 10

wi £e-b -Bapht Hadieylebi s-hl@et hy | pr o p-2 Brpeatt ael)l di2rFiet i at
(30.02 mg, O0.03pg&rgnend| ormand @ewuenpes as wel | . D¢
added to both of the Schlenk fl asks. Deoxygen
to the Cu(l)Br and stirrteidorf oclf i1¢g0& ed G ot nop |ael xl .o
Purified and deoxygenated DMAEMA (0.63 mL, 3.
flask containliingandecdmplmexd. CaR2 A@dplytidMlenes ol
di yl-br s-#Far@et hy |l proga8B8pame)alREEIi nitiator was tr e
Schlenk flask via canulation. The Schlenk fl a
i mmedi ately after the transfer was compl ete.

achieve dessiomed 1tdHo NMWM&Rr ( CDCIlU»,pomM)0QC .-aéz ,( 2H9 8 K)
OCH2CH2N( CH3) 20GH 22C H626N ((C2HB,) 20GH 22C H228N ((BBHB,) 2 ) , 2
1.72 (2H, broad, abDipBhat{BHBBr madmaicm)a, n). 10 R
thin film on C@F23)re2eB0ngmH3%9tr t8Bi mgnt df (IC(
2780 cH#T1 $tf€tching of N(CHK3) 2v) ,sR20B8BOZTWM) dmi( Fe
2006 cA@OQ, (W)e 196860, cm) 1l {(F25 cmil (C=0 stretc

CH2bendingl et 11QC0O, s)-N andetlthilngmi ) (C
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A. 1.9 Scheme S2: Synthesis of Met al
o]
Br Br
o] n o n
CuBr/Ligand
N o) uBr/Ligan (0] . S (o]
THF, 50°C o
c >
2 N A /
N— S Fle—Fe‘ 2
—N c P N—
/ \ ¢ ¢°
DMAEMA o
Metalloinitiator PDMAEMA Metallopolymers
A.1.10 Polymerization Conditions
Table Al1. Summary of the reaction
2S] metall opolymers of different sizes.
R, [Mo]:[MI Rxn % Mn, THEO Mw, IR Mw, cpc Mn, epc n
DOSY Jo Time (h) Conversion kg/mol kg/mol kg/mol kg/mol '
18 A 50:1 1 35 35 6.3 6.3 3.5 1.77
28 A 50:1 1 15 2 8.5 16 8.5 1.90
42A 1001 0.5 29 5.4 14.5 23 12 1.90
64A  200:1 3 74 24 36 38 24 1.55
A.2 Electrochemistry
A. 2.1 Gener al El ectrochemical

Al

| el

ectrochemi

potentiostat

for

measur ed

cyclic

wi t h

t he

voltammetry

potentiostat

stry

experi ments

experi ments

Vi a

wer e

el

opo

caohaFei ons |

Met hods a

cond
-ealnedc tsrt oadned asryds ttehnmse.e A photograph o
(B svaswn i

ectroche



resi st
compen
el ectr
(satur

di amet

geomet
wor kin
conean

rate o

RHE. F

el ectr

el ectr

magni f

Addi ti

a

o

a

—

>

nce was compensautsedn gatpheBtl% awfe tiMRRe meas
ation. Potentials in aqueous solutions
de (RHE) wusing the standard conversion
ted KCIl )YThefeoencer eéketrodee was a gl
r and 100 mm | ength (Al fa Aesar). Al Il
o performing an el ectrochemical exper.i
Eomet ymer el ectrocatalyst, a glassy ca

ical gounf aCwadiaamiiAas a working el ect
el ectrodes with a 2000 RPM USB Mini P
and fast for obtaining consistent surf
100 mv/s was used, and quiet solution
and working electrodes frotm ddeae( RRE)e

ating ring disk electrode (RRDE) exper

o

age b @NsQd i1 JA(nddm a pol ycruyoSHtiaQ.lade7 Pamrr i
des with a rot8weep VYat @ammdt 2Y 00L RPM. w
of 5mV/ s. El ectrochemical | mpedance Sp
ency of 300,000 Hz to 0.1 Hz with 10mV
r theescwnthatbeéesmedal | opol ymer el ectr
de (BASi) with a géwamtusedlasutrifeacworak

de.

catalytic current d?assirteip@s ten tme tdin
mi nor variations between electrodes a

nally, at current densities in this ra
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with periodic |loss of bubbles to solution red

variance in the catalytic current. The workin
ease of reproduci bil ity bionr atthoersiee se. x pReartihneern ttsh a
variability of electrochemical conditioning f
system, reproducibility of the results was mo

el ectrochemi caelpasrceadn soofl uftrieosnhsl ywiptrh newly pol i

factors of the experiment into account (catal
preparation, etc.), the current densities rep
than -1h@ mA/idmherences in current densities hi

All pH measurements were made using a Fish

cali brated with pH 4. 01,-Al7dr0i0Oc h )a.n dS dllOu tOilo rss awme

18. 9wt er (Millipore). Stock soluti®nsS dfask M
(99 %, -ASidgrmach) and adjusted to a pH of 7.00 N
Trace Metals Grade). A constant temperature b
C (ambient | aboratory tempekatuteptwhiahe oMEF
solution of TRIS, a separate -babetiwans pfephee
added until the desired pH of 7.00 N 0.01 was
studies were preparad byl esmetalcdglassware. T

checked prior to preparing any electrochemica
adjusted as needed. Met all op2Eymeontentdr agsow
determined bysoompacesgot hehabcarbonyl stretc
spectra to a calibration ct2rSvye meadsd |forionm tti haet o

A8). I R spectra were -bBtwinkedOMNI @ HNotoOWetei S
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A. 2.2 Preparation and Maintenance of th

The reference electrode was a double junct
wire in a saturated KCI solution in the inner
soluiti®mnQOo M TRI'S buffer). Vycor frits separat
wire (Ag/ AgCl) was prepared by soaking a Ag w
hours. The wire was thgegwatremsandtdhtoo @& hilry avi

solution for up to 4 days.

A. 2.3 Optimization of Working El ectrode

Due to the Langmuir phyg{ieE]adndmoptihen gofa
carbon working electrode, different procedure
pretreatment of the working electrode were in
Mechani cal polishinga(bea abevejodet twhehgbDa6s
was facilitated by fixing a microcloth polish
opti mum procedure in terms fodumadpuidrug itbh d i me/c
polish@Osfdmll1®wed by rinsing the YWwatkémg el e
directed towards the electrode followed by ge

Ki mwi pe.

A. 2.4 Description of the Counter Electr

The counter electrode used in all electroc
glassy carbon rod that was i mmer sed icnm.t hAa el
the start of every electrochemicaflfi expeusimeont:

mi cron alumina suspension on a ground glass d
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suspensi o !l ®n ha pmildrsdi ng

withaoqiwéater .

A. 3 Model i

ndg

The metall opol ymer str

foll owed by dynamic si mul

el ectrode. Si mul ations we

(AMS 2022.103) .

Met al l opol ymer Str

site with the isobutyr

of the active site

rel axed after each

were added unt il t he

synt hesi zed metall opo

This mass corresponds to

met all opol ymer model s wer

pol ypropylene backbones

pol ypropylene backbones

met all opol ymer model were

using the denshitnydifnugn

wat’®FTB was chosen for th

GFNATB Hamil toni an was

as wel | as account for t h

Agrowno

wer e

were i n a

chosen for t

pad. The gl assy carb

uctures and dynamics

ation of adsorption

re carried out wi t h

re. AftgrCehuadtdiiwvmeg t

initiator groups fo
by stepwise a
noeneFi ef)dd i M@ P&EmMevi 4 h
he
0y

DMAEMA monomer s

cul ar weight of t
r with8aAmgatuopmd
ni ne
e constructed, one i
rnianwhsohathec
syndi otact.

then annealed throu

cnt ei t ohnoadlG H NBLFGTBBL )H awni tl t otnh ea n

e computational spee

he ability

e charde, ndilupearcsi dnm
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pol ymer structures and dynamics. A typical an.
temperatures around 1200 K for wup to 2 picose

conformations and then woul dl®|Impwbgsdsobb 8086

|l ower. The annealed structures were then opti
pol ymer di mensions and relative stabilities.

initial wvelocities ftor nehel rmmlpeod wlinerr sd ywn a mi ovsa
but with similar overal/l appearance and di men

Aspheroidsd (measured as the maxi mum di stance
radii of 19N oAln gasgtrrecemse,nti nwi t h the experi ment

Angstr oms.

Met all opol ymer Adsorption. The adsorption
electrode was then®Eheupghassdywcahb®eas&FFf ace
single molecule was modeled as a graphite she
The sheet is given a minimal cpargeaobhomi auem
average) to represent a small negative potent
charge dens?(my |l éoéfi COumOGmmar pd) . mEbepus this in
parall el plate capacitor with this charge den
vol tage of 20 mV (without dielectric between
structur el oopfoltyhnee rme~t5alAngstroms from the surf a
primary interest is in the adsorption of the
graphite sheet. The CHONSSi . ff force feeld wa
field has been used successfully for tKe inte

So as not to resort to @Opamtiecn eaf fomeemdli ed
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bel ow, this units( Qed umd kel ed nwittrhucada i©@n- as sho
organic cluster approxi mates the same region

Waal s surface interactions with the environme
picodecof mol ecul ar dynamics at 300K. The fin
picoseconds and then to 0O K for 20 picosecond
the simulations shatdeshevmet ahlopgolapmert e surf
necessary to |l ock the center of mass to keep

slab as it was adsorbing.
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A.4 Figures, Schemes, and Tabl es

A. 4.1 Figure A3: Hilpectrochemical Cell S

Figure A3: Photograph of the electrochemical
experiments. Starting from the | eft and movin
reference electrode, working el dcet.rode, count
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A. 4.2 Figure A4: GPC Traces

GPC Retention of Metallopolymer Samples

22 24 26 28 30 32

—18A 28A ——46A ——76A

Figure A4. THF GPCg[t2ra&]le mdt aPIDIMAEAMAY mer sampl €
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A. 4.4 Fit®HguNMR AGf: Met al l oinitiator
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A. 4.5 Figure AT7: | R Spectroscopy Charac
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Figure A8. Overl-@a9 andl G=0Opectetchbifngeregi on |1
chl oroform with concentrations of 0.1 mM (pur

(orange), and 1.0 mM (red). Basmeltitamaesehave be

A. 4.7 Figure A9: DOSY NMR, 18]
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A. 4.8 Figure A10 DOSY NMR, 4 2
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A. 4.9 Figure A11 DOSY NMR, 6 4 |
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A. 4. 10 Figure Al12 DOSY NMR, 2 8 j
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A.4.11 Figure A13: Cyclic Voltammogr ams

Figure A13. CVs of 0.01 OM, 0.05 OM, 0.10 OM,
oM, 25.0 OM, 50.0 OM, and 100 OM of ag 18 |,
[2RR&] in 1.00 M TRI'S. Scan rate 0. X WH s. At h

bubbl es at the electrode surface causes disru
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