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ABSTRACT

Redox hopping is the dominant charge transport mechanism in many eatalyst
modified metalorganic frameworks (MOFs). Previous studies have shown that ion
diffusion is the rataletermining step of redox hopping, but the realization regarding
to the fundametal mechanism of redox hopping in MOF is still infantile. In this
dissertationwe will discuss the redox hopping process in MOFs from multiple
perspectives, including how to use the Scholz model to analyze the coefficients in
redox hopping, the influence of the typecafrier, the influence of electrolyte
concentration, and the influence of temperature on redox hopping, so as to try to
reveal the mechanism of the redox hopping process and make some constructive

suggestions for the future design and application of MOF bastdsaiopic.
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GENERAL AUDIENCE ABSTRACT

Redox hopping iskeyway thaklectronmoves in many special materials
called metabrganic frameworks (MOFs) usedcatalysts. While we know that the
movement of ion is always the bottleneck in MOF because of their huge volume
when compared to tiny electrgribere's still a lot to learn about the basic details of
how redox hopping works iIMOFs This thesis explores redox hopping in MOFs
from various angles. It looks at how we can use a specific model (the Scholz model)
to understand this process better and examines the effects of diffetens like the
type ofcarrier (electron or holejhe concentratioand typeof the electrolyte, and
the temperature. The goal is to uncover the fundamental workings of redox hopping
andgiveshelpful ideasor principles to guide the design and applicatioh&IOFsin

the future.
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Chapter 1

History, Development, and Mechanismef Conductive Metal-Organic

Frameworks (MOFs)

1.1 Metalorganic frameworks

Metalorganic frameworks (MOFsalso known as porous coordination
polymers (PCPsgre materialsnade by the combination of organic linkers
connected to metal nodé&since the firsMOF, MOF-5 (or IRMOF-1), termed in
199, the family of MOFs have beaxponentiallyexpanding in the past decades.
Thehuge library oforganic linkes and metal nodes provides MOFs infinite
possibilities to combine the buildinocksand lead to diverse structural
architectures* MOFs also share many unique properties, inolgidut not limited
to the permanent porosity, high surface area, robust mechanical stetability in
working environmentand great tunability in topology, geometry, and
functionality:>® MOFsaretreated as promising candidates for various applications,

includinggas storagé? gas separatiol:**drug delivery! etc.

1.2 Conductive MOFs:Discovery, Motivation, Development, and Mechanisms

Despite the rapid expansion in the diversity and applications of MOFs, their
electronic properties only began to attract significant attention in the past dé€ade.
Althoughit is relatively nascent, has seen rapid developments in the design,
synthesis, and characterization of electrically conductive MOFs. Such advancements

demonstrate the potential of these materials to replace noble materials in traditional




applications, including sensor and detector devit&s;atalysist® 18, etc

Furthermore, the inherent porosity and adaptability of MOFs facilitate the
integration of various functionalities, such as electrical conductivity, magnetism, and
luminescencé?® Theversatility enables the creation of multifunctional materials. As
MOFs are considered for these applications, their charge transfer or conductivity
emerges as a critical factor. Consequently, researchers have dedicated significant

efforts to enhance th@oductivity of MOFs through diverse strategies

However, a unoptimistic truth is that, due to the redorrt nature of large
proportion of metahodes and/or spatially isolated components which might enable

conductionmostMOFs are notonductive?®2!

Luckily, with the large library of linkers and nodes and flexibility in
functionality, the conductivity of MOFsasbeenrealizedvia various strategie§ he
designstrategies can be roughly divided into tmechanismaused to describe the

charge transfer in solidband transport and hopping transg&igure1).*?
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Figure 1. Schematic showing the electron transport in MOFs via (a) band

transport and (b) hopping transptit.

Thetwo mechanisms can be classified vialtbed type and strengfiresent in
the MOE band transport is expected to be seeMOFswith strong covalent
bondingwhich leads to the existence of delocalized electrons, whiledpeing
mechanism is more likely to be seen in ionic mateniatis distinctsites having

different valance$? 24




There are three stilgpe approachesf band transpomsually discussed:
throughbond pathway, extendasbnjugation pathway, and the througpace

pathway.

1.3 Through-bond pathway

The hroughbond pathwayn MOFsis based orontinuous coordination
bonds built by the functional groups of the organic linkand the metal node$he
charge transfer pathwagan be both-D or 3-D, but D pathways are more
commonly reported? To realize the best conducting performance, the energy level
of the metals and linker moieties must be wetltched and theslevantorbitals

must bewell-overlapped

g ) )

0y —e L] > [} >
)2 { — —(
HO._.0 c{ » { / { /
4 0./ =
OH — { .
o %. » . » .
HO' Y A v NS .
0% oH e, WA W
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Figure 2. Schematic showing theM-O-)p and ¢{M-S-)p chains as -D
throughbond pathway in M{DOBDC) and M(DSBDC)(HsDOBDC = 2,5

dihydroxybenzend ,4-dicarboxylic acid, HDSBDC =2,5-disulfhydrylbenzend, ,4-
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dicarboxylic acid) respectivel\*> Reprinted with permission from ref5, Copyright

2013 American Chemical Society.

A successfustrategyto accomplish such a conditionusingfi s o fahdemore
electropositivdunctional groupslike nitrogen and sulfuBothelements havbetter
matchedenergy level and orbital overlap with thetbitals of the metal nodészor
examplereplacingthe oxygenbinding groupwith sulfur haseen verified to

improvethe conductivityin MOF-742°

Additionally, it was found that thenetal center also plays a critical role in the
throughbond pathway. In the work done by Sun etadiuge increase in
conductivity (by about siorders of magnitudeyas found by simply replace the
SBU from Mrt* to F&* in Mnz(DOBDC) andMn(DSBDC) (DOBDC* = 2,5
dihydroxybenzend ,4-dicarboxylate DSBDC* = 2,5-disulfhydrylbenzend 4
dicarboxyate),?® it was attributed to thlewer band gapesulted from the loosely
bound electrom i n-spin kl bandbof Fé. Following studies regardintpe MOF-
74 made by other # (M = zZn, Ni, Cu, Mg, Cliwerefound to have much lower
conductivity than the one made by. Fléeexceptionally high conductivity among
theseFe-basedViOFswas attributed to the low reduction potential of' Fd the

small reorganization energies of the coordination spHéres.

1.4 Extendedconjugation pathway

Different to thethroughbond pathwayn whichonly the functional groups
participatein the electron delocalizatipextended conjugation pathway reggsa

redoxactiveorganic linkerbackboneElectrons in this type of conductive MOFs are

11



delocalizedn thea,b-planeby the overlap between theotbital of metal cores and

the orbitals ofwhihehocagmanbhe analKegesus to gr :
hybridization**? Theefficient delocalization within the whole plane provides the

highest conductivityor the MOFs, however, threquirements fothe match up of

energy leved and orbitaloverlgp are also higher ithe design oéxtended

conjugation MOFS.

X X
HO HO cl Q X X
OH Cl OH Q X X
o o X
X X

dihydroxybenzoquinone chloranilic acid hexa-substituted triphenylene  hexasubstituted benzene

Figure 3. Structures of linkers usualppplied in MOFs with extended

conjugation pathway. (X N, O, S).

There are few types of organic linker usually applied in MBS exhibits
extendeeconjugation pathwayincluding dihydroxybenzoquinonehloranilic acid,
hexasubstituted triphenylenes and benzemath ortho-diols, diamines, and
dithiols as the functional grougBigure3).”122628 Theredoxactivegroupshave
various oxidation states, which can be formed due to the paxi@dtion during te
MOF synthesigFigure4). The resulted mixedalentlinkers may contribute to the

high carrier densities in the conductive MGFs.

12



Figure 4. The oxidationstates of linker in MOFs with extendednjugation

pathway. (X= 0, N, S)

1.5 Through-Spacepathway

Comparing to théhroughspace pathway and extendashjugation pathway
thethroughspace pathway driven byintermolecular interactian It does not rely
on the covalent bond or coordination bond between the nodes and organic linkers,
instead,sttéheeki'ng between planar conjugated
in this mechanisrfr>122°Theoretically, the throughpace pathway should be #1
tunnel consi st sdafackdmtgi,nbaus t‘here were al s
arrangements reported, including-zigg chains and orthogonal orientatiofs.
Moreover, in extended conjugation MOEsp nsi d€r ablae ki ng was f oun
exhibitamong thecovalenlyonded | ayers due to the °~ orbi
l inkers;y @anactkheg was believed to significe

conductivity of the MOF§:1230

The most typical and widely usedganic linkerin thethroughspace MOFs is
tetrathiafulvalene (TTF) and its derivatives, e.g., tetrathiafulvalene tetrabenzoate
(TTFTB) andtetrathiafulvalene tetrapyridyl (TTFTRigure5).12193135 Wwith the

capability of electrordonating high propensity of-" interaction and great stability

13



of the radical TTF and its derivatives have been used in varigudication

requiringhigh conductivity, including charge transfer sakspermoleculegnd
conductive polymerd 38 Thereforewhen embedded iRIOFs, thesequence and
distance of -

achieve the best conducting performawith the fine tunability of MOFswhich is

stacki

ng

bet we e preckdyéontmolledtoe c ul e s

difficult to realize in polymer and molecular materigig®323439.40

“00C

SUNe

L=

O

tetrathiafulvalene

“00C

tetrabenzoate

COO

tetrathiafulvalene

tetrapyridyl

Figure 5. Structures of tetrathiafulvalene (TTR@trathiafulvalene

tetrabenzoate (TTFTBand tetrathiafulvalene tetrapyridyl (TTFTP)

Figure 6. Structures of (a) LATTFTB)4, (b) T(TTFTB)2(OAc)(OH), (c)

Xv/ ;
fﬁ;ﬁ
//

\5/

b. ”r(h,

/f

A

Tha(TTFTB)3, and (d) La(TTFTB)s with the longes{S

)min distances

c
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indicated!? Reprinted with permission from ref2. Copyright 2020 American

Chemical Society.

Thedistance betweelmkers in the cases of througipace pathwaglays a
significant role It was foundamong MOFs with TTFTB linker and different metal
nodeg(Figure6), the conductivity isnverselyproportional tahelongestclosesiS-S
distancg(denoted a$® min)) betweereachpair ofadjacent TTF linkerdt was
attributed to the fact that the long&t mingates the overall charge transfer and

makes it the ratdetermining step®

1.6 RedoxHopping

Redox hopping is aharge transfer mechanism widelyservedin materials
includingorganic compounds, polymers, organic/inorganic composites,
liquids, etc*¥46 Unlike the band transport mechanismthe caseof redox hopping
thecharge carriers amot delocalized instead, they are localized specificredox
sites withdiscrete energy level T h e ¢ a r beiween the afitiyvsites) pnal

the process ithermally-activatecP

If aredox hoppingnechanism is oper¢here are two interrelated processes

happening simultaneously: electron hopping and ion diffusion.

15
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Figure 7. Schematic showing single step ahe redox hopping between
adjacent redoactive sites(Ox = oxidated state, Redreduced state, A counter

ion, € = electron)

Electron hopping,lao known agedox conduction or sedxchange, is trigger
by theelectrolytically generated concentration gradients arisingdvalance
redox centers in the bulk materfdDue to the selexchange of electron, there will
be unbalanced charged on the redoiive sitesthereforecounter ions need to
diffusebetween the redox centers and bbldk electrolyte to keep the electrical
neutrality(Figure7).4”"4° In previous studieswo parameters are used to describe
the rates of these two procesgbsgelectron hopping coefficienDg) andtheion
diffusion coefficient Di).#">A more detailed discussion about the calculation and

meaning of the two coefficienis foundin chapter 2.

Redox hopping mechaniswasreportedn many MOFs architecturgand
found to have great similarity to the redox hopping behavior in polymer tffis?

Based onhe identities ofedoxactiveunits, they can be summarizedfasir

16



subtypes: metdbased, linkebasedmixed metal and linkerbasedand post

synthetic modificatiofPSM)based:>#

1.6.1 Metalbased Hopping

NumerousMOFs madevith redoxactivetransitionmetal nodesave been
reported. Withmanystable oxidation states, the@alancecanbe reversible
convertel by electrochemicabr photoelectrochemicahethods The redoxactivity
of most of themetal nodeselies onthe delectrons, but ther@resome exceptions
e.g.ceriumbased MOFs, whosedoxactivity is based on thedlectrons’3

Examples of transition meta®BU are discussed below

Chromium

Chromium is commonly utilizeth the nodes oMOFs, predominantly in the
Cr** oxidation state due to its high stability and straightforward syntf&¥is.
Despite the prevalence of Cibased MOFs, these frameworks typically lack redox
activity. In contrast, MOFs based orCwhich are reported less frequently, exhibit
redox behavio(Figure8).5% 56 Notably, cyclic voltammetry studies on two specific
Cr**-based MOF8 one featuring 1,3;8enzenetricarboxyla@TC) and the other
4 | -@expfluoroisopropylidend)isbenzoatéhfipbb) as linker® revealedeversible
redox peaks corresponding to thé/Cr'"" and CH'/Cr' (or CI) transitions,

showcasing their unique redox capabilifiés

17
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Figure 8. Cyclic voltammetry ofa) Cs(BTC)3H 20 and (b)Cr(hfipbb)H 20.
Plot 1 and 2 represents the pristine MOFsJevtd and 2a represents the MOFs
afterdehydratior?* Reprinted with permission from re&§4. Copyright 2018

American Chemical Society.
Mangenese

Manganese, a transition metal known for its extensive range of oxidation states,
has demonstrated promising potential as a reaive SBU in MOFS2 In the
research conducted by Wang et al., a layered manghased MOF, referred to as
Mn-LMOF, was synthesizet.The MOF exhibited remarkable electrochemical
guastreversibility and durability during cyclic voltammetry testifiigure 9) Such

characteristics establish MiMOF as a solid contender for use in electrode

18



applications or as a material for supercapacitors, highlighting its value in the field of

advanced energy storage solution.

0.104 0015
a {1 _ o0.010]
0.08 4 5 g 005! 2mvst /]
{ = / /'
0.06 £ 0o00] ———— "~
1 5-0.005] AN :K —2mv-s1
< 0.04- U 0.010- \\J'II —_— 5 mV'S-1
g 0.02 - 02 00 02 04 08 —— 10 mv-s-1
8 0.00 1 Ptentla(vs. ~ 20mV-s-1
— E —_25mv-s
= .0.02-
002+ — 40 mV-s1
.0.04- 60 mV-s-1
Py — 100 mV-s™1
] 200 mv-s-1
-0.08
T T T T ¥ T T | ' 1
0.2 0.0 0.2 0.4 0.6 0.8

Potential/V(vs. SCE)

Figure 9. CV of Mn-LMOF at sweep rate from-200 mv/s in 1M KOH’!
Reprinted with permission from ré§7. Copyright 2017 Royal Society of

Chemistry.

Cabalt

Cobat is found as a redox active center in many catalysts and enzymas. It
multiple oxidation statesnost commonly2 and +3 ee observed. From a biometric

view, it is of interest tantroducecobaltinto MOFs toserve as redeactive SBU

19



and achievelectrochemically catalytifunctions®® In the workof Zhang et al., a
MOF with mixedvalent SBU[C0'"Co,"( £0)], was prepared through the
coordination with twdinkers, 2,4,6tri(4-pyridinyl)-1,3,5triazine andoenzenel,4-
dicarboxylate’® In the cyclic voltammetrythis Co-based MOFshowed thequast
reversihlity and good stabilityFigure10). Furthermorethe MOFis highly
selectiwe toward theof the electrochemicabxidation of cyclohexene, which was

attributed to the unique radical mechanigroamoted by the mixedalent Ca SBU.

e P
. w

129%129x76 A

10.9x10.9 % 153 A°

14

12 10 08 _ 06 04
E 1V vs Ag/AgCl

Figure 10. (a) Structure of metal node and linkered (b) structure of cage$
the mixedvalentCo-based MOF(c) CV of the mixedvalent Cebased MOF,
running in0.1 M NBwPFs>*Reprinted with permission from re&§4. Copyright

2018 American Chemical Society.

Nickle

Similar tocobalt, nickellsowidely existsin numerousenzymes and catalysts.
It also has a few oxidation states, including(ridre stablg)+3, and +4 as weff

In work done byLopa et al. CPO-27-Ni, a MOF made with Nf cluster and 2,5

20



dihydroxyterephthalic acidyas reported to havgreat electrochemical reversibility
andstability in alkaline environmer{Eigurell). CPO-27-Ni showed the potential

to be a norenzyme detector of glucose.

<
—
——

fln"l 5 + lpa

-30 - L S * Ipc

= -0 it %
- -m -._"_*--
-45 - 15 R >

0 100 200 300 400 500
Scan rate (m\/s)

-60 ————r—T—r— T
0.30 035 0.40 0.45 050 0.55 0.60
E (V vs. Ag/AgCl)

Figure 11. CV of CPG27-Ni"/glassy carbon (GG)lectrode iraqueous
solutionof NaOH Q.1 M) with different scan ratega to k:25, 50, 75, 100, 150,
200, 250, 300, 350, 400, and 500 mV®)e peaks were assigned to be the redox
reaction ofCPO-27-Ni"/CPO-27-Ni" pair.® Reprinted with permission from ref.

59. Copyright 2018 Elsevier.

Copper

21



The normal oxidation states of coppee+1 or +2,both have been reported in
MOFs. However, the redeactivity of Cubased MOF isarely reported and
generally be overlooket.A special case of Ghased MOF i€u(2,ZAQDC)
(AQDC = Anthraquinone dicarboxylate)¥hichwas reported to havedependent
redoxactivities from both the organic linker and the copper SBU. While charge
transfer between the organic linkers is strongly based onthe st ac ki ng i nter ac
the redox event related to tBe nodes is attributed to depend on the redox hopping,

which was verified byn-situ XANES with stepwise potenti&f
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Figure 12. (a) Cyclic voltammetry ofa battery with 10% w€u(2,#AQDC) in
50 cycleswith 1:1 v/iv EC/DEC solution of LiPFés the electrolytenith the zoorn
in of the50" cycle. (b)Two step of edge shift observed in XANES, which indicated
the stepwise reduction of tineetal cluster§® Reprinted with permission from ref.

60. Copyright 2014 American Chemical Society.

Another example of Gbased redosactive MOF is reported by Zhang et #l..
In this case, a Cirbased MOF was synthesized by combining with the-BBC
linker, ard it was found to have redeactivity and reversibility. The combination of
this MOF with Au nanopartickeand DNA was found to be a potenteééctrode

candicatdor glucose biosenssr
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Cerium

Unlike theaforementioned metalas one in the lanthanide series,dliesters
sene as redox centers by utilizing thetofbitals In the work done by Smolders et
al., a MOFcalled CeUiO-67 was synthesized, which wamde with[CesOs(OH)4]
clusters and,4 -biphenyldicarboxylate linker¥.Ce-UiO-67 was observed to have
the capability to catalyze the oxidation of bghalcohol the proposed mechanism
is showing in Figre 13.1n the work they confirmed theeduction of up to one
Cé* ion in each Ceclusterby XAS (Figure 13) After the reduction o€e**, there
was no compromising change of MOF structure, which was evidenced by the XRD.
The discoveryresultssupportthe involvement of the metal cluster in the redox
catalyticcycleand theability of specific metal nodes toaintainstructure integrity

during redoxcycling.

C A+
= % H,0 1,0,

TEMPO ‘>_< TEMPOH
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105 > le @/\
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% H,0 . i 7(\/|V OH
” Oxoammonium
‘ [+]
L

I cation |

Cerium Cycle TEMPO Cycle

Figure 13. Proposed reaction mechanism for TEEMPO-mediated oxidation
of benzl alcohol by CeUiO-67 82 Reprinted with permission from res2.

Copyright2018 European Chemical Societies.
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1.6.11 Requirements for Redédxctive Metal Nodes

To successfully synthesize a MOF with a re@axivemetal nodeit is
essential that both the original aretloxconverted MOFs are isostructural. This
means that bond lengths, bond angles, and the coordination environment should
remain consisterdr throughout the redox reaction to prevent structural changes or
collapse, which could result in irreversibilftyFor example, the application of
potentials capable of reducing the metal nodes to the metallic state have shown to

degrade the framework and lead to irreversib{lfigure 14)°4:6°

~mJ A
/ -

Charge
Compensating ¢
Countsrmns
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A
o o |
N
W4

Electrode

Figure 14. Schematic showing the formation of copper metal lamina
intercalated in the MOF after reduction. The blue dots and green rods represent for
copper nodes and organic linkers, respectively, and the brown chunks represent the
metallic copper with a laminarrstcture® Reprinted and adapted with permission

from ref.64. Copyright 2006 Elsevier.
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1.62 Linker-based Hopping

In the redox hopping based on the metal clusters, the potential risk of losing
structuralstability is abig issue. By changing the redaxtive block from the metal
clusters to the organic linkers, this problem can be readily sdDxeztall, the
redoxactive linkers can beughlycategorized into the following thrégpes:

metalcomplex linkerradicatbased aromatic linker, and redmodifiedlinker.

1.6.2.1 Metalcomplex redoxactive linker(metalloligands)

Comparing to the metal ions in the clustengtal ions in the complexes have
differentelectron atmosphere, polarization, and stereospecif@agsequently, the
catalytical capability and redespecificitycan be modified® Due to these
advantages, MOFs with metal complex linkieasve been widely developethe
most typical examples of this kind of linker gr@rphyrirt, pyridine, and catechel
based linkers3*® More metalloliganebased MOFs rging on phthalocyaninand

cyclamwere also reporte®:%8

Porphyrinbased linkers

Metalloporphyrins play essential roles in living organisms, such as in
hemoproteins responsible for oxygeansport in the human body, chlorophyll
involved in photosynthesis, and vitamin B12. These compounds are characterized by
a planar structure that can stabilize kinetically labile metal centers, contributing to

their broad biological significand@.In addition to their structural rigidity,
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metalloporphyrin linker also shokigh stability, excellent catalytic activity, and
ease of functionalizatiot¥:53 Their inherent photoactivity has also led to innovative
research in developing MOFs fearious applications, likeght-harvesting and
photochemistryrelatedapplications and thebiocompatibility of porphyrin promotes

their bioelectrochemical applicatiofis®’

Due to the ease of functionalizatiaterivativesof porphyrn with various
functionalizatiorhave been successfully prepared emudrporated intdMOF as
organic linke, and the MOFs were named as metaltalloporphyrin frameworks
(MMPFs) 8 Below arechemical structuresf three widely usegorphyrin

derivativelinkersin their metatfree form.

HO OH

o = Q

HO OH
(0] (e}
TCPP (Tetrakis(4-carboxyphenyl)porphyrin) TPyP (Tetrakis(4-pyridyl)-porphyrin) TDCPP (Tetra(trans-dicarboxyphenyl)-porphyrin)

Figure 15. Metalfreeforms of porphyrirderivatives utilized as organic linkers

in MOF

In the work done byAhrenholtz et al.CoPI1ZA, a MOF made of0'-
carboxylate clusterand CeTCPP linker{TCPP =Tetrakig4-carboxyphenyl)
porphyrin) was observed to shawoderate conductivit{3.62*108 S/cm) which

was attributed to the redox hopping mechanidfith the help of spectrochemistry,
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theredoxactive species iCoPIZA was found to bthe CoTCPP, instead of the Co
clustersThe peak ofCd'""TCPPCoPIZA pairingwasat-1040mV vs.
ferrocyanide while the peak of (CBTCPP)CoPIZA showe& up at a more negative
potential.In this study CoPIZA showed great stability and reversibility under the
experimental conditias) andthe MOF filmdemonstrated the catalytic activity

toward CCj reductionupon reduction t¢CoTCPP)CoPIZA™®
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Figure 16. Cyclic voltammetry of the CoPIZA/FTO in 0.1 MCIO4/DMF at
100 mV/ s. Il nset shows theOpwak current o

ferrocyanide to be linear withtlequar e r oot J4°Rephntedwithan r at e

permission from ref70. Copyright 2014 American Chemical Societ
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Redox hopping behavior was also observeatier MOFanade with
porphyrinandredoxinert metal clusterdn thework dore by Kung et al. MOF-525
was prepared by the coordinationnoétatfree TCPP and Zrclusters, and it was
postsyntheticmetalatedo introduceCd' and Zr into the TCPP ligand to get €o
MOF-525 and ZAMOF-525, respectivelyElectrochemical tests demonstrated that
all three MOFs are redeactive(Figure17) and thesharednechanism was
attributed to redox hoppin@hronoamperometry results showed that the apparent
diffusion coefficiens (Dapp) follow the sequence of ZMOF-525, CoMOF-525,
and MOF525.In the following research{od et al. found thaby introducing Fe
into the porphyrin of MOF525 through possynthetic metalatiolFeMOF-525 can
serve as a CQeduction catalyst with the FECPP linker as botredoxhopping

sites andheelectrocatalyst®
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Figure 17. CV curves of the MOf25, ZrMOF-525, and CeMOF-525 thin
films, measured in 0.1 M KCI aqueous solut{span rate25 mV/9."* Reprinted

with permission from ref71. Copyright 2014 Royal Society of Chemistry.

To figure out the relationship between the hopping rate and thatspenof the
metal centeriMaindan and cavorkers examinetbur MOFs(PCN-222(Fe), MOF
525(Fe), NU902(Fe), and MOR25(Fe))which are chemically comparable but
structurally differentmade withthe samd=e-TCPPlinker and Zg clustet’? It was
found thatheintroduction ofmethylimidazolgMIM) to coordinate with the Fe
centerresuledin hexacoordinated lowpin TCPRFE"") with lower reorganization
energy. Consequently, the hopping rate was imprdvede detailed, in th large
pore MOFs like PCN222(Fe) and MO#25(Fe), the coordination of MIM is easier

which leads to a higher population of TCPP(€&)rdinated wittMIM . Therefore,
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the inprovement of hopping rate is greater than that in sprak MOFdike PCN-

225(Fe) and NkB02(Fe).

Pyridine-complex linkers

Due to thestructural similarity, bipyridine derivatives have been utilized in
UiO-67 MOFsto replace the biphenyl linker of Ui®7, partially or completely,
with no structural change or distortiohhe substitution allows for the formation of
metal complexes within the Ui®7 framework, leveraging the chelating properties
of bipyridine derivatives to enhance the MOF's functionalitye strategy has been
readily applied in the Ui&7 series, leading to the Ui€Y used for gas separation,

photochemistry, water oxidatio80, reduction etc®10:53.7881

Bpy-UiO-Ni

Figure 18. Structural schematic of bpyiO-Ni, which shows the capability to
achieve direcN-alkylation of anilines with alcohof8 Reprinted with permission

from ref.81. Copyright 2022 Elsevier.

In thework done by Lin et al., a [Ru(tpy)(dcbpy)(Qff*-Modified-UiO-67

(tpy =tpy =2 , 2 Njte6pojdipe 21dbpyj =4 , -dicliboxy2 , -ldpMiidine)was
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prepared byartially replacing the biphenyl didawxylic acid with
[Ru(tpy)(dcbpy)CI]CI.The dcbpy ligand of Reomplexcan alscserve as the MOF
linker, and, consequently, introduce the-€umplex into the MOFThe PXRD
pattern ofRu-UiO-67 and UiG67 (simulated)perfectly matched, whicimdicated
that the pristine and modified MORavethe sameénherent structuré-igure19).
Charge transfewithin Ru-UiO-67 was found t@ccur viathe redox hopping
mechanism, and the charge transfer rate was found to be sufficient to promote

electrocatalyticgeactivity on the interior of MOFES
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Figure 19. (a) PXRD pattern of RWiO-67 andsimulated pattern of Ui®7.
(b) Oxygenevolution data for RWIiO-67 (red) andree linker
[Ru(tpy)(dcbpy)CIICI (blue) in solutiof® Reprinted with permission from ref6.

Copyright 2017 European Chemical Societies.

As an extension of the simpbgpyridine-derivative, there aradditional linkers
thatcanbe used to achieve neMOFs. Here are some examples for the more
complicated linkers with pyridine functional grotimat have been used to make

isostructural MORFigure20).2
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Figure 20. Examples obtherpyridine-based linkers.

Catechoibased Linker

Catechol, also known as i¢thydroxybenzenearereadily utilized as ligands
Therefore, ilsmall molecule catalystsatechcbasednolecules have bearsal to
serveas metalanchoring site& Besides to thehelatingstability, catechollso
showedreversible redoactivity andit wasincorporatednto MOF. In the work of
Zhang etl., a catechebased linker was introduced into U3 and served as a
ligand to coordinate with copper(l) iofslt was found that the Cu(ll) precursor was
reduced to Cu(l) by the catecholate during the synthesis, and the catechol was
oxidize to the semiquinone for(Rrigure21). The modified UiG68 showed great
stability during the redox cycles and excellent selectivity toward the allylic
oxidation of cyclohexend.he outstanding catalytic activity was attributed to the
formation of mixedvalent copper specidglatresulted from the employment of the
redoxnoninnocent catechol linker, which provided a new strateggs$tmgn and

tune the catalytic behavior of MOFs.
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Figure 21. Formation of Cu(l) centerduringthe incorporation of catechol in

UiO-67 MOF analog

Ferrocenebased linker

Ferrocene isenowned for its distinctive electrochemical and optical properties,
excellent stability, and remarkable redox reversibility. These characteristics make it
an ideal component for creating redactive MOFs that could exhibit unique optical
and electrocheral functionalities. The integration of ferrocene into MQdels to
materials that demonstrate redox hopping beh&vigomeexamples of reported

ferrocenebased linkes applied in MOIs are shownn Figure22.
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Figure 22. Examples of Fdased linker§®

Due to the excellent electrochemical stability and reversibilitthdsed linkers
have been treated as candidates for various electrochemical applidations.
instance, the Zf-c MOF, compried ofa zinc cluster and 1;1'
ferrocenedicarboxyl ate (Fc(COOH) ) Ilinker,
glassy carbon electrode, showcasing its potential in electrochemical applf¢ation
Similarly, the AIMIL -53-FcDc MOF, constructed with aluminum oxygen octahedra
chains and the Fc(COOH) l inker, also displ
underlining the versatility and wide application scope of ferrodesed MOFs in

enhancing electroemical performanc®
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Figure 23. CV of (a) ZnFc MOF running irDCM containing 0.1 MTBAPF%
and(b) Al-MIL -53-FcDccarried out with a 0.1 M NaRMeCN solution®®
Reprinted with permission from re§5. Copyright 2019 Royal Society of

Chemistry.

35



Metd-oxime compleknker

UU-100, a MOF made with cobaloxintmsed linker and Zcluster SBUThe
linker unit was assemblelly a cobalt centeand twofunctionalized dioxime The
cobalt centeenables the redox hopping within the MQ@IRd it also serves as the
catalyst in hydrogen evolution reactidy fixing the oxime ligands by the rigid
MOF structure, the stability of cobaloxime can be readily strengthaned
compaisonto homogeneous cobalioxime cataly$1t)-100 showedbothgreat
catalytic efficiencyanddurability in electrochemical hydrogen evoluti@rigure
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Figure 24. (a) The structure of U1 0 0 6 soximelibkarland the MOF
structure. (b) CV of UUL00in DMF containing 0.1 M LCIO, at different scan
rates which showed linear dependency of the peaks current on the scandate

100 mv/s (c) Photographs of U100 film on FTO at 0 an#i500mV (vs.Fc').86
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Reprinted with permission from re86. Copyright 2019 American Chemical

Society.

1.6.2.2Metalfree Redoxactive Linkers

Purely organic linkersire also capable skrving asaredoxcenter.Charge
transport generally relieen the formation of organic radical, which is stabilized by

the conjugated structure of link&r.

Porphyrin

Pyrene

The redox behavianf pyrene has been widely usedngartthe conductivity
to polymer network$88°However the pyrene radical cation formed after oxidation
can undergo dimerizatiolY °> Dimerizationproceeds through the formation of a
highly irreversible covalent bond. In MORke rigid structur&an suppresthe
dimerization which leads to an excellent reversibility in electrochemistry

behavior®®

In the research conducted by Kung et al., a®01 film was synthesized by
assembling Zrclusters with HTBAPy (HsTBAPy =4,4',4" 4"*(Pyrenel,3,6,8
tetrayl) tetrabenzoiacid) When comparing the CV profiles of N&D1 with that of
the free linkel(Figure25), it was noted that the linker's oxidation is nearly
irreversible, whereas the MOF displayed reversible electrochemical behawor. Th

difference was ascribed to tarementionedlimerization of the oxidized free
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linker in the solution. Due to &highly reversible redox activity exhibitday the

MOF, it was explored further forraversibleglectrochromic behaviots
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Figure 25. a€ CVs of the NU901 thin film/FTO electrode and bare FTO

electrodg(b) CV of free HTBAPY linker(c) reversible color change of NaD1

film. % Reprinted with permission from red3. Copyright 2013 American Chemical

Society.

Similar reversible electrochemical behavior was also obsarnvBidJ-1000,a

MOF madewith the samédinker and metal nodes &fU-901 but with differen pore

size and crystallinstructure In the work done by Guerraf et anNU-1000 film

was found to havelectrochromigeversibility forover 500cyclesof double

potential step chronoamperomeityithout attenuation of the color contrgBigure

26).94

38



Neutral state Oxidized state
(Radical cation)

Figure 26. (a) Imagesof a NU-1000 thin film deposited on an FTshdebiased
at400and ¥00mV in 0.1 M TBAPFR/DCM electrolytic medium. The diagram at
the bottom illustrates the TBAPY liner in theutral (left) and oxidized (right) NU
1000, corresponding to TBARyand radical TBAPY', respectively. (b)mages of

a NU-1000based electrochromic device encapsulating BMIMBRic liquid,
repeatedly biased at 0 and $AReprinted with permission from re§4. Copyright

2024 Wiley.

Another work regarding tthe reversible orrelectron oxidatiorof NU-1000

wasdone by Goswami et al., in which N1LOOOfilms were prepared through
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solvothermal and electrophoretieposition Though he CV of thesewo films

showediny differences in the shapey bothshowed highlyreversibleelectre

oxidation of the pyrene linkéFigure 27)°" However, the charge transfer rate was

found to be faster in the film prepared through solvothermal mettneddifference

in charge transfer rate is because of the electron coupling between adjacent linkers is
stronger along the-axisdirectionthan that in the,b-plane, which isaused byhe

reducedcsymmetryof NU-1000.
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Figure 27. CV of (a) solvothermal Nt1000 and (b) electrophoretic deposited
NU-1000films in 1 M TBAPFs in DCM.8” Reprinted with permission from reg7.

Copyright 2013 American Chemical Society.

Naphthalenediimiddased Linker

With the photoactivity, chemicand electrochemicaitability, electron
accepting propertiegnd rigid structure, naphthalenediimi@é¢DI) and its
derivativesare promising structural untb be coordinated into MOF tabtain
multifunctional MOFS>%6In previous researcmultiple types oNDI-based linkes

were prepared andtegrated into MOS. In the work done by Wade et al. in 2013,
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threeNDI-based MOB with different functional groupsere preparetly
coordinatingo Zn clustes.®® All Zn-NDI MOFs showededox activity which was
attributed to the twstep reduction of theedoxactiveNDI backbong([NDI] % - and
[NDI] - %) (Figure28). Striking color changewerecoincident with the reduction
events whichdemonstrated thalhe potential ofZn-NDI MOFs to serve as

electrochromianaterias.
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Figure 28. (a) Chemical structures of the NDased linkerand the optical

images of films oZn(NDI-X) on FTO. (b) Cyclic voltammograms of Zn(NDX)
(X =H, NHEt, and SEt) films on FTO substrates measured in DMF solution
containing 0.IM TBAPFs (scan rate50 mV/s).%® Reprinted with permission from

ref. 96. Copyright 2013 Nature Portfolio.

Zn(NDI) was also utilized in theesearch regarding to thedox conductivityn
MOF carrier by the Ott groud. In this work, the redox conductivity of Zn(NDI)
was measured at different applotentials, which showedakll-shaped redox

conductivity with the highest value at thandard potentidEop) of theredoxpairin
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therelevantsingle redox ever{Figure29). The phenomenon wasxplainedwith the
fundamental mechanism of redbrpping:the success of a single redoapping
event is fundamentally determined by the probability that a neighboring acceptor
site is availableTherefore, when the redactive sitehaveequal populations of
oxidized and reduced states, the highest redoxluctivityis expected to show up

which is at the standard potentsicording to the Nernst equation.
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Figure 29. Representative CVs (100mV/s) and regmaductivity
characterizations of Zr(dcphGNDI) thin-films. Gaussian fit was performed for
NDI/NDI” based (blue line) and NBINDIZ (brown line) belishaped redox
conductivity?” Reprinted with permission from red7. Copyright 2013 Nature

Portfolio.

Another work done by the Ott group was based MOF made of Zg cluster
and adifferent NDI linker®® The MOF had arinterpenetrating structuand showed
clear twastep reduction in cyclic voltammetmgsuling from the redoxactive NDI
backboneln the MOF, with the Li" in electrolyte aLi*-bridged (NDI}» dimer was

discoveredin which the spin is fully delocalizealser the two units and facilitates
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fast charge transfer. It indicated that the redox hopipifdOFs maybe promoted

by athroughbond pathway under certain conditiqfsgure30).

Figure 30. singly reduce@rsOs(OH)4(OAC)10(NDI-OH)2 system with (left)
Li+ counter ion and (right) BA* counter ionSpin density (in red) indicates the
electron localization/delocalization in the syst&Reprinted with permission from

ref. 98. Copyright 2022 American Chemical Society.

1.6.2.3 Redoxmodified Linker

The redoxactivity of linker can also be achieved by graftregoxactive functional
group(s) onto the organic linken aprudentfashion Due to the similarity to the

postmodification, it will be discussed in pdlt6.4in detail.

1.6.3 Mixed Metal and Linkerbased Hopping

MOFs withmetal nods and linkes thatarebothredoxactive are rarely reported

Matheu et al. reported a MOF wi@o-phthalocyanine catechol linker akes trimer
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as the metal nodeamed MOF1992% When comparing with othdrameworks
with metalloporphyrin linkers (e.g. MOB45-Fe and COR67-Co), MOF1992
showed alectroactive coverage2 orders of magnitude highérheoutstanding
electrochemical performance was attributed to the conductive backbonepttith

the Cophthalocyanine linker and the #igodeinvolved.

1.6.4 PstsyntheticHopping Strategies

Due to t he Madgasidinoigahie mixturdhe/redaxactive
functionalgroups can beasilyanchored onto therganic linkers via organic
synthesis methods or attached directly to the metal nodes through specific chemical
reactionsPostsynthetic modification opens a plethora of functional possibilities,

enabling the creation of MOFs with diverse and multifunctional capabilities.

Postsyntheticmodificationcan be achieveith numerousvays, we willbriefly

discuss thenost common methods attkeredox centers

1.6.4.1PostSyntheticRedoxModificationon Organic Linker

In the postmodification of MOFs, various functional groups carutibzed as
the reactive site. Considering the ease of introductiersatility, and reactivity,
amino group is widely used as thdificationsite. Few examples of successful

strategies were listed belagwigure31) 1444100105
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Figure 31. Synthetic strategies snchor the functional groupsito modified

organic linkers in MOFS(R = functional group).

1.6.4.2 Post Synthetic Redaxodification on Metal Clusters

The nodestructureof MOFs can enable additional binding sites for redox
active species poslynthetically if undercoordinatech EZr-based MOFsfor
examplethe UiO-seriestwelve hydroxyl or aqua groups on the Bodesare fully
coordinated with the carboxylate linkehs contrastjn NU-1000 and PCA222,

which features a similar node with only eight groups coordindtiedt means, there
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are unoccupied sites on the nodes of NMO and PCM222thatare exposed and
reactive(nonstructural water and hydrokgands) Thisunreacted groupsrovide
an easyand practicalvay to introducdunctional groups, which is known as solvent

assistant ligand incorporation (SALI).

To achieve th@ostsyntheticanchoringonto metal nodesacboxyate,
phosplate and acetylacet@earecommonlyusedbecause their ability taeact
with thenascenaqua and hydsm groupst®® 1% Although there arenly a few
choices for therachoring group, th&unctional groups are almost unlimited. In the
work done by the Farha group, the versatilityséfl.| on NU-1000 is solidly
verified 1°° In this work, they successfully achieved the ggsitheticintroduction
of tensof functional groups, including alkyalkyne, andaromatic groupswith
various degrees of secondary functionalizatmyg. halide atoms and quaternary
ammonium salts)The Farha grougnas also demonstratéae incorporation of
perfluoroalkane specig$® The stability of MOFs to SALI has also been
demonstratedybcomparing the PXRD pattern and the SEM images beforafterd
the SALI procesgiesultsclearly demonstratetthat the SALI procesdoes not

change odamagéhe structureand morphology of MOF particlgg49:106.109.11114

Defect engineeringf MOF was also utilizetb introduce anchoring sites for
postsynthetic modificationln UiO-66, missinglinker defecs provides exposed
unoccupied hydroyl and aqua ligands on nodeghich can coordinate with
transition metal ions. In the wod€é Chuang et aldefectiveUiO-66 films were
prepared througtrop-casting, spircoating, and bottorp solvothermal methods,

following by thepostsynthetic introduction of iridiurf® All the obtained iridium
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decorated Ui@66 films showed redox activityand theDapp of all Ir-UiO-66 was
found to beon the order of 1€ cn¥/s, which indicated that the redox hopping
performance wabarelyaffected by the thickness and preparatimethod. However,
the CVs showed that theolvothermallyprepared film showedell-defined and
separated peaks of’lir'"" and IM"/Ir'V, while the spincoatedilm showed
overlappedand broad peak§igure 32) The difference was attributed to the
degree®f crystalpacking spincoating led to loosely packed particlesorversely,

the solvothermamethod resulted ta monolayer of deposited particles.

(a) 020 (b) 0.8 (€) o.04
a 0.16 | Ir-Ui0-66 thin film *E —— Ir-Ui0-66 thin film " Ir-Ui0-66 thin film
§ 0.2 Ui0-66 thin film S 0.08 I —— ui0-66 thin film £ o.03 Ui0-66 thin film
g el < Solvothermal method
E oo0sf E 99 £E o002
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€ o000 § oo $
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Figure 32. CV curves ofUiO-66 and I¥UiO-66 films made bya) drop
casting, (b) spitoating, and (c) solvothermadethod Measured at a scan rate of 25
mV/s inanaqueous solutionsf HCIO4 (0.1 M).*° Reprinted with permission from

ref. 45. Copyright 2020 American Chemical Society.

1.6.4.3Redox centers Postsynthetic Modification

Ferrocene
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Similar tothe ferrocendased linkeapproachedgrrocenecan also be post
synthetically incorporatedr he strategy has been successfully implemented in
multiple MOFs.Through the introduction d¥c-functional groups onto the phenyl
linker of UiO-66 via a Schiff base reaction, the pristine redoert NH-UiO-66 can
be easily redoactivated® The sameSchiff base strategy was also used on-NH
MIL -101, which verified its potential to be widely applied in MO#%Other
synthetic strategies have also found utjlity examplethe condensation reaction of

amide formation reactio(Figure31).1444104.105

Fc-modification through SALI waalsoreadily andwidely utilized to
fundamentally study the redox hopping mechanism in MOFs. In the work done by
the Morris groupmetallocensweresuccessfully loaded intdU-1000 to form M
NU-1000 (M= Fe, Ru,0s)#’ The redox hopping behavior of eachMU-1000 was
analyzedand the electron hopping coefficient and ion diffusion coefficient were
independently quantified by the Scholz model. It was found that the electron
hopping coefficienbf M-NU-1000 followed the sequence of Os>Ru>Fe, which
matched the sexchange ratef the correspondinly1>*/M3* couples The concept
was extended tBc-modified NU-1000, NU1003, and MORBO08 to study the effect
of pore size in redox hoppirf§lt was found in this study that a large pore size leads
to faster ion diffusion in the poresnd consequently, highBx, but it also leads to a
longer distance between the redox cerd@is decreases tie. However,
considering the ion diffusion is the rate limiting step in most césedradeoff was

overall positive which can accelerate the redox process and lead to a bigher
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Fc-modified Nu1000 was also utilized in the work donethg Hupp group®®
In this work, it was found that the FtlU-1000showeda permselectivity At low
supporting electrolyte concentratiomhen all theFc sitesare electrochemically
oxidized, theyblock the cationgrom enteing the porous MOF due to the Donran
equilibrium exclusion effect. Misarmedhe electroactivity othe pyrenebased
linker of NU-100Q which could be reversibly oxidized in ordinary NlO0OO. When
the concentration of supporting electrolyte increasekat matching the

concentration ofhepyrenelinker in MOF, the redox activitgf linker was found to

be lestoredFigure34).
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Figure 33. (a) CVs of F&NU-1000 and NUJ1000 a solution 08.05 MTBAPFs
in MeCN. (b) CVs comparing between #8dJ-1000 at differenTBAPFs supporting
electrolyte concentratiortd® Reprinted with permission from refl@ Copyright

2015 American Chemical Society.

Polypyridyl Metal Complexe¥?

The most reportemetal center among the metal polypyridyl complexes
introduced into MOFss ruthenium which has already shovpotential onphotc

physicsand electrochemical catalysfs/*11311The redox hopping behavior of
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Ru'(bpy)(dcbpy)installed NU1008 was studied in the work done by the Hupp
group®in the CV, Ru-bpy@NU-1008 showed geversible oxidatiomvith Ru""

formal potential to be 480mV vs.Ag/AgClI (Figure35). However, tihough the
scanratedependent experiment, tidra-film redox process was found to be
sluggish, which leads to a smaller cathodic current. The redox hopping coefficient

(which isDappin this study derived from thehronoamperometry wasx 1012

cné/s.
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Figure 34. (A) CV of NU-1008(solid) and Rubpy@NU-1008(dash) with
various scan rate§® Reprinted with permission from ref08 Copyright 2022

Frontiers Media.

1.7 Guestpromoted

Using hostguest interactiosis especially suitable to be utilized in MOtés

improve the conductivitpecause of the permanent porosftyBy increasing the
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local concentration o&lectroactive guests, conductive pathways can be easily
formed and consequently, the conductivity is improvEide mechanisrof
conductivityvaries with the guest molecule, whiefil be discussed in the

following sections

1.7.1Molecular lodineandPolyiodideAnionsas Guest

Tuning the conductivity of MOFs with molecular iodinas been verified to be
aneffective strategyn MOFs!'® For example,ri the work done byi and co
workers, b wasintroduced into th#1OF [Coz.s5(bdc) s(H2bpz) DPMF4H >0 and
form [Covs(bdc) s (H2bpz)]-0.5L-DMF (bdc= bezene dicarboxylic acid, bpz4,4'
-pyrazole)by soaking theristine MOF in dodine solution of cyclohexaré® The
loading of b was found to lead to three orders of magnitexeancement in
conductivity, which was attributed to tfmationof CHé | br i dge bet ween
bdc linker and the molecul@dinein the pores. The€®lé 1 enablle*s t he nY
charge transfeand the favorably oriented arrangement of the iodine guest
moleculedurtherly enhances the charge transfer efficiehtyhe work of Lee et
al., 1>-dopedCo3(NDC)3 (NDC = 2,6-naphthalenedicarboxylate)asfound to have
Hall effect and performas a ptype semiconductor, while the untreated MOF
performed as insulatdf® The changes weratributed to théormation of donor
acceptor charge transfero mp | e x , t celettrers fiomp thearomatic |,
linker donor and thexlacceptorasverified byUV-Vis spetra andcomputational

chemistry(new pealobservedt241.5 nm (Figure36).
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Figure 35. UV-Vis absorption spectra of (A) iodinendoped Co3(NDC)3

suspension, anddine doped C4NDC)3 suspension in chloroform, and (B) iodine

and saturated suspension NDC in chlorofétiReprinted with permission from ref.

120. Copyright 2015 American Chemical Society

The introductiorof moleculanodine was found to partially oxidize the metal
clusters in MOF-leadingto the mixedvalanceln research conductdry Zhang et
al.,iodine inV2(OH)(BPTC) (HsBPTC=3 , 3 NjpjpHenytepcarboxylic acid)
was found to oxidize about 30% of thative V"' centers to ¥, which resulted in
the increase of conductivityy six orders of magnitud&! The huge increase in

conductivity was explained by the formation of mixedent V centers together
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with the charge hopping along the iodimgicalchains, which werebservedn the

channe$ of MOF byX-ray diffraction.

1.7.2Tetracyanoquinodimetharses Guest

Tetracyanoquinodimethane (TCNQ) is another widely used guastuk to
achieve the i mpr ov e mérnhewookfdondy Fadirbetat.,onduct i vi
the introduction of TCNQ lead tan increase in conductivity of HKUST by six
orders of magnituderhe authors explained that it is because obtlanger
electronic coupling between the dimeric gaddlewheeSBU bridged by the TCNQ
guest'?? A similar phenomenomwas also found in the other MOFs withrious

structureg23125

1.7.3Conductive Polymeas Guest

The advancement of conductive polymers has positioned them as promising
agents for enhancing conductivity when integrated into M@Ek/ing on the
porous nature of MOFs, monomers can permeate the framework and undsitgo in
polymerizationt?®127In research conducted by Wang et al., polypyrrole was
synthesized within the {Z(D,L-lactate}(4-pyridylbenzoate} framework via in
situ polymerization, triggered byoleculariodine?” The MOF-polymer composite
exhibited superior conductivity compared to bathodine-intercalatedVOF and
standalone polypyrrole. Bhincrease in conductivitwaslinked to enhanced charge
transfer interactions among polymer chains, facilitated by the MOF's linkers acting
a s-donors. Additionally, iodine doping in the polymer likely plays a role in this

conductivity boost. An intriguing finding was that polypyepbnce removed from
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the composite, displayed significantly higher conductivity than its bulk counterpart.
The enhanced conductivity is credited to the formation of highly liaearordered
polymer chains, fostered by thenfinement given by th&D tunnelwithin the MOF

structure

1.74 Limitations of GuesPromoted Strategy

Even though the incorporation of iodine is efficient, straightforward, and
practical, the potential drawbacks should not be ignoresbrimeMOFs, e.g.,
Znz(lack(pybz) andCos(lack(pybz) (lac = lactate, pybz 4-(pyridin-4-yl)benzoic
acid), even though the conductivity was greatly improtta@ugh incorporation of

|2, theloss ofcrystallinity wasalsoobserved?812°

In guestpromoted MOFs, there @ften a tradeoff between increased
functionality and loss of surface area and porosity. Typically, after guest molecules
are incorporated, the specific surface area of the MOFs decreases, indicating
successful integratiolt:*?212%High surface area is crucial for MOF applications,
particularlyascatalysts where it facilitates reactant accessibility and interaction.
Therefore while guest molecule incorporation may improve MOF conductivity, it
can compromise catalytic efficiency. dissue is also observed when conductive
polymers are introduced into MOF pores. Therefore, when designing and
synthesizing MOFs, the balance between conductivity and catalytic activity must be
meticulously considered to optimize performance withoutitogmtly sacrificing

porosity or surface area.

1.8 Other strategies to make MOF conductive
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In the following part, some relatively rarely reported strategies to make MOF

conductive will be introduced.

1.8.1Solventinduced conductivity modulation

Solventinduced conductivity modulatios treated as a specific kind of
doping, resulhg from thecoordination of polar solvent molecufes the work
done by Sun et al., it was found that the(B&BDC) framework exhibitdifferent
conductivity when soaked with different solvents. Compared with the pristine
Fex(DSBDC) which has unsaturated Fe centers, the abbtdinatedMOF6 s
conductivity is enhanced by 1,000 tim€harge transfer between the Fe ceswed

polar solvenimoleculesvasimplicatedin the difference

1.8.2 WnductiveMolecularScaleBridges

Conductivemolecularscale bridgescan be treated asspecial case giost
synthetic modificationwhich includes two steps to foratonductive bridge(1)
building blocksontonodesand(2) link the blocks'*® An example is th&JU-1000
with polythiophene incorporatgutepared by h e Hu p g%6T® maijch theu p .
dimensions of NLL00Q thiophene pentamgwerechosenas the unit block The
conductivity ofMOF-polythiophene was found to be X307 S/cm,about two

orders of magnitude higher than the pristine-NDO.
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Figure 36. Schematic demonstrating the formation of molecataie
polythiophenebridge in NU100Q*3° Reprinted with permission from ref3@

Copyright 2017 American Chemical Society.

In another work done by the Hupp groagonducive bridgewas introduced
in NU-1000throughinorganictin oxide blocks:*? Through the solvothermal
installation, themolecular tin species were irreversilgisafted onto the metal nodes
of NU-1000 via reaction with hydroxy and aqua growosteamtreatment
converted the tin speciestetratinlV) oxy clusters, siting between the insulating
zirconium clusters and forming a conducting bridbee conductivity of NJ1000
was enhancelly three orders of magnitude through the bridging, howelsrut

30%lossof the surface area was also observed.
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Chapter 2

Redox Hopping in MetalOrganic Frameworks through the Lens ofthe Scholz
Model
2.1 Abstract

Initially proposed by Lovric and Scholz to explain redox reactions in -pbiate
voltammetry, the Scholz model 6s applications
As an extension of the Cottrell equation, the Scholz model enabled the quantifafatio
electron hopping and ion diffusion with coefficienBy and Di, respectively. Research
utilizing the Scholz model indicated that, in most cases, a huge bottleneck is resulted from
the ion diffusion which is slower than electron hopping by ordersaginiude. Therefore,
electron and ion motion can be tuned and optimized to increase the charge transport and
conductivity through systematic investigations guided by the Scholz model. The strategy
may be extended to other sefithte materials in the futire.g., battery anodes/cathodes.

In this perspective, the applications of the Scholz model in different materials will be
discussed. Moreover, the limitations of the Scholz model will also be introduced, and

viable solutions to those limitations discussed
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(Reprinted with permission froiRef*8. Copyright © 2023 American Chemical

Society)

2.2 Solidstate Electrochemistry and the Cottrell Moded & the old tool used to

investigate redox hopping

Solid-state electrochemistry enables the study of almost any compound or material
with threedimensionally distributed, highigoncentrated redox centéfs!* regardless of
the conductivity of oxidized or reduced forms and film thickr?#&$€The study of varied

materials in this manner is possible because the electrochemical properties can be easily
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measured by loading the materials onto the surface of an electrode, even in trace amounts.
There are numerous methods to achieve the immobilization of solid samples to electrodes,
including electrophoretic depositidh*134135 aprasive stripping®® electrochemical
depositiont*®and direct growth of particlés® Mixing the solid sample with carbon paste

or conductive polymers to form a composite electrode system is also emptoyed.

In solid-state electrochemistry, conduction is often observed as the combination of
two processes: the movement of electrons between redox centers and the diffusion of
counterbalancing ions to maintain a neutral charge. The electron hopping process,
sometimes called redox conduction or sekchange, is triggered by the electrolytically
generated concentration gradients arising miadnce redox centers in the bulk
material*> Each of these two processes, ion diffusion or electroresetiange, could
become a potential bottleneck of the redox reaction due to the necessity for keeping
electroneutrality: the movement and accumulation of the faster species generates an

electricalfield, which accelerates the slower species and decelerates the fastérdne.

The Cottrell equation is widely used in electrochemistry to measure diffusion (or mass

transport) control over the rate of electrolysis. In the Cottrell equation (eq. 1),

0 ——— 1)

current is dependent ot because of the depletion of electroactive species near the
electrode surface regidf In this equationn is the number of electrons transferred in the

reaction Dappis the apparent diffusion coefficiefitj s Far ad afgiétheacaai st ant |,
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electrodet is time, andc is the concentration of redox active speégs® This equation

has been widely used to quantiyppand solve various diffusierelated questions in many
research fields, including the ion diffusion rate in solutions, diffusmmtrolled
electrophoretic deposition, redox hopping process in conductive polymers, across

molecularlysensitized metal oxidsurfaces, and through MOFs, and mbé2®

While the Cottrell equation has been invaluable for electrochemical diffusion
considerations, its weaknesses have become more apparent rdagptbombines the
counter ion diffusion coefficien)j) and electron transfer coefficieidd) and, therefore,
lacks any acknowledgment of their individual contributions to the overalt*rais.
aforementioned, electron hopping and counterion diffusion are interdependent and
mutually restrictive processes. Thus, the slower process will become Huet@teining
step for the overall process. Since optimizing thedatermining step is theast efficient
way to enhance the overall rate, it is essential to have a method that can separate the two
interdependent coefficients and identify whether the rate is hindered by electron transport
or ion diffusion. The Scholz model can be used to achigigegoal and help deepen the
understanding of redox hopping processes. In this perspective, we will discuss the
foundational principles and assumptions of the Scholz model, experimental evidence
supporting these assumptions, and practical applicatiotie @cholz model, along with

its shortcomings.

2.3 The Scholz modél 6 Principles and Assumptions
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The Scholz model was first proposed to illustrate the electrochemical phenomenon
in the voltammetry of microparticles (VMPJ.As expected for a theoretical model,
assumptions are made to constrain the model so that it may be solved. In the Scholz model,
the main assumption is that ion insertion can only happen through the sidewall of a crystal
(0,y,zandx,0,zplanes) parallel to the electrode surféeigurela)>°lon insertion from the
top (,y,zax perpendicular to the electrode surface is forbidden because it will lead to the
charging of the particlsolvent interface, which cannot be directly compensated by the

electrons from the electroaeystal interfacé&®

(@) (b)

Tnhibited Ton Flow

Electrolyte

1 at?/ As

at?/ s

Figure 1. (a) Electron and ion movement in a solid crystal following assumptions
made by the Scholz model and [@p vs. /0 curve with the three stages in the Scholz
model.Reprinted with permission froRef*8. Copyright © 2023 American Chemical

Society.

The other key assumptions include: (1) the concentrations of the oxidized and reduced

forms of electrochemically active species at the tiptegse junction are governed by the
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Nernst equation and at thermodynamic equilibrium, and (2) the electrons move in the z
direction only (perpendicular to the electrextgstal interface).

The ion insertion process can be divided into three distinct stages in the Scholz model:
Stage A is at the onset of applied potential, in which both ion and electron diffuse
unhinderedly along the interface of electrolyte and crystal into a-qaasinfinite space;

Stage B is after all redox centers on the electrgdgiticle interface are reduced/oxidized,

the reaction zone begins to penetrate the crystal bulk in this stage; and Stage C represents
the very end of the reaction, treated as more than 98%eo redox centers are
reduced/oxidized’*°°*The way to identify the three stages is through@n@vs. 10 curve
(Figure1b): the maximum ofDIOvs. M0 curve correspond to the moment that all the redox
centers at the electrolyte/crystal interface are converted, which marks as the end of stage
A and the beginning of stage B. Stage C is generally excluded from the analysis because it
is dominated by purelipn diffusion.*”:49:50

Through the application of grid modeling &
relationship between current response and time after a potential jump was developed for
Stage A. By fitting experimental chronoamperometry (CA) curves with the relatiopnship

the Di andDe of Stage A can be quantified. The relationship is as follows,

6 . —2 D0 10 c0o6 (2

whereu is the length of the threghase junctionxo and z, represents the hopping
distance of each step in tlxeirection and airection, respectivelyym represents the
molar volume,F is the Faraday constarDe and D; represent the electrons hopping

coefficient and ion diffusion coefficient, respectivalyis defined asi = E/RT(EEs) here,
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whereE is the applied stem potential of chronoamperometry alBdepresents the formal
potential E° Mbften estimated from the hadfave potentialE1/) derived from CV.

To solve the factors at the start of stage B, eq. 3 and 4 are applied.

0 - (3)

‘0 ™ ¢ 00 (4)

where H is the height of the particlés; andlref represent the characteristic time and
the current at that time, respectivahyandlrer, are easily identified as they are the values
that correspond to the maximum point in @#® vs. 10 curve. These equations can readily
be applied to define thBe andD; parameters relevant to bulk conduction.

One important consideration is the relationship between the Scholz model and the
Cotrell model and under what conditions each is derived. While both are derived from
Fi ckos | aws, there are <clear di fferences
coeffidgents. To see the relationship, we use the Stage A hopping behavior, Equation 2. The
standard form of Cottrell equation assumes a planar electrode, where electrons are confined
to the electrode surface, i.e., they are not a diffusing specid3e.an@. If we assum®e

= 0 in the Stage A equation, we are left with the following relation, Equation

W — 6 L —  6¥4 —— (5)

where, thedYd term refers to the surface confined electrochemical active area

around the threphase boundary, and it is comparable to the A in the Cottrell equation,

which represents the area of electrode. In the——— term, the— means the

concentration of redox centers in the particle, while the—— can be transformed into
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, Which represents the ratio of reduced state of the redox center, by simply use the

definition ofe . Therefore, the meaning of is the concentration of reduced

redox center, and it is comparable to the C term in the Cottrell equatierefore, the
Scholz model in the electron confined case is equivalent to the Cottrell e§UHfion
Therefore, when one applies the Cottrell equation to a redox hopping syttens is no

direct relationship betweddsppandDe/Di. Indeed, the Cottrell equation assumes only one
diffusing species, and thus, the resultBapp for a redox hopping approach has little
physical meaning. That said, the Cottrell equation is used widely in redox hopping systems
due to the ease of mathematical modeling and the realization that empirically the resultant
Dapp agrees with expected trends. Indeed, in work of theislgroup, where both models

were applied to the same system, the trend3jpagree well with that oDe andD;.#"4°

That said, the lack of physical meaning toEhg, highlights the power of models like that

of Scholz to provide a molecular context for redox hopping.

2.4 Applications of the Scholz model

2.4.1 Metal Oxide Reduction.

One of the most critical assumptions of the Scholz model is that the reaction starts at
the threeboundary, which has been widely observed and used to explain electrochemical
processes in sokdtate materials, e.g., metal oxideé%®® The first observation of the
threephase boundary was demonstrated by Scholz through the reduction of lead oxide to
lead.In situ atomic force microscopy was applied to monitor the-tiea¢ reduction of a
s i n gAb@ patiicle(Figure 2a)%2 The electrochemical reduction was performed on a

gold electrode and in 1 M KCI electrolyte. Due to the volume difference between litharge
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(U-PbO) and metallic lead, the reduced metallic region will shrink and show an obvious
interface, i.e., the reaction front. The reaction front region consists of lead ions and lead
atoms, as well as water molecules and hydroxyl ions, which can be treateatifase
heterogeneous interface. By tracking the movement of the reaction front, thieneeal

progress of the reaction was visibly detected, and it was treated as robust evidence to prove

the threephase boundary assumption in the Scholz model.

(@)

reaction front

[=]
"]
™~

(b)

reaction front

Pb

PbO

-250

Figure2.( a) At omi

1M KCI electrolyte after reduction for 1 s (b)2crystal crossection perpendicular to

the reaction frontReprinted with permission from réf3. Copyright 2001 Elsevier.

Interestingly, it was found that the reduction process starts from just one side of the
detected particle instead of starting from the entire tprese (PbO| electrolyte| gold
electrode) junction of the partic{€igure 2b). The author proposed a few explanations for
such a phenomenon: adhesion of the particle to the gold surface only occurred at the side

of the reaction front, or the particle exhibited vastly anisotropic nucleation through an
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uncontrolled structural phenomenon. Therefore, the contact between theaotidex
particle and the electrode is paramount to the measured behavior, and variability in
electrodeparticle contact may introduce random error in measured values. Specifically,
the number of HfAact i Néedhe mael)depentisosthe(contagt.ine sent e
previous research utilizing the Scholz model, measuring the number of cuboids could
become a problem. For instance, in the cases of mechanically transferringlseaehe
electrode, the way to determiNes from the weight of transferred materials, the dimension
of cuboids, and the density'*®*However, the number of f@Aacti ve
because of the uncertain contact conditions and aggregation of the cuboids.

To solve the problem, the information derived from CA can help. By integrating the
area under the CA curve, the total charge transferred in the electrochemical process can be
obtained*®'>” Knowing the concentration of the redox centers, the molar volume of the
materi al , and the dimension of particles, t|
Such a method is especially suitable for materials witldptermined redox center density,
for example, MOFs with redox center at certain $ites.

2.4.2 lonic Liquids

lonic liquids (IL) are attractive materials because of their unique properties, including
inflammability and nonvolatility, and have numerous applications, including batteries, fuel
cells, and capacitofs’ Even though ILs are in the liquid state, mixing ILs with solvents
in which they are immiscible results in the formation of IL drops on an electrode surface.
These droplets behave similarly to tiny crystals as the properties and electrochemistry of

specifc IL droplets are similar to redeactive particles. Therefore, the electrochemical
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processes in IL can be rationalized by the Scholz model just like other-aietios
solids®®®

In the work of Schrdder, the oxidation of protonated and unprotonated ionic liquids
(paraN, N, Netlahtkiphenylenediamine (THPD) and paAra N5 N Nj
trihexylphenylene diamine (TriHPD)) was performéd® The deprotonated forms of the
two ILs are electronic and ionic insulators, while the protonated forms are conductors for
both. As deposited, the ILs are deprotonated and insulating. After a potential is applied,
ion insertion into the IL is driven by tHermation of an electric field at the electrede
droplet interface. The conductive phase is formed as the insertion process propagates. It
was assumed that the reaction zone advanced as the conductive product formed, like that
predicted by the Scholz modailiginally for porous solid¢Figure 3a). For these reasons,
these ILs were treated as an analog to the radtixe solids for electrochemical analysis.

When the ionic liquid exists as droplets distributed on the electrode surface or as a
film not fully covering the electrode, it was found that the electrochemical oxidation was
initiated at the threphase junction(electrode | oil (ionic liquid) | aqueous solutidry.
After the electrochemical oxidation, the colored radical cation of TriHPD formed a ring
about the IL droplet, which was seen via light microsc@igure 3b). However, the
reaction was fully inhibited when the unprotonated ionic liquids were studied as a
continuous film covering the whole electrode surface. The authors concluded that the
absence of a definedhase boundary under fdllm conditions attauated oxidation. The
implications of such findings, if proven to be consistent across other matangilmmense.
Specifically, they would point to the need for grain boundaries to promote conductivity in

redox hopping materials.
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Electrode dimension

4.9 mm

Graphite Electrode

[ ] {RR'N-CH-NR,}
{RR°N-C,H,-NR; CIO,}

{HRN-C,H.-NR, IO’}
{HRN-CJH,-NR,}

Figure 3. (a) A schematic showing the advance of reaction zone (b) Photographic
image of a stamp imprint of the interlayer of unprotonated TriHPD (left) and protonated
TriHPD (right) after applying a potential 800mV vs.SCE for 60 s. The bright region

is the unreacted ionic liquid TriHPD, and dark region is the colored TriHPD radical
cation species. Reprinted with permission from¥&f.Copyright 2001 American

Chemical Society.).

While the observation of théhreephase reaction front in IL is powerful, full
guantitative application of the Scholz model is limited in the IL case. The charge transfer
process includes the transition from an insulator to a conductor, which ultimately
introduces a new or secongpBaseboundary as the process progresses. Moreover, the
hopping distancespxandg zare not weldefined in such amorphous materials. Thus, a
defined threadimensional structure is paramount to the realization of the full potential of
the Scholz model.

2.4.3 Organic Dyes

Human society has used organic dyes for thousands of years to achielastomng
coloration of fabrics. The natural properties of organic dyes make most of them redox
active. Indeed, the redox activity of organic dyes is used to produce, purify, atidestab
the dyes. The redox activity also makes the electrochemical characterization of ancient

dyes possiblé®? 164 Electrochemical analysis of organic dyes is generally performed in an
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agueous solution, in which the dominant diffusive ion species is the proton. Therefore, in
the Scholz analysis of organic dyes, the coefficienis often replaced by the proton
diffusion coefficient Dy, in the literaturé>"16°

Similar to previously described systems, the thplease boundary was observed in
the organic dye nanoparticles by ARRE.More importantly, organic dyes represent a
system amenable to quantitative analysis by the Scholz model. For example,
electrochemical investigation of Maya Bluefaamous, indigebasedpigment with high
stability widely used in ancient wall paintings, provided insight into thedelftated
structure of the dye. One of the hypotheses is that Maya Blue consists of indigo molecules
intercalated into the microporous tunnel of the inorganicenal matrix*®® To provide
insight into the structure of Maya Blue, electrochemical characterization was performed by
Doménech, et al., and the results of Maya Blue were compared with those of pure indigo,
the precursor of Maya BIUg®'58By using the Scholz modele and Dy of Maya Blue
particles were calculated to be (2 #)10° cnm?/s and (2 +1)x 108 cné/s, respectively. In
indigo, De (3 x 107 cn¥/s) is faster than that in Maya Blue, whidg (3X1L071° cnv/s) is
slower. The faster proton insertion rate in Maya Blue is consistent with the previous
hypothesis of a porous structure in Maya Blue, which provides a favorable environment
for the ion diffusion process. Additionally, tf@0vs.t curve from the CA study of Maya
Blue particles was found to be smoother than that of indigo particles, which also provides
information about the internal structure. Compared to the porous Maya Blue patrticles, poor
ion transport across indigo nanopartidiests the electroactive region to the external grain
area and thus, leads to the fast decay of current in CAtafter

2.4.4 Metalorganic Frameworks (MOFs)
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Metalorganic frameworks are a family of composite materials composed of metal
nodes and organic linkers. MOFs represent a rapidly growing field ofstaliel materials
that are known for their ordered structures, high specific surface area, high paodity
facile structural tunability*®¢ The development of electrically/electrochemically active
MOFs for applications such as thermoelectronics, photovoltaics, semiconductors,
capacitors, and electrochemical catalysts is a growing area of regeideshing a highly
ordered and periodic geometric structure, redotive MOFs are an excellent platform for
the application of the Scholz model.

The proposed electron transfer mechanisms in MOFs include the tHvondgh
pathway, througiplane pathway, througépace pathway, guestomoted, and, relevant
to Scholz, redox hoppirfEven though redox hopping has a relatively slow charge transfer
rate among the aforementioned mechanisms, it has a unique advantage: the ease of MOF
mani pul ation and design. Unli ke the three #fp
overlap between et a | ion and |Ism&eki mg, trheedox hoppi
requirements for the MOF backbone: as long as the MOF contains redox active centers, no
matter if the redox center is the metal ion/cluster, the linker, or both, redox hopping is
operative. Br MOFs with no native redox centers, redox hopping can also be realized by

postsynthetic incorporation methods, e.g., solvasgistant ligand incorporation

(SAL').106’108’109’111’113
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Table 1. Literatur®ap, values

MOF Redox Dapp
Couple (cn?/s)
Ir-UiO-66 [tV 1012
Fc-MOF-808 FcHo 1012
Fc-NU-1000 FcHo 101t
Fc-NU-1003 FcHo 101!
HeminUiO-66 Fe'P/FeP 10°
Hemin-UiO-66 Fe'"'P/Fé'P 1010
PCN-222 Fe'P/Fé'P 1012
MOF-525 Fe'P/Fé'P 1012
NU-902 Fe'P/Fé'P 1012
PCN-225 Fe'"P/Fé'P 1012
CoPIZA Cd'p/CdP 1014
py+/o 101 10
NU-1000
13
[Ru(tpy)(dcbpy)OH]?*- Ry 10°
UiO-67
Zr(dcphOHNDI) NDIO/ L1 10°°




Redox hopping in MOFs has been studied in earnest since 2014, @ngttherived
from the Cottrell equation is treated as an important indicator of the charge transport
properties of MOFs (Table $y.131420.23.24554 The Cottrell equation has been applied to
systems with different pore sizes, different counter ions, different defect levels, different
3D structures, and different crystallographic orientations of MOFs.

The role of channel alignment was demonstrated by comparimygpeefor vertically
and horizontally aligned MOF particles (with respect to an underlying conductive substrate)
(Figure4).8” NU-1000 prepared via solvothermal methods and electrophorectic deposition
demonstrate different particle alignments. Specifically, a solvothermally prepared film
results in NU1000 particles that extend along tbexis from the electrode surface.
Whereas films prepared via electrophoretic deposition result in particles that lay down on
the electrode along theeb planes. CA analysis of films prepared via the two formation
methods found that tHappin NU-1000 is anisotropic, i.e., 300 times higher aloraxis
direction than that im,b plane. According to classical Marcus theory, the-eetthange
rate for electrons should increase when the distance between hopping centers is decreased.
The governing factor of anisotropy in NLOOO was attributed to the difference in linker
to-linker distance and electronic coupling in different directions, which is a direct
consequenceof NO0OO0O6s | ower crystalline symmetry.

¢ axis

T

%y

Dropping(c)>> Dhoppinga-b)
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Figure 4. The anisotropic charge transfer alongxis and ima,b plane of NU1000.

Reprinted from reff”. Copyright 2019 American Chemical Society.

A similar phenomenon is borne out in studies of MOFs with different concentrations
of redoxhopping centers. For example, the concentration of Fadpping centers (and
by proxy the distance and electronic coupling between those centers) was explored in
[Ru(tpy)(dcbpy)OH|?*-UiO-6 7 (t py -te Rp 2 Nji 6 Njn @ip§ijoxg2b, p2yNj = 5, 5
bipyridine) thin films!® As the concentration was increased fromx~10"° mol/cn? to 1
x 10® mol/cn?, a shift from surfacéimited electrochemistry to redox hopping through the
entire film was observed. The same phenomenon was explored hsyptsetically
modified Ui0O-66 films with Hemin as a redox active centér.Interestingly, the
Hemin@UiG66 sample with the lowest defect density exhibited the hidhgs(4 x 10
% cé/sec, compared to 0.36 10° cné/sec at the highest defect density). The authors
rationalized the observation from tleealization of the Hemin molecules throughout the
3D framework. At low defect densities, the Hemin was hypothesized to be primarily
located on the external surface of the MOF particles. Whereas, at high defect density, a
more homogeneous distribution oéiin throughout the 3D structure was possible. Thus,
the distance between the hopping centers is smallest for the low defect density material and
the fastest hopping rate observed. It is important to note that in classic redox hopping
behavior for molecukeattached to the surface of metal oxide nanoparticles, the observation
of a percolation threshold, defined as the critical concentration needed to support a hopping
mechanism, is often observed through a detailed concentration adiiy&idn such
experiments, once the critical concentration is reached a dramatic increas®ip,iise

observed. In both concentratidlependent studies discussed here, a percolation threshold
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was not observed in MOFs and points to the complexity that the 3D distribution of redox
centers imparts in observed behavior.

As mentioned, the Cottrell equation and, tiiug,, lack the ability to separate the
contributions from electron diffusion and ion diffusitiThe disentanglement @. and
Di becomes a necessity to rationally deepen the understanding, improve the charge transfer,
and optimize the design of redaxtive MOFs. The Scholz model provides a possible

means to achieve this goal.

Charge F:

Compensating |
Counterlons /
@

i
N

Aap

\ .

Electrode

Figure 5. A Schematic showing the formation of copper metal laminas intercalated
in the MOF after reduction. The blue dots and green rods represent for copper nodes and
organic linkers, respectively, and the brown chunks represents the metallic copper with a

lamina structure. Reprinted with permission from ref 57. Copyright © 2006 Elsevier.

The Scholz model was first applied in the work of Domenech &t tal. gemonstrate
the electrochemical reduction of the metal nodes of a MOF. A negative potential was
applied to a coppdsased MOF, and the native €wode was reduced to Cuand,

subsequently, Gu Upon reduction to Cuthe nodes decomposed and formed metallic

74



copper particles. The copper metal particles formed laminas intercalated in the framework
(Figure 5). The laminar structure of metallic copper was attributed to the charge transfer
following preferential direction, which was rationalized by the direction of electron and
ion motion set forth by the Scholz model. In addition, the orientation of thé laxeiaas
(perpendicular to the electrode surface, in the electron hopping direction) suggests that
electron hopping is much faster than ion diffusion. Everugh this work did not give
guantitative analysis regarding redox hopping, it did support the applicability of the Scholz
model to MOFs and indicate that the electron hopping is much faster than the ion diffusion
in the system.

The first quantitative application of the Scholz model was carried out by &ahgar
et al. for metallocendoped NU1000 (M-NU-1000)#" It was found that th®es of doped
M-NU-1000s increased in the following the order ferrocene < ruthenocene < osmocene,
which is consistent with the sadkchange rate of the ¥IM3* (M = Fe, Ru, Os) couples.
MeanwhileDiwas found to be dependent on three
size, and the iopairing ability (discussed in the following paragraphs). Importantly, in all
guantitative studies to date, thevalues are higher than thatDfoften by several orders
of magnitude. Thus, it is the diffusion of ions that limits the overall redox hopping
conductivity in MOFs.

The ability to quantifyDe andD; as a function of the Scholz model stages enabled
further confirmation for the difference in hopping rate as a function of redox active
molecule distribution. As previously discussBdppanalysis of UiG66@Hemin samples
indicated that molecules restricted to the surface of the particles are reduced and oxidized

faster than those in the interior of the MOF patrticle. FERWF1000 MOFs, th®e values
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were threeto four- orders of magnitude faster during Stage A (when the exterior of the
MOF is oxidized) versus Stage B (when molecules in the MOF interior are oxidized). The
observation was attributed to the reduced degrees of freedom available ttetloz in
metallocene centers and consequently, a more fixed and larger distance between the redox

active molecules.

:

Os-NU-1000

Ru-NU-1000

]

Fe-NU-1000

f

NU-1000

5 10 15 20 25 30 35 40 45 50
20 (deg)

Figure 6. (A) The schematic of MOF modified with redox hopping center on the
metal nodes (B) PXRD pattern of unmodified MOF and MOFs modified through post
synthetic method (SALI). Reprinted with permission from $efCopyright © 2019

American Chemical Society.

The relationship between dimensional properties of ferrocened@ad MOFs and
charge transfer were explored by Cai ef%it was found that increases in pore size from
15 to 47A for a series of Fdoped MOFs, FMOF-808, FeNU-1000, and F&NU-1003,
(Figure7) lead to a negative effect on electron hopping. Indeed, the electron transfer rate

constantKenop, derived fromQ —, where r is the hopping distance) decreased from

~3x 10" s1t0 0.90x 10’ s'tin Stage A andD8 x 1¢ s to 2x 10°s 1 in Stage B. Like
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the concentration effect, the increase in the hopping distance between redox centers as a
function of pore size would result in decreased electronic coupling. Conversely, the

increase in pore size had a positive effect on the ion diffusion process dheelanger

transport channels available. The valueskfas, increased £ orders of magnitude while

pore size increased (e.g., 0.5 43 s' for tetrakis(pentafluorophenyl)borate ion, TFAB

Overall, theDapps derived from the Cottrell equation dfetthree MOFs were found to
increase with the MOFO0s pore size, i ndicatir
the overall rate of redeRopping process and providing support that the ion diffusion is

the ratedetermining step. A similar observatioras observed for a series of topologically

variant porphyrin MOF$21%supporting the application of the principle over a wide range

of MOFs with different redox active centers and incorporation methods.

NU-1003

NU-1000 / °,

MOF-808

Figure 7. Schematic structures of MGHD8, NU- 1000, and NLL000 showing the
change in size of the hexagonal pores. Reprinted with permission frétnCepyright

© 2020 American Chemical Society.

The effect of ion size was also explored in44Q00 and FENU-1000. For native NU
1000, switching the counter ion from hexafluorophosphates)PB tetrakis[3,5
bis(trifluoromethyl) phenyl] borate (BARFengenders a twao four- fold decrease iDapp

for solvothermallyprepared filmg° The diameters of RFand BARF are 5A and 15A,

77



respectively, and the pore sizes of 8000 are ~3@® for hexagonal pores and £for
triangular pores. Therefore, one could attribute the differenBagisito the relative ratio

of the anion to the pores with smaller anions transporting through the pores faster. However,
in FcNU-1000 films, the trend observed was the opposite. Specifically,
tetrakis(pentafluorophenyl)borate ion (TFABRas higheb; than hexafluorophosphate ion
(PR).*” The observation was attributed to the weakergdaring interaction between
TFAB™ and the metallocene center, even though TFABbulkier than P§. The
comparison of the behavior of NLDOO to that of F&NU-1000 implicates a complicated
balance between the size of the coubtancing ion and its ion pairing ability. The
conditions under which each parameter dictates behavior require furtheigatiest
Further investigation is particularly relevant given that E#&pared NU1000 films did

not showdependence on the size of the counterion.

2.5 Limitations and Challengesof the Scholz Model

While there have been several studies that qualitatively or quantitatively applied the
Scholz model to comprehend electrochemical phenomena instatel materials, it is
important to recognize that a theoretical model cannot account for all experimeaneaés.
Two of the major limitations elaborated throughout this review are: (1) the importance of
the particle electrode contact, and (2) the complications that arise frehonmwyeneous
distributions of redox centers.

2.5.1 MaterialElectrode Contact

As o0 b s er vPb@ casethe tonrectidh between the particles and the electrode

is paramount to observed redox processes. Specifically, poor electrode contact was
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hypothesized to cause-mo mogeneous r ePb@, cet, fromronlyoohe three e U
phase boundary. The limitation exposes the importance of the resistance at the particle
electrode interface and that in the application of the Scholz model, one nurseabsit
to be low in comparison to-particle transport. If that were not the case, the CA response
would simply report on that interfacial resistaricand littleto-no useful data about-n
particle redox hopping would be uncovered. The effect is péatig important and
relevant to film preparation methods that are uncontrolled, e.g., solvothermal growth of
MOF patrticles and EPD deposition of MOF particles. Expanding beyond the electrode
particle interface, resistance effects at parjaeticle intefaces for multilayer films
would also complicate analysis by the Scholz mode. Therefore, care should be taken for
deposited films to be thin, at a minimum, and single particle thick, if possible.

As a natural extension to a controlled partielectrode contact, thdimension of the
threephase junction of the particles must be known and-aeflhed to calculate thBe
andDi. For MOFs, like NU1000, MOF808, and PCN222, with controlled growth or
deposition geometries, the particles naturally have preferred face(s) that contact the
electrode. Thus, the length of the thpese junction is welllefined and can be
determined W microscopy easily. However, for MOFs with more complicated
morphologis, determining the dimensions of the thpdase junction is difficult. For
example, in ther- or Hf-based MOF DUT67, with both regular hexagonal and square
crystal planes, the length of thrpbase junction is uncleéFigure 8).17° Considering the
increasing number of MOFs utilized in electrochemistry and over 30,000 known MOF
structures, the need to measure the electrochemical responses of more complex MOF

structures is imminent. One possible solution is to use the weighted alesrgtieof all
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possible threghase junctions. Depending on the method of deposition, the weighted

average may change but it is still possible to be determined by SEM images.

¥ EHT= 5.00 kV Signal A= SE2
F— WD= 50mm Mag= 790KX  System Vacuum = 1.61e-006 mbar

Figure 8. Representative SEM images of-BJT-67 showing the regular
hexagonal and square faces. Reprinted with permission from refs 60. Copyright © 2023

American Chemical Society.

2.5.2 Inhomogeneity Distribution of Redox Centers

Redox hopping research on MOFs has brough to the forefront the expected
dependence of electron hopping on the distance between active sites. Indeed, it was shown
that molecules on the surface of particles, as observed in Stage A of the Scholz progression,

exhibit higher Des than those in the MOF interior. Therefore, materials with- non
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crystallographic arrangements (and potential even those with crystallographic
arrangements) of redox active species should display a distributidn(anhdD;) values,
a fact that builds significant error into reported values. A more rigorous analysis would
account for and report the distributioiisis it a Gaussian distribution? A stretched
exponential function? Efforts should be placed on the developmeyrtbiesic conditions
to promote reproducibility in structure, including psghthetically added opiecules.
Additionally, characterization methods that can accurately visualize the distribution of
such additives should be advanced.

2.5.3 Other Challenges

The earliest and arguably most powerful support for the Scholz model came from
visualization of the threphase boundary and propagation pathways for ions/electrons.
That said, two of the materials exploited for this purpose, metal oxides and ionicdiguid,
not pure redoactive solids. The conduction mechanism in each requires the generation of
another reaction front or conductive pathwathrough metal deposition or protonation.
Additionally, the primary method used for reaction trackind\FM T is na readily
applicable to electrochemicaltable MOFs. AFM required a volume difference before
and after the redox reaction, which is not common in all stéte materials. For example,
in the organic dye, Maya Blue, the rigid matrix nature leads tagilelgl volume change
during the redox reaction. Therefore, AFM is not a practical way to monitor thémeal
redox process happening in many materials.

In the IL example, visual microscopy was used to visualize the initiation of reactivity
at the thregohase boundary. The expansion of such spectroscopic visualization methods

that cannot only provide snaghot support for threphase boundaries and propéga, but
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also have the potential to be expanded to-tiea tracking are of particular interest for
future development. Through visualized redox reactions, the complications described
above, e.g., inconsistency of the electrpdeticle interface and potential ntidlayer
propagation, can be accounted for through experimental design. Measurement of numerous
particles via a visualization method may also provide a more quantitative view of the role

of inhomogeneous redox active molecule inclusion.

2.6 Conclusion and Perspective

To summarize, the Scholz model has provided explanations for various phenomena
regarding electrochemical processes in ssiate materials and analogous systems.
Moreover, it provides both a qualitative framework for scientists to rationalize observations
relevant to the propagation directions for electron and ion motion in redox solids, but also,
a quantitative method to determine the impact of ion and electron motion to overall
conductivity. So far, the findings derived from the Scholz model that catgrib the fields
understanding of redox hopping include:

(1) Redox hopping processes originate and propagate from the elguamidk
solvent, or thregoghase boundary. The direction of propagation depends on whether
electron transport (horizontal to the electrode) or ion transport (perpendicular to the
electiode) is rate limiting.

(2) Application of the Scholz model can be used to decipher the-dimemsional
nature of a material. As demonstrated with organic dyes, the porous structure of Maya Blue

was confirmed by comparison of the hopping rate to apuwous analog.
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(3) The thregphase boundary is necessary for redox conduction, as demonstrated in
ionic liquids. The results imply that grain boundaries or individual particles may be
required for redox hopping to be operative.

(4) In redoxhopping MOFs, ion diffusion is the bottleneck for the charge transfer
process in all the systems explored to date. Indeed, the difference b&waedD; is
orders of magnitude.

(5) The pore size of MOFs can affect b@kandD;. Nevertheless, in most cases,
considering thabi is orders of magnitude smaller thBg larger pore size leads to higher
overall charge transport performance.

These findings highlight the impact analysis by the Scholz model has in redox
hopping material design. That said, there are numerous additional avenues for future
exploration, such as: Can the application of the model be expanded to other redox active
solids, i.e., battery materials and/or perovskites? Can we eliminate or correct deviations
resulting from these heterogeneities in electrode contact or -sedime molecule
distribution through visualization methods? Can we apply the naoglebri to predict the
redox hopping behavior of MOFs based on the information on the redox center, MOF
structure, and morphological features of MOFs? The answers to these questions will lead
to a broader application of the Scholz model, a deeper understanding ohggnrg

processes and, consequently, more strategies to improve charge transfer in porous materials.
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Chapter 3
ReactionType-Dependent Behavior of RedoxHopping in

MOFsd Does Charge Transfer Have @referred Direction?
3.1 Abstract.

Redox hopping is the primary method of electron transport thraadyx
activeMOFs While redox hopping adequately supports the electrocatalytic
application of MOFs, the fundamental understandings guiding the design of redox
hopping MOFs remain nascei.this study, we probe the rate of electron and hole
transport through a singular MOF scaffold to determine whether the properties of the
MOF promote the transport of one carrier over the other. A redox center,
[Ru"(bpyk(bpy-COOH)F*, where bpy = 2,Dipyridine and bpyCOOH = 4
carboxy2,2-bipyridine,was anchored within N{1000. The electron hopping
coefficients De) and ion diffusion coefficientd))) were calculated via
chronoamperometry and application of the Scholz m&elfound that electrons
transport more rapidly than holes in MOFKgerestingly the correlation betwedbe
and seexchange rate built in previous research predicted reveiduy
contradicting resulindicates that spacing between the molacoioieties involved

in a particular hopping process dominates the response.

Keywords: MOF, charge transfer, redox hopping, ion diffusion
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3.2 Introduction

Metalorganic frameworks (MOFs), a class of coordination polymers, are a family

of permanently porous materials made through the coordination of organic linkers
and metal nodes. MOFs have numerous unique properties: periodic and tunable
molecularscale poosity, high specific surface area, robust structure, variety of
topology, geometry, functionality, et€ With these properties, MOFs have shown
promise in applications including but not limited to gas separation, gas storage, drug
delivery, catalysis, and energy storage. In recent years, the electrochemical and
photoelectrochemical application of MOFs haengeed interest, including
thermoelectrics, solar cells, and electrochemical catalysts, which all require

conductivity?
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Several strategies for imparting conductivity to MOFs can be summarized by two
transport mechanismbandlike transport andhoppingtransport+*’ Three subtypes

of bandlike transport are the throudiond, extendedonjugation, and through

space pathways. Thieroughbondpathrelies on the orbital overlap between the
metal nodes antihe functional groups on the organic linker to build tHe path for
electron transport. The extended conjugation includes the metal node and whole
linker, both functional groups and the organic backbone, to forD @@ocalized
network*® MOF films capable of these two mechanishave relatively high
conductivity. However, to realize conductivity, careful selection of dwdker pairs

is required to match the ligasmbde orbital energy levefs’ A throughspace

pat hway is generally observed fof the 2D MC
stacks of conjugated organic linkers. The observed conductivity in such scaffolds
depends heavily on the interlayer distance and stacking pattern; consequently,

careful design is also requiréd

Hoppingtransport idbased on electron hopping between spatially separated
redox active moietie€:“51In contrast to the strictly matched nelifeker pair in the
conjugation pathway and the welksigned stacking in the througpace pathway,
redox hopping in MOFs can be realized in various ways: redox centers can be metal
nodes>’ 59:6466.7% rganic linkers¥ 2% guest molecule&®122:123.126.12gtc Moreover,
postsynthetic methods can easily functionalize or anchor the redox centers onto
MOFs (e.g.solventassistant ligand incorporation (SA)Lf8114116.14 T herefore a
simple design and experimental method can incorporate 4salgping capability

into almost any MOF. Even though the conductivity of redogping MOFs is
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relativelylow (1.2x107 S/cmcompared td.,580 S/cnfor redoxhopping andand
like transportrespectively$’1"?such a mechanism can be exploited in

electrocatalytic frameworks, where catalysis is likely to belnati¢ing.

In the previous research on redlaopping MOFs, a paramet@rmed the
apparent diffusion coefficienDgpp) derived from chronoamperometry (CA) via the
Cottrell equation was widely used to describe the overall Fedpping process in
MOFs1551.70,105,108,114.1%he Doy includes contributions from two interlocked
processes: electron hopping between redox centers (also knowneschelfige)
and counterion diffusion to neutralize the resultant charge. The Scholz model was
recently applied to MOFs to separate these peasemto independent parameters,
the electron hopping coefficierdg) and ion diffusion coefficient;).*”*°*The
model assumes that the reaction starts at the-firage junction
(electrode/crystallite/electrolyte) and propagates into the crystal. Electron hopping is
assumed to be perpendicular to the electrode surface, while the ion diffusion is
parallel®® From the previous literature, a few essential properties of redox hopping
in MOFs are uncovered: (De depends on the sedixchange rate between
incorporated redox centers. @)depends on the size of the counter generally
larger for more compact counterions (3)is generally several orders of magnitude

higher tharDi, meaning ion diffusion is the limiting process in redox hopfiHd?®

In this study, we prepared NLDOO particles with bis(2Bipyridine) (4
carboxy2,2-bipyridine) ruthenium (1) ([RU(bpy)(bpy-COOH)F*) redox centers
anchored onto the nodes [RiIW-1000) and electrophorectically deposited the Ru

NU-1000 particles onto FTO slides. Considering the nature of the redox center,
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[Ru"(bpyk(bpy-COOH)F*, charge transfer can occur in two directions: when an
oxidative potential is applied, the electrons will flow out from the MOF through the
highest occupied molecular orbitals (HOMOSs) which are filledRarbitals; when

a reductive potential is applied, the electrons will flow into the MOF to the lowest

unoccupied molecular orbitals (LUMOS), which afeorbitals of the bpy ligands.

[Ru'(bpy)o(bpy-COOH)** [Ru'(5py)o(bpy-COOH)IP* [Ru"(bpy);(bpy-COOH")I*

COOH

3+

reduction

+e”
——

Qxidation
-e” (+h*)
-

t | |

tzg = tzg = fty

Figure 1. Molecular structures and simplified molecular orbital diagrams of
[RU" (bpy)(bpy-COOHY]* (left), [RU' (bpy)(bpy-COOH)E* (middle), and

[RU" (bpy)(bpy-COOH)F* (right).

These two pathways can be considered the molecular equivalent to charge

transfer in traditional semiconductors: iftype semiconductors, the charge transfer
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is dominated by the transfer through the conduction band, whil¢yioep
semiconductors, it is dominantly carried by the valance band. It iskneWn that

the character of the semiconductar-type or ptypei dictates its optimal
application in either reductive or oxidative photoelectrocatalytic schemes. From this
perspective, we wanted to investigate the potential for a preferred direction of
charge transport in redetlxopping MOFs. Herein, we quantifi& andD; at the
appropriate applied potentidlsr reduction and oxidation of RNU-1000 via CA

and application of the Scholz mod@IThe results indicated that reductive transport
was faster, exhibiting a highBe andD;. The role of selexchange rates, site-site
hopping distance, steric crowding of the transport channel, and ion pairing are
discussed. The results provide clear design rules for optimization in future

electrocatalytic MOF applications.

3.3 Experimental Section

NU-1000 was prepared via previously published procediteStructural
confirmation was provided via powder -rdy diffraction, scanning electron
microscopy, and surface area measurements (see Supporting Information). A
modified SALI procedure was employed to incorporate'[Bpy)(bpy-COOH)F".

Briefly, the pristine MOF was heated with tfieu" (bpyk(bpy-COOH)](PF)2 in
DMF with continuous stirring. The concentration of [fRapy)k(bpy-COOH)F* in
Ru-NU-1000 was confirmed and quantified ¥ld NMR on the acietligested MOF
sample (FigreS7). Immobilization of the RtNU-1000 onto the conductive substrate,
in this case fluorineloped tin oxide (FTO), was carried out via elegharetic

deposition (EPD). Scanning electron micrographs confirm the near -pagiele
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thick film, so particleto-particle hopping contributions to the electrochemical

response will be minimized.

The electrochemical response of-RU-1000 was investigated by differential
pulse voltammetry (DPV) in C3CN with a TBAPF supporting electrolyte. A DPV
scan from an open circuit td@0mV vs.Ag/AgNOs revealed a single redox event
with halfwave potential (2) of 1000mV vs.Ag/AgNO:s (Figure 2a) at all sweep
rates.The linear plot of peak curreus. (scan ratéf? (Figure 2b)demonstrated that
the oxidation is a@iffusion-controlled procesComparison of the RNU-1000
electrochemical response to the [Rapy)(bpy-COOH)|(PFs)2 compound in
homogeneous solution revealed that the nature of the redox event was due to the
incorporated complex and not the structural MOF. The MOF linker is oxidized at
~1000 nV vs.Ag/AgNOs, but the linker was redesilent in the DPV curve, which
can be explained by the Donnan exclusion mentioned in previous res@aca.

redox event can be attributed to the oxidation df ®WRU".
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corresponding peak currert scan rate plot on the oxidation side.
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The DPV scan from open circuit $8200mV vs.Ag/AgNOs displays three
redox waves with g of -1630mV, -1780mV, and-2070mV. Again, comparison
to [RU' (bpy)(bpy-COOH)|(PFs). compound in homogeneous solution indicated
that the events were associated with the anchedmkactive compoundPrevious
studies enabled the assignment of these peaks to subsequent reductions of the three
bpy ligands!’®1"’Considering the electrewithdrawing nature of the carboxylic
acid group, the reduction of thgy-COOH ligand should occur at a mopositive
potentialthan the other two bpy ligandBherefore, the reduction signal-a630
mV was assigned to the fyOOH ligand, followed by the remaining two pristine

bpy ligands.

Chronoamperometry was performed to quantify the diffusion coefficients for
redox hoppingln line with Cottrell analysis, an excitation pulse was conducted
from an area of open circuit to beyond the redox wave of interest. The open circuit
potential was held for orfeourbefore switching the excitation potential. In the case
of oxidation, the 200mV vs.Ag/AgNOQOs, at which the oxidation peak of Ru ends,
was applied. The difference between the &d the excitation pulse ensures that the
current measuredilvbe in the diffusionlimited regime. For the reduction, an
excitation voltage of1650mV was applied. The difference between the excitation
pulse and k&> was necessarily smaller due to the potential overlap with the second

bpy reduction wave.

3.4 Results and Discussion
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The resultant currentoltage plots display the characteristic exponential decay

expected for diffusive transport as predicted by the Cottrell model, Equation 1.

wherei is the currentn is the number of electrons transferred in the redox
reaction, F is the Faraday constant, A is the area of the planar electrode, c is the
initial concentration of the redox active specl@syis the apparent diffusion

coefficient of the redox active species, and t is the.time

While theDappis widely reported for redekopping MOFs to measure the
electron transport rate, we have previously shown that applying a more extended
Scholz model is relevant and applicable to M&FE.The Scholz model enables the
separation of electron and ion transport contributiori3agpby quantifyingDe and
Di. The Scholz model accounts for the electrochemical conversion of molecules at
the surface of the MOF crystallites, defined as Stage A in the model, and bulk
diffusion, defined as Stage B. Testinguish stage A and stage B, the curtene (|
vs.t) responsefFigure 3a and 3byere transformed int@Q) B10plots (Figure 3¢
and 3¢. The maximum value d@Owas denoted as the reference tirg) @nd

signified the transition between stages A and B.

93



Current/(A)

(©

0.00004

0.00002

12 (as?)

0.000004

Figure 3. (a,b) Ghronoamperograms (black line) and the Stage A Scholz model

0.0004+
0.0003
0.0002-
0.0001+
0.0000+

(@)

0
0.0000H
-0.00024
-0.00044

-0.00064
-0.000

(b)

0

lref:l.76 s

0

]./22 12
s

Time/(s)

(d)

tr =0.144 s

0.0002

|t1/2/(A51/2)

0.00004

T
2
11/2/51/2

fits (red line)for (a) oxidation and (b) reduction of RUU-1000.(c,d) The

‘@A) B/10Scholz plots for oxidation (c) and reduction (d) used to determaine t

For stage A, the curretime relationship should follow the Equation 2,

wher e

N i

S

t

he

number

10O

of

—_—

qeje; (2)

particles

Vmis the molar volume of Nt1000,u is the length of the thregghase junction (the

n

94

t

h e



parameter of particlelectrode interfacePe is the electron hopping coefficierm;
is the ion difdiwsitdre d omenf fhiogpipetimdg, ddgxst anc e,

el ectron hopping distance. G is defined as:

- YN0 ©

Where F is Faradayodés constant, R is the
the applied excitation potential in chronoamperometry, arngltBe formal potential
of the redox pair. All the parameters can be calculated, derived, or determined based
on the SEM image, chronoamperometry, and structure of f1(8ee Supporting

Information)

By fitting Equation 2 to the chronoamperometry responses befaffeigure
2), De andD; in stage A were calculated. The calculairéaindD; are listed in Table

1 and fitting visualized in Figuré
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2 x 10° cmé/s for reduction and oxidation, respectivelyrdgs are reported as one
standard deviation). Previously, the Morrib tdbservedhatD; in stage A is

generally very small as a bath of ions surrounds the redox active molecules sampled
before the excitation puldé*°Thus, it is not surprising to see that ievalues are

within error of each othei), reduction =1 + 1 x 10 cé/s; D, oxidation =19+ 7

x 107 cné/s).

For stage B, the relevant diffusion coefficients can be determined via Equations

3 and 4,

o 4 3)

O m™e— 00 (4)

where H is the height of the partigqfffom the electrode surface to the top of the
particles),andlre is the value of current att The calculatede andD; for stage B

are listed in Table 1 and visualized in g 4b.
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Table 1.De andD; of oxidation/reduction in stages A and B
Stage A Stage B

RedReact DdJ (%) DI (Zym Dd (Z¢ym DI/ (%)

Oxi dat i 1.16 @ 14116 | 9611063° 72110672
[ Ru( 4 by) 49116 3.1ads 28T1(9 1711672
COOHY*]31 64110 2211085 Jad 3211068
9.11n G 191 165° Tad 1.1 d?2
Averag 3N2I 10 1N1l 1% 2N1T 41| 3N371 1 &
Reducti 1.116 191 16¢ 1.1 @ 5.120 ¢*
[ Ru(dpwy] 1.116 2.7 | 8.1a @ 3.7ad
COOH9)*I*1 5 .76 1.1338¢ 5.7 6 3.7a &
2.18 0 1.1667 10110 1.712 @°
Aver ag 3N2T 10 2Ni1T %0 8N2T 4 6N41 #C

Bulk redox hopping in Stage B reveals a critical understanding of the function of
the interior, which is required to be able to design MOF patrticlesléotrochemical
reactions. Figuret8demonstrates that bofbe andD; are larger for reduction when
compared to oxidation. The averaeand D for the oxidationwere2 + 1 x 10°
cmé/sand3 + 3 x 1012 cné/s, respectively, versu®+ 2 x 108 cmé/sand6 + 4 x 10

1 cné/s for reduction

There arethree intriguing observations made from the comparisons of the
diffusion coefficients: (1)In both the oxidation andreduction case,De of bulk
conversion is smaller than surface convers(@h TheDe of the reduction process is
faster than that of thexidaion process irboth surface antulk regimes of redox
hopping (3) The D; of the reduction process is higher than that of dRilaion
process in bulk regimes of redox hoppiff§gure 4). The differences in charge
transfer rate were also reflected in thgy, derived from the CA by applying the
Cottrell equation, which are, on average, 3.4 +1.8¥0n?/s and 3.4 +0.5x10"

cé/s for oxidation and reduction, respectively.
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Redox hopping follows classic Marcus theory, i.e., the rate of redox hopping
depends on the sedixchange rate of the redox active species and the distance
between redokiopping centers’® Indeed, a positive correlation between the-self
exchange rate and spacing between the redox centers has been seen for metallocene
modified NU-1000#° The literature values of sedfxchange rates of
[Ru" (bpy)s]2*/[Ru" (bpy)e(bpy")]* reduction and [Ri(bpy))]>/[Ru" (bpy)s)]**
oxidation are 4.% 10 M1stand 1.0x 10° M!s?, respectivelyt’®18Thus the
selfexchange rates indicate that in-RUW-1000, theDe of oxidation should be

higher than that of reduction.

To explore any potential difference due to the presence of the carboxylic acid
group, density functional theory (DFT) calculations of the inner and outer sphere
reorganization energies for oxidation and reductibfRu' (bpy)(bpy-COOH)]
were carried ouiGiven the ergoneutral nature of the setthange reaction, the rate
of selfexchange is correlated to the energy barrier associated with reorganization, as
there is no thermodynamic driving for€@onsistent with the experimental values
for the nonsubsituted compound, the DFT reorganization energy was larger for
reduction than oxidation, 0.30 ex.0.12 eV, respectively (See Supplemental
Information). As expected, the calculation shows that the@®P@H reorganization
dominates the reduction reorganization due to the extra electron. If the charge
transport depended on the seXchange ratdoth theory and experimeshould
indicate that the oxidation ba largerDe than the reductioprocessHowever, he
experimental trend is reversed, suggesting that other factors, lite-site hopping

distance, play a dominant role in the studied case.
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Assuming a uniform distribution of redox centers, the calculatetbRode ratio in
Ru-NU-1000 implies there atiree[Ru" (bpy)(bpy-COOH)F* centerson
nonadjacent node sites in each hexagonal tufiglire5).**"*Because the hole
transporis centered primarily on the metal cent€igure6), which is proved by the
DFT calculation(Figure®6), the distance between adjacent Ru centers for hole

transport is approximatet7.3A.

As for reduction, DFT calculations indicate that the faisictrontransfer
primarily occurs to the carboxylate ligand (&ig5), whichmatches the result of
CV (FigureS8). If the electron hopping happens directly from one-Qi@OH
ligand to another, the hopping distance would be ~20Gombining the smaller
selfexchange rate and the longer hopping distance in the case of reduction, it is
impossible to have such & of reduction higher than that of oxidation. So, there

must be a shortcut for the electron transfer in the reductive conversion.

Evidence from ultrafast spectroscopic measurements of analogous
[Ru"(bpy)]?* chromophores indicates that the electron density quickly equilibrates
over all present bpy ligands due to the relative similarity in electron affiffié%

The shared bpy radical character between the excited and reduced states of
[Ru"(bpy)s] means they will likely have similar delocalized electron configurations.
In our case,lte excitation potential applied for CA is where the first reduction peak
ends in the DPV curve (Rige S9b. However, due to the inevitable overlap of first
and second reduction peakse tapplied potential isegativeenough to partially
activate the reduction of at least one ofid@aining bpyligands, which could

make the electron cloud delocalize across all thpdigands. Therefore, we treat
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the localization of the electron as an electron cloud that encompadses ldlands
to calculate &10.0A distance between adjacdmy centers. Thidistance is
significantly smaller than that for the oxidation procest?.3A). Additionally, the
reduced electron cloud msore diffuse compared to the compact densithat
oxidized Ru center, which shouiacilitate good electronic coupling between

adjacent bpy centers.
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Figure 5. The predicteddistribution of [RU (bpy)(bpy-COOH)F* centers in
thehexagonatunnel of NU100Q with arrows showing thestimated distances

between (red) Ru centers, (orange) bpy ligands andCap@H ligands (blue).

The proposed distances for electron and hole hopping depend on the fact that
the molecular motion of theedox sitess restricted through immobilization at the
node. Further, molecular restrictions would be amplified in the pore space compared

to on the surface of the MO®hich leads to the fact that tBe is larger in surface
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conversion than in bulk conversion. This result matches the previous works done by

the Morris lab in another MOF redox systém®
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Figure 6. Computational electron configuration of [Ropy)(bpy-COOH)F*

in acetonitrile

To understand the differenceln for reduction and oxidation, we consider the

path through which the ions transport and the roles of charge repulsion, ion pairing,

10z



and pore crowding. The Scholz model dictates that chemistry originates at the three
phase boundary for both processes. Therefore, the center outermost centers will be

converted first.

In the case of oxidation, to balance #uditional positive chargiat resulted
from oxidation,an additional negatively charged ioust diffuse into the MOF
from the electrolyte. For the next interior ruthenium center, once oxidized, an ion
from the free electrolyteust diffusehrough a pore environmetitatalready
contains an additional ion (i.e., a more crowded channel), or it must break the ion
pairing interactions of the first redox center and through a®itéte population
process move themg further into the crystallitén the other case, threduction
process willalsooriginate at the crystal surface, in which the outermost
[Ru"(bpy)k(bpy-COOH)F* centers will be reduced. Upon reduction, a negative ion
deintercalates from the crystallite and enters the free electrolyte. For the inner
ruthenium centers, upon reduction, the released ion has a more open channel to
transport to the free electrolytedditionally, given that all the ruthenium centers in
its path are already reduced, chabgéanced, and carry a lower effective charge,

these sites would have minimal attraction to hinder ion motion

Considering that ion diffusion is the radetermining step in most redox
hopping systems, in the case[BL" (bpy)X(bpy-COOH)?*, reduction would be the
preferred charge transfer directioe,, RuUNU-1000would be betteat reductive
electrocatalysis. Given that many inorganic catalysts for transformations of interest
(protonreduction, CQreductionwater splitting etc.) feature similar motifs, i.e.,

positively charged metal centers, we hypothesize that electrocatalysis by MOFs
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would be more efficient for reductive processes in most cases. The experimental

validation of how general this rule is will be the focus of future investigations.

3.5 Conclusion

The dependence of reaction type (reduction or oxidation) on redox hopping in
MOFs was investigated by the chronoamperometry study o100 film modified
with [Ru'(bpyk(bpy-COOH)F* centers. In both surface conversion and bulk
conversion of redox centers, the reductive process, where an electron transfers to the
“* or bi bpyligandsnexhibited faster ion and electron transport. Indaed,
bulk conversionthe averag®.andDi; for theoxidationwere2 + 1 x 10° cré/s and
3+ 3 x 10" cn/s, respectively, versug+ 2 x 108 cn?/sand6 + 4 x 10 cmé/s for
thereduction Given that the observed trend was at odds with reported (and calculated)
selfexchange rates, we posit that the distance between the redox active moieties is
dominant in determining the electron hopping rate between redox centers. For ion
motion, the transport radecan be understood in terms of steric crowding of the
transport channels during oxidation and breakingpaining interactions to enable
siteto-site transport. This design rule could be widely applied to many important
MOF platforms given the similaritiebetween thgRu' (bpy)k(bpy-COOH)F* centers

and common inom@nic catalysts.

Building on our discoveries, we are keen to explore rexive complex
species with conjugated ligand structures, which could enhance hole transfer during
electrochemical oxidation. Previous studies have shown thatleo&on oxidation

of nickel(Il) paphyrin in specific solvent and electrolyte environments can generate
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a ni ckel ( I-radical patorty Ihtrpduding such radicatation complexes
(or those with analogous behavior) iM@®Fscould yield ptype semiconducter
like properties. This advancement could broaden the electrocatalytic applications of

MOFs and enhance their utility in various technological fields.
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Chapter 4
The Dependence of Redekopping Behavior on

Electrolyte Fraction in Metal-Organic Frameworks
4.1 Abstract

Redox hopping is the dominant charge transport mechanism in many eatalyst
modified metalorganic frameworks (MOFs). Previogtidies have shown that ion
diffusion is the rataletermining step of redox hopping. To uncover the role of electrolyte
in redox hopping, the electron hopping coefficiddd) (@nd ion diffusion coefficientd)
were measured for NI000 cooperated with [R(bpy)(bpy-COOH)F* as redox center
across various mole fractions of electrolytes. The results showed that in both the surface
conversion (stage A) and bulk conversion stages (stade-B)creases with the
increasing mole fraction of IL up to a maximyooint, after whiclDe drops dramatically.
During bulk conversiorD; displayed a similar volcarshaped trend. In
tetrabutylammonium hexafluorophosphate (TBAP&nd 1Butyl-1-methylpyrrolidinium
hexafluorophosphate (BMPyrrB)Fsolutions Di peaked at a fraction of approximately
0.05, close to th&iitca determined by th&Valderés plot However, in 4butyl-1-
methylimidazonium hexafluorophosphate (BMIMJPRhe maximunD; value appeared
at a fraction of about 0.01, much lower thanfth@a. Theres | t s sugg-ést that t
interactions between the aromatic BM1ind the linker of NLLOOO may play an

important role in ion diffusion.

Keywords: MOF, redox hopping, electron hopping,

plot.




4.2 Introduction

Redoxhopping is a charge transport mechanism observed widely in natural and
artificial systems, including biochemical reactions, conductive polymers, organic dyes,
and metaborganic frameworks (MOFs). There are two coupled processes involved in
redox hopping: pe is electron hopping between the redotive sites, also known as
selfexchangerocessand the other is counterion diffusion, which neutralizes the charge
generated bglectron motionin MOFs, the redoactive centers may be the metal nodes,
organt linkers, introduced guest molecules, or a combination of the former. In that
regard, imparting redox hopping laefor to a MOF isa practical and easily achievable
method for charge transfapplications Indeed, redox hopping was confirmed to be
efficient enough to support electrocatalytic applications in M@fesuding water
oxidation!®>"%14hydrogen evolutio® CO; reduction'¥ 18’ etc). The apparent diffusion
coefficient Dapp) derived by the Cottrell equation is commoeiyployed to quantify the
rate of redox hopping through MOEs1.7087.108.188 5 \yever, as an overall parameter,
Dappincludes the contributions from both ion and electron transport entangled together.
Therefore, direct measurement of ion transport and determination of the relative
magnitude of electron and ion transport via the traditional magiotpossible

A theoretical model developed by Scholz et al. was previously used to decipher the
De andD; from electrochemical experiments quantitativ®&¥6In these previous studies,
ion diffusion Oi) was consistently found to be the rditermining step for redox
hopping in MOFg451148Systematic studies of the fundamentals of redox hopping were
conducted to accelerate the redox hopping process in MOFs, and strategies were

developed based on the discovef&® For example, for redox centers with similar
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structures, th®e was found to follow trends in the known molecular-ssi€hange rate

of the redox centers, indicating the possibility of accelerating the electron hopping by
changing the redeactive centef! Additionally, pore size enlargement was found to help
ion diffusion and consequently lead to a higherAlthough the increased pore size also
elongates the electron hopping distance and has a negative effecDanthee
improvement in the bottleneck, ion diffusionakes the overall charge transfer rate
higher#® However, even after applying such strategies, the cafarsagnitude gap
betweerDe andD; still exists, which requires researchers to continue fundamental
investigations and develop more practical strategies to improve MOF redox hopping
rates.

In previous investigations, theectrolyte concentratiowas foundo significantly
influence the electrochemical activity of redox centers in MOF. In work done by Hod et
al., it was found that ferrocene molecules gsithetically anchored within a MOF were
redoxinert at a low electrolyte concentratiddowever, when the fraction of electrolyte
excee@da critical valueof ~0.5 M, the redox activity of ferrocene centers was
restored-*® Inspired by this work, we expect the electrolgtacentratiorwill not only
impactthe redox accessibility dflOF-incorporatededox centers but also affect the
charge transferates of redox hopping. Therefore, we investigated the effect of electrolyte
concentratioron the relevant diffusion rates foedox hopping in MOFs. Because of the
limited solubility of traditional electrolytes (e.g., TBA§Fwe also used ionic liquids to
achievean extremely high concentration of supporting electrolytes

lonic liquids are salts with low melting points. Some with melting pailuse to

room temperature are named rotemperature ionic liquids (RTIL® They have
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attracted interest in research and industry because of their unusual properties, such as a
highly concentrated ionic environment, rapid ion-$edhsport, low vapor pressure and
flammability, wide liquid temperature range, and excellent solubility fan boganic and
inorganic compoundd hey are, for example, used in electrochemical applications,
organic synthesis, catalysis, fuel cells, and solvent extra®idfPHowever, despite
these advantages, ion pairing in ionic liquids is a serious problem. lon pairing decreases
the population of free ions that serve as charge carriers. The pairs, clusters, or networks
formed by pairing increase the size of matrix parsicleading to higher viscosity*
When ionic liquids are used as electrolytsenuatedliffusion caused by the increased
viscosity must also be considered.

Considering these insights, we aimed to investigate how changing the ionic
concentrationn the electrolyte affects charge transfer behawothis work, we
prepared NUL000 with [RU (bpy)(bpy-COOH)F* anchored as redox centers. Redox
hoppingrelated coefficientd)e andD;, at different electrolyte concentratiomgere
extracted using a combination of chronoamperometry (CA) and analysis with the Scholz
model . Moreover, we applied Waldends rule to
and ion pairig effects to ion diffusion and determine the mole fraction at which the ion
pairing behavior changes significantly.
4.3 Experimental Section

NU-1000 was prepared following a previously published procedéfithe structure
and morphology were characterized by powdea)X diffraction and scanning electron
microscopy. We applied a pesgnthetic modificatioé & solventassistant ligand

incorporation (SALI) to anchor the redox center, [Ryy)(bpy-COOH)F* (where bpy
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=2 , -ldppiidine and bpyCOOH= 2 , -ldpMridine-4-carboxylic acid), into the Nt1000

and the modified MOF, RNU-1000, was preparetd NMR of digested RtNU-1000
samples was used to determineah®untof incorporatededox center, [RU(bpy)(bpy-
COOH)F*in Ru-NU-1000. Electrophoretic deposition (EPD) was used to deposit the Ru
NU-1000 particles onto a working electrode, fluordwped tin oxide (FTO) slide.

Scanning electron microscope (SEM) was used to determine the size and distribution of
Ru-NU-1000 paticles on the FTO slides, drit was confirmed to be a nesingle layer,

which eliminates the contribution of interparticle charge transfer to the overall redox
hopping.

The electrochemical behavior of RIW-1000 in acetonitrile solution of three
electrolytesTBAPFs, BMIMPFs, BMPyrrPFs, with different molar ratios was measured.
Differential pulse voltammetry (DPV) was performed to determine the redox potentials
of the RUNU-1000 film by scanning from the open circuit potential to 2 V vs.
Ag/AgNOQOsg, Figure 1 A reversible redox event of the RIWU-1000 film is clearly defined
in the DPV curve with an & of ~925mV and anirreversiblepeakattributed tahe
oxidation of thdinker of NU-1000 at ~1650 mVThe potential where the oxidation peak
of the [RU (bpy)x(bpy-COOH)F* ends in DPM~1.2 V)was applied as the excitation

potential for the following chronoamperometry (CA).
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Figure 37. (a) CV of 0.01 M [RUi(bpy)(bpy-COOH)](PFe)2 solution in
acetonitrile with 0.1M TBAPFas supporting electrolyte and (b) DPV response of

Ru-NU-1000 in pure BMIMPE:

In the CA experiment, after holding the open circuit potential for two hours to

ensure equilibrium, the excitation potential determined via the DPV plot was applied
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to the RUNU-1000 film on FTO and held for 20 mins. The chronoamperometric
response of current)(vs.time () was recorded, and tli®p, was attracted from it

by utilizing the Cottrell equation.

0 ——— (1)

The Scholz model was applied to quantitatively determin@ndD; of each
sample from the experimental CA data. There are three stages defined by the Scholz
model: Surface conversion (stage A) is related to the conversion of redox sites on
the particlesd6 surface. Bul k comrdwesr si on (st
getting into the bulk MOF. Final conversion (Stage C) is the period after 99% of the
redox sites in the crystal have been converted. Due to the lack of info regarding
electron transfein stage C, we will not discuss it here. The transition between
surface conversion and bulk conversion is identified by transforming the
chronoamperometric curvéys.t) into an‘@IQ) B1Cplot. The time corresponding
to the maximum value é@1Qrepresents the transition between stages A and B and is

defined at the reference timest

For stage A, thévs.t relationship follows equation 1.:

A y y — _

00 — ) =4 00 10 COO )

where N represents number of particles in
constant, W, stands for the molar volume of N1DOO,u is the length of the three

phase junction (the dimension of contacting interface between particle and

11
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el ectr odaidorapmsent thexion diffusion distance and electron

hopping distance of every single hopping pr
« 'Y'™YO ©

where R and F represent the gas constant
T is the temperature, E is the applied excitapiotential in chronoamperometry,
which was derived from the DPV, andi&the formal potential of the B! redox
pair derived from the reversible redox event in DPV. All the parameters can be
calculated, derived, or determined based on the SEM image, DPV, CA, and the
structure of MOF/ 4950154 See Supporting Information) By fitting the CA response
before ffto eq. 1, thé. andD; in the surface conversion period can be calculated
(Figure 2).

(b)

0.00005{

(a
0.00014

0.00012 —— Experimental CA plot| 0.00004H
2 0.00010] — — Fitting curve in stage A

.00003

k

| aéAsyz)

0.00004 0.00002

0.0000
0.00001
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Figure 38. (a) CA response to the oxidation of RlU-1000 in an acetonitrile
solution of BMIMPFs with mole fraction of 0.2%vith fitting in stage A (dash line}b)

Transformed plot oftY?vs.t¥? used to determine theriin the Scholz model.

For stage B, the equations 3 and 4 are utilized to quantitively idéntdnd

Di:
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o — (3)

0O me— 00 (4)

where H represents the particle height, from the electrode surface to the top of

particle, andref represents the value of current at the reference(tingere 2b)

4.4 Results and Discussion

4.4.1D¢in Stage A and B

In all electrolyte cases (TBARFBMIMPFs, and BMPyrrPE), the trend oDein
surface and bulk conversion is similar: at low mole fractions of electr@ytecreases
with increasing supporting electrolyte concentration. After reaching a critical mole
fraction for each supporting electrolyi®s; decreased. The conserved trend over
supporting electrolytes iDe reflects the fundamental similarity of the charge transfer

mechanism of the electron hopping step in these two stages.
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Figure 39. Plot of De in stage A and B changing with mole fraction of (a) TBAPF
(b) BMPyrrPF, and (c) BMIMPF in acetonitrile solution.
The concentratioependence dde in both surface conversion and bulk conversion
can be rationalized with welklnown Marcus theory. In Marcus theogayreorganization
energy barriemustbe overcome teaompleteoutersphereelectron transfer. The

reorganizatiorenergyincludescomponents due tthangsin bond lengtk and bond
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angles of donor and acceptor molecules, as well as the redistribution of solvent molecules
and counterions surrounding the molecufddow mole fractions of electrolyte, the

available source of free ions for coordination reorganization is too low, which leads to a
high reorganization enerdarrierand decreaseide. When the mole fraction of

electrolyte increases, the available ion population also increases, facilitating the
reorganization process. At a certain fraction, the density of the dissolved gatarated,
reorganization energy minimized, abd maximized. The observed decreas®éafter

the maximum is due to two facté$ increased viscosity and ion pairing.

The viscosity of the electrolyte solutions at different mole fractions is shown in
Figure 3. As expected, the viscosity of electrolyte solutions increased with increasing
supporting electrolyte concentration. The increased viscosity negatiyedgetsrelevant
processedncluding the reorganization of solvent and counter ions surrounding the
molecules, and it also restricts the vibrational overlap between the donor and acceptor,

makingthe electron transfer less probable
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Figure 40. Plot of viscositys.mole fraction of supporting electrolytes in
acetonitrile solution, including TBARFBMIMPFe, and BMPyrrPE
Strengthened ion pairing negatively affects the electron hopping in two ways. On the
one hand, the formation of ion pairs, clusters, and networks consumes the source of free

ions, on the other hand, the increased volume of ions makes them harder o tet int

MOFG6s pore and approach t o -ophmealstateedox center

4.4.2D;j in stage A and B

Di in stage B was also found to follow a volcasttaped trend. InitiallyD; increased
with increasing supporting electrolyte concentration until the critical concentration was
reached, whereaft®; decreased (Figure 5)he increase at low concentration was
attributed to the increase in the ion diffusion flux which is due to the increase in

concentration gradient between the MOFOGs

11¢
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effectelectrolyte concentration wagnoredand it was assumed that the diffusiongy
triggered by th&€oncentration gradient between adjacent unit bé&Based on the
Fickdébs | aw, when the concentration gradient

constant, the increase in the ion flux at high concentratiorbeiteflected om;.
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Figure 5. Plots andD; in stage B changing with the mole fraction of (a) TBAPF
(b) BMPyrrPF, and (c) BMIMPE in acetonitrile solutionDashed lines indicate the
critical fraction determined through
The decreasen; after the critical concentration is likely a result of that

hypothesized to describe the observed behavidddoincreased viscosity and ion
pairing. On the one hand, increased ion pairing in bulk electrolyte limits the population of
free counter ions and, in turn, the driving force for diffusion via a concentration gradient
which will also be reflected as a decreasBiirThe formation of ion pair and clusters
also leads to a stronger steric hindrance for ion diffusion and slow dowm the other
hand, the diffusion coefficient is inversely proportional to viscosity, which can be derived

from the Stokegkinstein equation (eq. 5):
o — (5)
whereQi s the Boltzmannds c eissistasitytand RTsthes t he t e

radius of the species. The increased viscosity will slow the diffusion of counter®ns. A
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aforementioned, the increase in the viscosity of electrshfigtionis strongly tied to ion
pairing. In this study, we usé&la| dendés pl ot to verify the str
at high concentratiorsnd found that the ion pairing effatescontribue to the
decrease iD.
Wal dends rul e i s an e mpi-Einsteirarélationshipeg.der i v e d

5) and the NerndEinstein relation (eq. 6)

Q — 0 © (6)
whereQ is the limiting molar conductivity, F is the Faraday constant, R is the gas
constant, an®® andO are diffusion coefficients for cations and anions, respectively.
Through the combination of eq.5 and eq. 6, we obtained/thé d e n 6 swiththeu at i o n
following form:

Q- 0éEEi OMOED (7)
Wal dends rule was initially applied to mol

between viscosity and molar conductivity, and its application was expanded to other
electrolyte systems, including ionic liquids. The linearity fB'@ 0 81 T € plot

reflects the electrolytes ion pairing properties. Specifically, deviation from the linearity of
Wal dends pl ot i n-gpdiringlbehavsot>an oar meestigaton,ive i o n
found that Waldends plot can al so be applied
reflects the change in igmairing strength when the electrolyte fraction increases.

InFigure6, t he Wal dends pl od &TBAHAF, BMPEIPR, hr ee el e
and BMIMPFs, are shown. In each plot, there are two linear regions characterized by
different slopes. Extrapolation between the two defined linear regions to the intersection

determines the mole fraction at which the ion pairing strength changes greatly, termed the
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critical fraction fcriticar). Thefcriticas were determined to be ~0.05, ~0.06, and ~0.06 for

TBAPFs, BMPyrrPFR, and BMIMPFs electrolytesrespectively. When thigiticas derived

from the Wal dends plots are compared with th

it was found that two points <c

reflect ion pairing strength in electrolyte solutions
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Figure 6. Walden plots of (a)TBAP4: (b) BMPyrrPE, and (c)BMIMPFE solution in
acetonitrile. The plot was divided into wedklack) and strongairing (red) region
based on the slopes of the Walden plot. The linear fitting plots were elongated to define
the intersection point separating the two regions.

4.4.3Comparison betweebiand Cr i ti cal Fraction of Wal de

When theiicad et er mi ned t hrough the WDpbtssénds r ul
was found that in TBAPfand BMPyrrPE, the turning point ob; matches up with the
feritical Very well (Figure 5) It indicates that the drop IDi is mainly because of the
strengthening in ion pairing effect in the two electrolytéswever, in the BMIMPE;
there was a mismatch observ€ansidering that all electrolysystemscarry the

identicalanion(PFs), theanion is unlikely the source of the difference

4.4.4 The Catiordependent behavior
The mismatch iDi& peakandfcritica for BMIMPFg indicates that the MOF

environment imparts additional influencemparedo thehomogeneousolution (where
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the conductivity is measured). Thus, we considered the nature of the cations: thé BMIM
is aromati¢gwhile the other two are not. The aromatic BMIMay interact with the
pyrenebased linker of NULOOO and change the diffusive behavior8/1OF. Thatsaid

the charged ion pairs/clusters in the electrolyte solutionsdiffageinto the MOF and
impart the linkercation interactios It could decrease the M@pore size and/or

introduce sites trapping the ion diffusion by adsorbing the pairs/clusters orsietaton

of MOF. Therefore, the mismatch between the pedRiqfiot and thécriical indicated the
extra interaction between the framework arglitimic speciesAdditionally, it is also
observed thathe cationcanplay a critical role in redox hopping even whers not the

fiactived species.

N N
N \N/\/\ CN</\/
\—/
BMIM* BMPyrr* TBA"

Figure 7. Molecular structures of BMIN) BMPyrr", and TBA
4.5 Conclusion
In conclusion, the redekoppingrelated charge transfer coefficiends, andD;,
within Ru-NU-1000 at different concentrations of supporting electrolyte in acetonitrile
were determined. During both surface and bulk oxidafrncreased with increased
supporting electrolyte concentration until a critical concentration was reached. The
similarity in trend points to a fundamental similarity of mechanisms of surface and bulk

electrochemical oxidation from the perspective of tleetebn. The increase is
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rationalized by a decrease in reorganization energy for thexsgiinge process
facilitated by a higher free ion population. The following dropéwas attributed to the
increased viscosity aridcrease in ionic volume resulted froom pairing.
Di was also found to follow a similar trend@a during bulk diffusion. The increase
in Dj at low electrolyte fractions is attributed to the increased concentration gradient
between bulk solution and-MOF at higher supporting electrolyte concentratidrise
drop after peaking was attributed to high viscosity and strengthened ion pairing.
Additionally, the strengthened igraring wassupported¢hroughdeviations from
linearity in Waldergs plos.
When comparing the critical frabiploton det er
well-matchedplotsof Di andfcriicas Wwere onlyobserved in TBAPEand BMPyrrPE
solutions indicating the decrease [ is mainly due to the stronger ion pairing
BMIMPFs solution, the peak d; shows up at a much lower mole fractibanfcritcar.
The discrepancy between electrolytes atigbuted to thestructural differenceghe
aromatic structure of BMIMI eads t o-"a isnttreaomagceri oon bet ween t
the aromatic linker of Ne1000,which may lead to hlockagein the MOFs pore or
introduce trapping sites and changedifusive behavior. Therefore, through the
comparisorbetweerthe critical fration andD;, theadditionalinteraction caused by
MOFG naneenvironmentan be indicatedt was also determined that cation plays a key

~

rol e in r edoonactivdpppdesng as a A
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Chapter 5
Determination of the Activation Energies of Redox

Hopping in Metal-Organic Frameworks

5.1 Abstract

RedoxHopping has been widely utilized to realize the charge transfer in catadygitied
metatorganic frameworks (MOFs) and proved to be efficient enough to swarastischemical
reactions. Neverthelesse stilld o rkdotv enough about teermodynamicef redox hopping,
such as thactivationenergies of the processés this study, we utilized electrochemical methods
combined with the Scholz model to study the variation of coefficients related to redox hopping with
temperature and used thermodyneal analysis to calculate the activation energy of each
process. The results showed ttiat electrochemical oxidation of NWO00 modified withbis(2,2*
bipyridine) (4carboxy2,2-bipyridine) ruthenium (1) the Ex of electron hopping in surface
conversion (stage A) and bulk conversion (stage B) are 5@8.&kJand 93.7 6.6 kJ/mol,
respectively The E, of ion diffusion in bulk conversion 2.5+ 2.4kJ/mol It shows that the slow
ion diffusion is caused by the low collisi@oefficientcompaed to electron transfer, instead of
high activation energy.

5.2 Introduction

Researcherdiave investigaté the redox hopping behavior in MOFs, and consequently,
developed strategies to accelerate the redox hopping. In the work done by the Morris group on
metallocendunctionalized NU1000, it was found that thBe varies with the metal centers of
anchored metallocene, following the sequence of Os>Rtfwther study finished by Cai et al.
found that theD. andD; can be modified by changing the pore size of MOF. The enlarged pore
provides an opener environment for the ion to diffuse and consequently leads to a higher ion
diffusion coefficient. However, the mechanism on the bottomrasety investigatedin the work

done by Li, the Ea corresponding to the redox hopping was determined to be 1.91 and 0.93 kcal/mol
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for 0.0-Zn(pyrazotNDI) and 0.5Zn(pyrazotNDI) (pyrazotNDI = 1,4-bis[(3,5dimethyl)}pyrazolt
4-ylInaphthalenediimideYespectively

The electron hopping step is explained by the espdiere electron transfer of Marcus theory
developed in 19582 In the case of redox hopping in MOF, the donor and acceptor molecules are
intrinsically identical, but with different oxidation statuchac as e i s n-a&xoadge as fis el
r eactln praviopus studies, the seakchange reaction was readily approved to be a
thermodynamically controlled process with an activation energy, which is equal to quarter of the
reorganization energy.

The other process in redox hopping, ion diffusion, was also widely studied and determined to
be thermodynamically controlled with specific activation energy. Therefore,having the rate
constants at variant temperaturia® activation energy of each process can be calculated through

the following, weltknown Arrhenius equation (eq. 1)

T 0q (1)

To achieve the goal, temperatutependent experiments were performed onr21000 with
bis(2,2:bipyridine) (4carboxy2,2-bipyridine) ruthenium (1) ([RU(bpy)(bpy-COOH)F)
anchored as the redox active center. Thefficiens related to redox hoppingon diffusion
coefficient D¢ andion diffusion coefficient D)), at variant temperaturesre derived from the
chronoamperometry plot with the help of the Scholz mddehsequently, the corresponding rate
constants can bealculatedand theArrheniusplots of each process is obtained.

5.3 Experimental Section

Preparation of the pristine NILO0O was following a previous literatur@.The redox active
center, [RU(bpy)(bpy-COOH)E*, was introduced into pristine NILO0O via solvenassistant
ligand incorporation (SALI) by heating 30g of tiestine NU-1000 and 108g of bis(2;Bipyridine)
(4-carboxy2,2 bipyridine) ruthenium (m hexafluorophosphate ('Rapy)(bpy-

COOH)PH(PF6)2) in 1.2 mL of N,Ndimethylmethanamide (DMF) for 7 days at 100C with

12¢



continuous stirring (50 rpm). Scanning electron microscope (SEM) images were collected for the
pristine NU1000 and NW1000 with [RU(bpy)(bpy-COOH)F* loaded (ReNU-1000) to
determine the sizes and shapes of particles (Figure S1). PXRD patterns were also collected to ensure
the crystallinity (Figure S2)H-NMR was performed on the RuU-1000 digested by 50 to

derive the ratio between the organic linker and'[Bpy).(bpy-COOH)F* group(Figure S3)

7/11/2024 HV WD mag o HFW |spot| det
2:31:18 PM|10.00 kV[12.0 mm 15 000 x 17.1 um| 4.0 |[ETD

Figure 41. SEM image of the MOF particles
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Figure 43. NMR of (top) digested RiNU-1000 in acidified DMS@i6é and (bottom)
H4TBAPYy in chloroformd. The marked peaks were integrated to calculate the ratio between the
[Ru"(bpy)(bpy-COOH)F*and linker of NW1000.

Ru-NU-1000 was deposited on fluori®ped tin oxide (FTO) through electrophoretic
deposition (EPD) by following the procedure of previous literaturBifferential pulse
voltammetry (DPV) was utilized to investigate the redox behavior of thBIBR1000 film and
determine the excitation potentiélE.y) for the following chronoamperometry (CA). In the
chronoamperometric test, open circuit potential (OCP) of th&lB+1.000 film was applied for
one hour to equilibrate the redox states, tagdetermined by DP\Figure 1) where the oxidation
peak of[Ru"(bpy)(bpy-COOH)F* ends (1.22 V)was applied on the film for 20 mins and the

current response was tated.

131



b Eexcitaxion: 122V

|

-0.0003+ :

] [

-0.00024 :

- |

-0.0001+ |
2 L

S 0.0000 |
C L

= |
5 0.0001+

O ] !

0.0002- |

] |

0.0003A :

] |

0.0004+ |

|

2.0 1.5 1.0 0.5 0.0

E vs.Eang/agNO3/(V)

Figure 44. DPV plot of RuNU-1000 in acetonitrile solution of TBAPF6 (0.1 M). (DPV

parameters: period = 30 ms, width = 50 ms, height = 50 mV, and increment =5 mV). The quasi
reversible peak at ©D0mV is from the reversible oxidation fRu"(bpy)(bpy-COOH)F* center
in NU-1000, the small peak at ~In®/ is from the oxidation of pyrenkased linker of NtLOOO.

With the assistance of the Scholz modi®l,andD; of Ru-NU-1000 atvarianttemperatures
can be conveniently extracted from the CA fiigure 2a) The analytic procedure relying on the
Scholz model was following previous works finished by the Morris gfééhThrough the peak
of 1t¥2 vs.t¥2 plot, the transition from surface conversion to bulk conversion can be determined
(Figure 2b).TheDe andD; in surface conversion is determined by the following equdtion

W — ppa— D0 10 COo )

where N represents the total number of MOF patrticles in the deposited MOF film, F represents the
Far aday 0 sniscthe malar wlanbhe,of thé matrix material (which is44Q00 in this case),

u is the length of the crystal| electrode| electrolyte junction,caménd gpz stand for the ion
diffusion distance and electron hopping distance in each single redox hopping step. Tlhésterm

calculated through the following equation 2:
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- "aYYO © (3)

where R stands for the gas <constant, F represece
temperature. Kand Erepresent the excitation potential in CA and the formal potential of the redox

reaction. All the parameters in éan be calculated or determined by characterizations, including

SEM, DPV, CA, and the molecular structure of MOF.

In bulk conversion, th®. andD; are determined by ed.and eq5.

6 — @

) ™ ¢— 00 )
where H represents the height of the patrticle, which is from the elegantiele interface to the
top of the particle and}represents the current at the reference time in chronoamperometry (Figure
2b).
Through the combination of chronoamperometric plot and the Scholz nindahd D; in
surface conversioand bulk conversion stage were obtained. The rate coristafieach process
was calculated by the following equatidhand?:
Q T (6)

Q ° ™

wherere andr; are the hopping/diffusion distance for each single hopping step, which is equal
to Y& andYo used in the Scholz model, respectively. The plot df)lag. (1/T) will be used to
calculate the activation energy for electron hopping and ion diffusion processes of each reaction

type.
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Figure 45. (a) Thechronoamperometry plot of RMU-1000 at 303.15 Kin 0.1 M
acetonitrile solution of TBAP§with the fitting plot in surface conversion as red dash line.
(b) Normalizedplots ofIt*2 vs.t'? at variant temperaturedemonstrating the tref shortens
with increasing temperature.
5.4 Results and Discssion
De and D; derived from the chronoamperometric plots are listed in following Talgadl
visualized in Figure 3. Because the redox centers on the egjstalolyte interface already
emerged in an abundance of counter ions,Rheuring surface conversion has very limited
information about the diffusion process. Therefore, it will not be discussed in the following part.

Table 1.Summary olariation of Coefficients with Temperature

Temperatire De A Ke A De B Kes D_B ki B
(K)
(cm?/s) (s?) (cm?/s) (sh (cm?/s) (sh
298.15 166.3%X 107 | 370.8 X 10° | 25#€.6 X 10° | 57+1.3X 10* | 42403 X 102 | 14901 X 10
303.15 2442 %107 | 5528 X 10f | 1.190.1 X 10° | 2.690.1 X 10° | 558.9 X 102 | 1.84.3 X 17
313.15 3927 X 107 | 9.06.4 X 10° | 3.2906 X 10° | 7.54.3 X 10° | 6.62.0 X 102 | 2.2#0.6 X 1
318.15 6.34.2 X 107 | 14909 X 107 | 4206 X 10° | 9743 X 10° | 7.690.7 X 102 | 25#€0.2 X 1
323.15 8.746.7 X 107 | 2.04.5 X 107 | 4.74.2 X 10° | 1.1903 X 10° | 9052 X 102 | 3.04.7 X 1
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Figure 6. Plots showing temperatudependence dde in stage A (a)De in stage B
(c), andD; in stage B (e) and corresponding irs. 1/T plots (bd, f)
For the electron hopping in the surface conversionDgheas found to increase with
increasing temperaturdreference times ({f), which represents the transition from surface

conversion to bulk conversipmwas also foud to shorten withelevated temperatur&igure 5b).

The trend of t: with tempergure alsoclearly illustratedthat, during the surface conversiatie
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rateof electrochemicabxidation increases with higher temperatufée correspondingctivation
energy derived from th&rrheniusequation was calculated to 56.3+ 28.0kJ/mol

For the electron hoppingrocesses bulk conversionthe Arrhenius plot was found to be not
perfectly linearjnstead it is with a convex shap&herefore, the activation energy was calculated
was calculated by using the poirats higher temperatures. The corresponding temperature was
calculated to be 5786.6kJ/mol The convex Arrhenius plots were reported in precious research
on enzymes anil was attributed to the configurational source: when the temperature increases,
more possible configurations of the molecules are activated. However, a ceti@iof rthe
activated configuratiom ar e fAdead?od, which means they wil/l n c
hopping. I f t he r atircreasasddsterfihdrie thelArricenius plot willnopat i on s 0
at high temperatures, leading to ttwvex Arrhenius plot®* Considering the electron hopping in
MOF also relies on the configurational match of redox centers, the reason for convex Arrhenius
plot can also be from the configurational source.

From the calculated results, it is apparent that the activation barrier in surface conversion is
about20% lower tharthat in bulk conversionit is rationalized bycomparing thesurrounding
environmeng of redox sites omlectrolytecrystal inteface and in the bulk MQRhe sites in the
MOFGs pore are stericallsestrictedby the limited space in MGE nanostructure, while the ones
on the surface amangling The higher degree of freedom makes the surface sites easier to move
and rotate to achieve thetimal orientations for electron transfer, which decreases the activation
energy barrier in the outsphere reorganizatid°

Knowing the activation energy of both surface and bulk conversion, the strength of electron

coupling between adjacent redox centers can be calculated through the eq. 8

0 T:A gD y

(8)

whereker is the electron hopping rate,i s t he r educ e dk,ifPtheaBolzikadrs const a

constantHap is the electron coupling streng¥iO is the change in Gibbs free enerdy@= 0 in
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selfexchange reaction),is the reorganization energwhich is equal to 4 times the activation
energy). The calculated electronupling strengths were calculated to be ~3800 and ~4400

cm? for surface and bulk conversion, respectiyeifile the[Ru(bpy)]?* molecules in solution
have an electrorcoupling strength ~ 7 cit®* Therefore, Ru centers anchored to-1lQD0showed
amuch higher coupling strengthan the Ru centers in solution. Additionally, the redox centers
inside the MOBs pore have stronger electron coupling than those on the su¥acattributed
such a phenomenon to thes-orientation effect provided by tHdOF: in solution,the coupling
strength is weak becaute redox centers are completely randomly orientédile in MOF, the
rigid framework makes the redox centers alignglich leadgo pre-oriented cofigurations for
electron couplingthe effect is even stronger inside the bulk MDkerefore, theigid structureof
MOFs affects the electron hopping in MOF in two opposite waysicitelerate the electron
hopping by strengthening electron coupling, meanwhikdso reduces the degrees of freedom of
the redox centers and increasesatigvation energy for electron hopping.

When considering the activation barrier for ion diffusion, it was found to be 22.5 +2.4 kJ/mol

It is close to the [Eof the selfdiffusion of Pk reported in previous literatures, which &2 +

0.3in diethyl carbonaté&® and 34.5 6.0 in BMIMPR: 1" However, the obtained.&alue is lower

than those of electron hopping in both surface and darkersion Counterintuitivay, it seemgo
contradict previous research on redox hopping in MOFs, which identifies ion diffusion as the rate
determining step. However, when we factor in the Arrhenius equation, which includes-the pre
exponential factorA) representing the collision frequency contributinghe process, the pre
exponential factor also has critical contribution to the rate congtaey. are two possible reasons
may casge the gigantic difference between the-gxponentials of electron hopping and ion
diffusion. The first reason ithe significant difference ithe mechanism between the electron

coupling and diffusion. The other one could bedliferencein the size the particles participating

the processes, which are electron Bfgl, respectively\WWhen compared to the electrons, the larger
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size andnuch slowemobility of PR leads toa low collision frequencyTherefore, the small pre

exponential factoleads to ion diffusion consistently being the rdétermining step in the redox

hopping processven thouglits activation energy is small

5.5Conclusion

Through the combination of temperatulependent chronoamperometry, the Scholz model,
andthe Arrhenius equation, the activation energy of each process of the redox hoppinilir Ru
1000 was derived. Fohe electrochemical oxidatipthe activation energies of electron hopping in
surface and bulk conversiavere50.3 +28.0 and7.9+ 6.6 kJ/mol, respectivelyThe activation
energyof ion diffusionin bulk conversiorwas calculated to b22.5+ 2.4 kJ/mol. The result
demonstrates thatven though the lowctivation of ion diffusionis easy to overcome, the low
collision frequency causes slow ion diffusidrus,evenincreasingheworking temperaturdoes
makes theedox hoppindaster i t nbtseffective enouglwhen compared to the other strategies
focusing on improving the collision frequency of ion diffusion (e.g., enlarging the pore size). In the
research, it was also found that the strength of elecioipling between the redox centers is
stronger in MOF than in solutiomvhich was related to the pmrientationcausedby therigid
frameworkstructure. It provides a possible way to establish faster electron hopping through the

design of MOF and the redox centers.
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Appendix

Chapter 3

Synthesis of NU1000.The preparation of Nt1000 was following a slightly modified
procedure from a previous literatifé98 mg of ZrOCL.8H.O and 2 g of benzoic acid were
mixed in 8 mL of N, Ndimethylformamide (DMF) in a-@ram vial. The mixture was sonicated
for 15-30 minutes till a uniform and clear solution was formed. The solution was heated in oven
at 100 € for 1 h. After taking it ouand cooling down to room temperature, 40 mg of 1, 3; 6, 8
tetrakis(pbenzoatepyrene (H-T BAPYy) and 40 e¢L of trifluoroacetic
the mixture and sonicated for 15 min. The yellow mixture was placed in an oveh @tf@018
h. After cooling down to room temperature, the yellow precipitation was isolated by centrifuge
and washed with fresh DMF 3 times (soaked for 1 h between washes). The resulting yellow
precipitation was suspended in a mixture of 12 mL of DMF@G8B8 mL of 12 M HCI. The
mixture was heated in an oven at 100 € for 18 h. After cooling down to room temperature, the
powder was isolated by centrifuge and washed with 12 mL of fresh DMF (soaked for 1 h between
washes for the first two washes and soakeztright for the third time) and 12 mL of acetone
(soaked for 1 h between washes for the first two washes and soaked overnight for the third time).
After washing, the powder was collected by centrifuge and dried in a vacuum oven at 80 €

overnight.

Synthesis of [RU (bpy)2(bpy-COOH)](PFe).. The preparation of [Rigbpy)(bpy-
COOH)](PR).was following a modified procedure from a previous literdffird91.38 mg of
Ru(bpy}Cl,.2H0O and 112 mg of4¢arboxy2 , -Bypiridine (bpyCOOH) were added into a
mixture of 5 mL of methanol and 5 mL of water. The mixture was heated and reflexed overnight
to get a dark orange solution. The solution was filtered, and the filtrate wesveqgioragd to
nearly dry. 5 mL of DI water with a few drops of concentrated HCI was added into to redissolve

the solid, then the solution was ratgaporated to dry again. The damange solid was collected
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and suspended in ~3.5 mL of saturated;Rid aqueous solution by ultrasonication and stirred
overnight to replace Glith PF. The color of suspending particles turned from dark red to
bright orange during the counter ion exchange. The bagdrige precipitation was collected by

filtration, washed with cold DI water, and dried in vacuum oven overnight.
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Figure S2.'*H NMR spectrum of [Ri(bpy)(bpy-COOH)](PF)

Spectroscopy of [RU (bpy)2(bpy-COOH)](PFé).
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Figure S3.UV-Vis spectroscopy of [Rifbpy)(bpy-COOH)](PF)2.

Solventassistant ligand incorporation (SALI) of NU-1000.The Rucomplex with
carboxylic acid group was anchored to 1000 following a modified procedure from a previous
literature®® 30 mg of NU1000 and 108 mg of [Rbpy)(bpy-COOH)] (PF)zin 1.2 mL of
DMF in a Xdram vial. The mixture was heated in a sand bath at 100 € for 7 days with
continuous stirring at 50 rpm. The mixture was shaken once per day to make the powder stacked
on bottom to suspend. After cooling down to room temperatweeyrecipitation was washed
with fresh DMF till the supernatant became colorless (soaked for 1 h between washes) and
washed with acetone and diethyl ether for 3 and 2 times, respectively. After washing, the particle
was collected by centrifuge and driecaimacuum oven at 80 € overnight.

Structural Characterization of NU-1000 and RuNU-1000.Figure X presents the powder
X-ray diffraction pattern of the ag/nthesized NtL0O0O and ReNU-1000 after the SALI process,
along with the simulated pattern of NLO0OO. Both asynthesized NbL 0 0 0 6 s-Nd-h @ 0 R&@ s
patterns show clear characteristic pediich match the simulated pattern well, indicating that the
structure of NU1000 is periodical and ordered, and the SALI process did not change the structure

of NU-1000.
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Figure S4.PXRD pattern of NU100O (red), ReNU-1000 (blue), and simulated PXRD
pattern of NUJ1000 (black).

The SEM images (Fig. S5) before and after the SALI process also indicated that the shape
and size of the NtL00O0 particles before and after SALI have the same geometry and

morphology.

Figure S5.SEM image of NU1000 before (left) and after (right) the SALI process.

Electrophoretic deposition of RuNU-1000

The MOF film was prepared following a modified procedure of previous literature. FTO
slides were cleaned by sonication in Alconox solution and DI water for 15 minutes in sequence.
After washing, the slides were dried by airflow. 15 mg ofNRU+1000 was sysended in 25 mL
of toluene in a @ram vial by ultrasonication. The solution was stirred at 320 rpm throughout the
deposition process. Two FTO slides werenl spaced with the conductive sides facing each

other and submerged in the suspension. A constaenfmal of 135 V was applied between the
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FTO slides for 3 h to achieve the deposition. Fig. S6 shows the distributioaN) R-ID00

particles is near monolayer.

Figure S6 SEM image of RtNU-1000 film prepared by EPD on FTO slide, showing a near
monolayer distribution.

Determination of SALI loading level. The loading level of RINU-1000 was measured by
'H-NMR via the following procedure. ~3 mg of the-RW-1000 with ~5 drops of concentrated
H:Siower e added i iDMSO. Bh@ Mixtuzelwasthéated id a sand bath at 80 € for
1 h till the particle was fully dissolved. The solution was cooled down to room temperature, well
sonicated, and performed Hy-NMR.

H NMR was used to determining the ratio of Ru redox center and metal node. Fig. S5 is the
H NMR spectrum of digested RWU-1000, and the ratio between Ru complex and the organic

linker (H4TBAPY) was calculated by the following equation:

z (S1)
Peaks selected to calculate the loading ratio are marked in the NMR spectrum. To guarantee
the preciosity, the selected peaks are as isolated as possible to get rid of the overlap with adjacent

peaks. Through eq. 1 above, the ratio between Ru complein&adwas calculated to be ~2:1.

Considering the structure of NLDOO, the ratio between linkers and eretal nodes is 2:1, the
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ratio between Ru complex and Zr node is ~1:1, indicating that there is one Ru complex anchored
to each Zr node. With the assumption of uniform distribution of Ru humidity and knowing the
crystalline structure of NX1000, the distance between Ru redox asntan be calculated, hence,

the hopping distance can be determined.

|| , NMR spectrum of
i | NU-1000 linker
(H, TBAPY)

|| NMR spectrum of
' digested Ru-NU-1000
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Figure S7.'H NMR spectrum of HTBAPY (top) and digested RNU-1000 (bottom) with
the arrows showing corresponding peaks. The difference in chemical shift values is due to the

addition of acid.

Electrochemical measurementsAll the electrochemical measurements were performed
with an Wavenow potentiostat (Pine) using a treleetrode setup. For the cyclic voltammetry of
[Ru'(bpy)x(bpy-COOH)] (PF): in acetonitrile solution (Fig. S8), a glassy carbon electrode, a
platinum wire and a neaqueous Ag/AgN®@reference electrode were used as working, counter,
and reference electrodes, respectively. 0.1 M tetsafyl) ammonium hexafluorophosphate

(TBAPFs) solution in acetonitrile was used as supporting electrolyte.
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Figure S8.Cyclic voltammetry of [RU(bpy)X(bpy-COOH)] (PF)zin acetonitrile, with
TBAPFs as the supporting electrolyte. Scan rate: 100 mv/s. All potentials are converted from vs.
Ag/AgNOs to vs. Fc/Fc+.

Ex of [RU"(bpy)(bpy-COOH)F/[Ru(bpyk(bpy-COOH)P* redox pair was located at 903

mv.

Ey; of reduction peak 1 (peakfrom the [Ru(bpy)(bpy-COOH)F/[RU" (bpy)(bpy*-
COOH)Y} pair was located afL760 mv.

Eu of reduction peak 2 (peakfrom the [RUl(bpy)(bpy*-COOH)]*/[Ru" (bpy*)(bpy)(bpy*-
COOH)] pair was located at950 mv.

Ey; of reduction peak 3 (peakfrom the [RU' (bpy)(bpy*)(bpy*-

COOH)J/[RU" (bpyY)2(bpy*-COOH)] pair was located a2200 mv.

For the electrochemical measurements of MOF film, a FTO slide witRBR1.000

anchored, a platinum mesh and a-agueous Ag/AgNereference electrode were used as
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working, counter, and reference electrodes, respectively. 0.1 M TE#REion in acetonitrile
was used as supporting electrolyte. Prior to the chronoamperometry (CA), differential pulse
voltammetry (DPV) of ReNU-1000 film was used to determine the excitation potential for

chronoamperometry.
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Figure S9.(a) CV of blank FTO, pristine N{1000, and RtNU-1000 in TBAPF6 solution
in acetonitrile (0.1 M). Scan rate: 100 mv/s (b) DPV of blank FTO, pristinel 80, and Ru
NU-1000 in TBAPF6 solution in acetonitrile (0.1 M). Period = 30 ms, width = 50 ms, ket

mv, increment = 5 mv.

CV and DPV of blank FTO, pristine NWL000, and RtNU-1000 in TBAPF6 solution in
acetonitrile (0.1 M) were also demonstrated in Fig. S9c¢ and S9d, respectively, to show that the
oxidation of NU1000 will not overlap with the R{|' peak.

Scanratedependent CV of R{{' was shown in Fig. S9e and the corresponding plot of peak
currentvs.scan rate was included in Fig. S9f. The linear relationship of peak custenan rate

indicated that the processdsfusion controlled

Quantification of De and D; in Ru-NU-1000

The currentime CA responses of RNU-1000 in the reduction and oxidation processes
were shown in Fig. 2. According to the Scholz model, the electrons hops along the crystal
solution boundary in a short period at the beginning of conversion, whichtedtesastage A.
After all the surface redox sites are converted, the electrons and ions need to migrate from the
interface into the bulk crystal and this stage is treated as stdy® By transforming the CA
response t&RI0, the two stages can be distinguished by the moment when the maximum value of
“QI0 shows up. To determine the bf Ru-NU-1000 samples, the examples@b0 8/0 curves of
oxidation and reduction were plotted in Fig. 2c and 2d.

In stage A, the relationship between current and time should follow eq. S1

w — 0 = 00 10 ¢OO(S2)
Where N is the number of particlmgisthei n the

molar volume of NUJ1000,u is the length of threphase junction (the parameter of particle
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electrode interfacepeis the electron hopping coefficiemi s t he i on di &f usi on co
is the ion hopping distance,aguiki s t he el ectron hopping distance.
e YO O (S3)
Where F i s Faradayods const antEisthRapplisd gas const ¢
excitation potential in chronoamperometeyjs the formal potential of the redox pair (the redox
pair is [RU (bpy)(bpy-COOH)F/[RU" (bpy)(bpy-COOH)F* for oxidation and [Ri(bpy)(bpy*-
COOH)I/ [RU'(bpy)(bpy-COOH)F*f or reduction, respectively).
respectively for each MOF film.

Based on the previous literature, the molar volume ofllQ00 is calculated by

TQ@wgafaé,a the el ectrongdndipnppi ng di st a

8
di f fusi ono ard26.838 Aane 17.69% xespectivelf’.
uis determined by the SEM image of RW-1000: considering the hexagonal cresstion

of NU-1000 particles, the parameter of partielectrode interface is givenldy ¢z & @
CZa C¢Z— ¢za 0.The height of RtNU-1000 particles was calculated in a similar (Fig.

S10). The dimension of MOF particle was calculated and used respectively for bateNOf Ru

1000.

Figure S1Q Crosssection schematic of RNU-1000, illustrating the relationship between
the width on crystaglectrode interface (b) and the width measured by SEM (w).

Based on a previous literature, N is calculated by the charge, Q, passing through the circuit
during the reaction. The total number of Ru center in one MOF film, n, is Q/F, where F is the

Far aday 6“%Basedanshe graviobus loading ratio calculation, the ratio between Ru center
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and Zr node is ~1:1, therefore, the number of Ru centers in a single MOF particle can be

calculated by . The number of MOF particles in a film, N, is given by

0 . The number of MOF particle was calculated and

used respectively for each MOF film.

SEM Scanning electron microscopy (SEM) image was performed at a JEOL IT500 scanning

electron microscope.

PXRD Powder Xray diffraction (PXRD) pattern was collected with Rigaku Miniflex
instrument, operating at 2 mA and 40 KV using cc
Density Functional Theory
[Ru"(bpy)(bpy*-COOH), [RU'(bpy)(bpy-COOH)F*, and [RU'(bpy)(bpy-COOH)F*
were optimized with and without a MeCN polarizable continuum model (PCM) at the UB3LYP
D3BJ/6-311G(d,p)[H,C,N,O]/SDD[Ru] level of theory with the Gaussianl6 program using
default convergence critefi&tructures were confirmed to be optimized through the lack of
imaginary modes in the predicted vibrational frequencies. Root mean square deviations (RMSD)
were calculated with respect to the optimized"[Rpy)(bpy-COOH)F* species for the
optimized reduced [Rigbpy):(bpy*-COOH)I* and oxidized [RU (bpy)2(bpyCOOH)F* species
with and without a MeCN PCM (Table S1). Intramolecular reorganization energies were
calculated using the standard fqaoint method that utilizes the adiabatic potential energy
surfaces of an optimized [Rybpy)2(bpyCOOH)] with and without a MeCN PCM (Table S2).
Frontier molecular orbitals diagrams were generated fol(fRy)(bpy*-COOH)*,
[Ru" (bpy)(bpy-COOH)F*, and [RU' (bpy)(bpy-COOH)F*in MeCN PCM using VMD software

with an isosurface cutoff of 0.02 (Figures $1812).
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Table S1:Root mean square deviations of the geometrically optimized structures with
respect to the optimized [Ribpy)(bpy-COOH)F". Charges 1+, 2+, and 3+ refer to the structures

[Ru"(bpy)e(bpy*-COOH)J", [RU'(bpy)(bpy-COOH)F*, and [RU' (bpy)(bpy-COOH)F",

respectively.
Charge RMSD w/ NO PCM RMSD w/ MeCN
¢ ) PCM ( )
2+to0 1+ 0.1689 0.1037
2+ to 3+ 0.1053 0.1442

Table S2:Intramolecular reorganization energies (eV). Energies are calculated in (left) and
out (right) of the MeCN PCM model. Charges 1+, 2+, and 3+ refer to the structures

[Ru" (bpy)(bpy*-COOH), [Ru' (bpy)(bpy-COOH)F*, and [RU' (bpy)(bpy-COOH)F",

respectively.
Charge a (eV) w/ > (eV) w/
2+to 1+ 0.1858 0.2983
2+ to 3+ 0.0925 0.1159

gg. 1* (MeCN) &ﬁn
I
3 e e
ook A
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Figure S11:[Ru(bpy)(bpy*-COOH)J* frontier molecular orbital diagram in MeCN PCM
atUB3LYP-D3BJ/6311G(d,p)[H,C,N,0])/SDD[Ru] level of theory. Alpha electrons are on the

left and beta electrons are on the right.

Figure S12:[Ru'"(bpy)(bpy-COOH)F"* frontier molecular orbital diagram in MeCN PCM at
UB3LYP-D3BJ/6311G(d,p)[H,C,N,O]J/SDD[Ru] level of theory. Alpha electrons are on the left

and beta electrons are on the right.
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