Improving Charge Separation and Transfer in Semiconducting

Nanocrystalline Materials

By
Madeleine J Fort
Submitted to the Faculty of the
Graduate School of Vanderbilt University
for the degree of
DOCTOR OF PHILOSOPHY
in
Interdisciplinary Materials Science
May 12", 2023
Nashville, Tennessee

Approved

JanetMacdonald PhD.
Piran Kidambi, PhD.
SandraRosenthal, PID.
Timothy Hanusa, PID.
Gregory Walker, PhD.



Copyright © 203 by Madeleine Jane Fort
All Rights Reserved



Dedication

To my wonderful family and friends, thank you for the world.



Acknowledgements

The work of this thesis was financially supported by the Department of Chemistry at Vanderbilt
University, National Science Foundation, and the Vanttetbstitute of Nanoscale Science and
Engineering. Portions of this work were funded by TNSCORE NSF EPS 1004083 and the Australian
Research Council Discovery Project DP190103158

First thanks must go to Dr. Janet Macdonald. She welcomed me ingwogy, encouraged me to keep
going when the science felt impossible, and educated me in the ways of chemistry. The last few years
have been hard on all of ;utank you for steering us through the rapids and teaching us how to paddle.
Your boundless curidty for your field and courage have been a great soofcmspiration | am
privileged to have been able to work in your lab. | malsbthank Dr. Piran Kidambi, Dr. Timothy
Hanusa, Dr. Sandra Rosenthal, and Dr. Greg Walker for serving on my committdeiarsupport over

the years.

To my other members of the Macdonald Lab, past and present, you have all been incredible. Emil and
Andrew, thank you for helping an engineer let loose in a chemistry lab. Jordan, you taught me how to use

a Schlenk line and &re an incredible mentor. Evan, thank you for starting all this crazy cobalt stuff.

Nat han and Chris, it has been an honor. I canodot i

with anyone else. Danielle, you are an incredible chemist andifiien | 6 m so gl ad you | oi

you amaze me with your command over iron sulfides. Lexie, you astound me with the complexities of

what you wunravel. Andrey, you have done and will

i tds be(etnooa Ibiltaesrtal | y) , but you may need to sl ow
are doing great work; vyou know youdre allowed to

you do.

Dr. Keri Tallman and Dr. James Mchbride, there hagen many times when, stymied by a synthesis or
struggling to use the TEM, you have answered my p
your absence. My most heartfelt thanks for the hours you put into helping those around you.

I would like to extend thanks to a select few persons from my undergraduate institution. Dr. Rebecca
Christianson, thank you for showing me how incredible materials could be. Dr. Diana Dabby, thank you

for never giving up on me. | d wattarlwidhoud you. BraReleanama d e |
Patel, thank you for telling me | should probably go to grad sclrolMaruta Vitols, thank you for

reminding me to laugh sometimégost importantly, thank you to Dr. Sherra Kerns, without you | would

never have found nberials or gone to Vanderbilt. At the crux of my career in STEM, | found you, and am



so grateful for it. Other mentors mentions must include Ms. Catron, Ms. Pretz, and Jay. The three of you
kept me asking questions and gave me the joy of science.

Alex, Holiday, Seb, Henry, MK, and Clint, you are all such amazing friends. The last nine years we may
have lived far apart from each other, but you are the closest friends | could evevataand Kelly, you

are incredible friendstYou have made thisrgd school experience so much beflea nnar |, |l donoét

I could have done this |l ast year without you. | f
Gina, truly the universe smiled upon me meeting Eric midway up a juniper tree when Vevasdiir

support, kindness, and example have carried me through many rough patches and brought so much love
and laughter. Eric, few people find a brother at the ripe agevef thank you for two decades of
camaraderie, even if it does include gettindegeht about pigeons.

Mom and Dad, I candét believe that through some ch
as you. There is no way to adequately acknowledge the sacrifices you made to get me here and the level

of support you have giveme . Jury i s stil!] out on if | wouldnot
but the knowledge that you would support me has kept me going through some of the darker times. | love

you so much, thank you for giving me unconditional love and supfloough they are not with us, thank

you Grandma Maril yn, Grandpa Howar d, and Gr andma

you in the window again someday.



(O o Y I PP PP 1

LN IR (O 1 10 N [ 1
1.1 L @Y1V N TR T = N N = N 1
1.2 COLLOIDALNANOPARTICLES ANQUANTUMDOTS ...ttt eieiiiii s e e e e eettee e e e et s e e e e eetaa s e e e e s annnsesesastnneeeseennen 1
GRS o T 2@ = I = = (o =1 T | =5 3
1.3 THE SCOPE OF THIBISSERTATION .. cttuittuettettntetntttaeesnesstetanesssesa st tesaeesaesa st tesnessteranessersneesnsersns 3

(00 7N o [ T 5
2.1 QUANTUMDOTS ANDCHARGEEXTRACTION. ....ciiiiititietiettittetttiaa s s e e s e s e s e e e e e aaaeaaaeaeeessassssbebababnan e e e aeaeaeaaeas 5
A D = = N ST R VA =I5 S o] 1Y = O = TN 8.
2.3 PLITTINGWATER WITHSEMICONDUGCTORS ... ttttittttittitteetnettaessaesstestesttsestsstsean st esnesstaertnesstieresesiernns 12

(O o 1N I = T 15
3.1 [T T0 0 [0 1 ] N TN 15
B 2 EXPERIMENTAIMETHODS ..ttt itttitttte et ettt e et e e e e et e st e et e et e e s s e ba e e aa e e b s e s s e b e saa s bassaa e st e raaessneransetaanns 18

I N Y, = L =Y = 1 £ 18
3.2.2 Steady State SPECIIOSCOMY......uuteeiiirrieeeiritreteeesatrete e e rt bt e e e st bree e e e s abb e e e e e atbeeeeeaasbreeeeeaabbeeeeeannnne 19
3.2.3 TIMERESOIVEd PhotOIUMINESCEINCE. ... ceeeiieeeee ettt ettt et e s et e et e e et e e e et s e s e e renass 20
3.2.4 Quantum Dot CharaCteriZatiONL...........uueiiiiiee i it e e e e e e e s rr e e e e e e e s s s e e trrneereeeeeeens 20
3.2.5 CYCIC VOIAMIMELIY . ...ttt e ittt ettt e e s st bt e e s smb e e e e e e s bbb e e e e s anbaeeeesannes 20
3.3 RESULTS ANDDISCUSSION. ...ttt ittuittuteetettnttsstesnesseetetsneestersatestesaesaestresntsteraetsatesnesstiersnessiernesrreens 21
I N @ 0] o WU 1[0 L 30

CHAPTER 4: THE SURFACE OF IRON PYRITE ..ottt s et e e e am 32
4.1 THE DRAW OFFOOIBEGOLD ... eveeeeeee e et e et e e aete e e et e et e e et e e s et eeeeeee e e e e e eeeeeeeeeeeeseeeesaeeeeeaneesaeeenaneenn 32
e = o (o] =l o = B =i =l o TN 35
G R e = i o e = 1< W] = =7 o = 37
s o N = =T =5 Y 40
4.5 QUESTIONABOUT THEBANDGAR. ... .. teetttit e e et ettt e e et eet e e e e e ettt e e e e e e ea e s e e e eeaaa e eaeeeastan e eeeanannaeeeeeesnsanaens 41
4.6 THE QURRENTSTATE OFPYRITERESEARCH .. .iuuiit it ittt e et e et e et e ettt e e ee st s s s st e st e e sa e sasetnsseneesnssennns 41
4.7 IRONPYRITE INBATTERIES. ...t uittuitttttttettitetteetteeteetetateeetesaneestteen sttt esatetaeeaetsatesnesstaersessnieranesrresns 43
4. BIRONPYRITE INDSSG..... ittt ettt e e e e e e e et e et e e e et e eb e et e e aa e aa s e b e st saa e st esbneesnsannsaes 44

(OF o VN o I ST = = N 1 TR 45
D L UNSYMMETRIADISULFIDES. ...ttt ttuititeitnetiteettestteesaesstsesa e st ess s sasea s et saaes st eraneesteebsstestneesnsestsesnsssrnees 45
LT 0 £ 2 11 o 1 T ) T 45

5.1.2 EXperimental MENOUS...........ueiiiiiiiiiie ettt e et e e et e e e e 45
.. 3RESULTS AN SCUSSION ... ttuieunettnteeneseteresetssteaeesseeasesnreeastaeea et ttenesstetansesnsesnresnsesansesnresesstnrrenns 48
5.2 PHASETRANSFORMATIONS BB RITE. ... ttuettniitnittueitnetesesnsssteeastsasesas st ea st eeasttseenssstetensernsreneesnrernns 51

L IVZA N [ (0 Yo [V Te3 1[0 o TR 51

5.2.2 EXperimental MENOOS........cooi ittt e e e e e e e e e e e e e e e e e e e e anes 52

5.2.3 RESUILS QN0 DISCUSSION. .....uuiiiitiiiiiie et e et e ettt e e et e e e e s et e e s et e e e st e e sabeasba e ssaan e ssansaranass 54

Lo TRC T 0] o (o1 [ U= o] =TT 56

CHAPTER 6: CONCLUSIQN. ..ottt et e e et e e et et s emt e e e e st e e s e et e s e seaaa s smeba s e s saaan e ssebaneesesbnns 56
ST RS LY 1 7Y = 3 72N 56
6.2FUTUREDIRECTIONS AN TLOOK ... tttuttuntetnetenessesasssnsssnesnetsnsesnesasensstsesnstsnseeasstnresnsesnresneertereensssnnees 58



REFERENCES. ...ttt ene et e e e e sttt e e e s et enr e e e e e s e b e e et e e et e s s rn e e s ame e e e e e e nsnrnnenaeeesd 60

Y o o | TSP 77
A.  SUPPORTINGNFORMATION FOR CHAPTEBR.....iiiiiieeieeeeieieteee et tetttbabst s e e s e e e e e e e e e e e e e e e eeeeeaessbebnbbbbann e eas 77
Al. Synthesis of (sepulchrate)cobalt(lll) diethyl dithiocarbamate..............cccccvvveveeeieeee e, 77
A2. Synthesis ¢sepulchrate)cobalt(lll) chloride hydrate...........cccceeeeiiiiiiiieiicce e 78

Y NG I O Yo [TV 0] =121 1411 Y RS 79
A4. Steady State AbSOrDANCE SPECIIA........uuiiiiiiiii e e e e rreeeaeed 81
A5. Timeresolved PhotolumINESCENCE FitS........ccuuiiiiiiiiiiieiee e e e e eereees 83
A6. Discussion of Forster Resonant Energy Transfer (FRET)..........cccoiiiiiiiiiiiieeeiiee e 84
A6. Scanning Transmission Electorn Microscopy Energy Dispersive Spectrocopy (EDS) Mapping...86
A7. D/NamiC LIgNt SCAEEIING. ... ..ueeeeiiiiiiie ettt e s e e e e e e e s snnreee s 89
A8. Tunnelling Dampening SCaliNg FACIQIS. ..........uuiiiiiiiiiie e e e 90
A9. Red and Green DOt COMPAIISQNIS..........cueeurrirririeuiiasaeieeieseseeaeeaaeeteteeeeraranrrrrnrnrn e aaaaaaarens 91
B. SUPPORTINGNFORMATION FROIBHAPTERA .....cetiiiiiiieiereinttinitaaa s s e s e s e e e e eeeeeaeeeeeeeeeeeaessarnrn s s e e e e s e eeeas 92
B1. The Stoichiometric Ratio of Sulfur to Iron vs. Photovoltage..............euvvviiiiiiiniiiiiieeeeeeeeeeeeeeeen 92
C. SUPPORTINGNFORMATION FRID CHAPTERS .....uuututiiiias i ae e e e e e e eeeseseteeeeeeesess s enesnnsas s e s e s e e e e aeeeeaaeaseesenennnen 92
O3t I I =SSOSR 92
L@ N1V SRRSO 93
C3. In Situ XRD REfINEMENLS. ...ttt e e e e e e e e s s st ab e eeeeaeaeeeseannnes 93
O B € TSRS 96
LS T {1 RSP 97

vii



FIGUREL.1: AN EXAMPLEV CURVETHE FILL FACTORFF) IS SHOWN AS THE RED ARBMIVIDED BY THE TOTAL
AREA INSIDE THE CURVA). AREAB IS DEFINED AS THE LAEST SQUARE ABLE TO FIT UNDER THE CUBVE
FIGURE2.1: MARCUS THEORY OF CHARGE TRANSFHER PARABOLAS REPRESENT THE POTENTIAL ENERGY
SURFACE FOR WHEN THE ELECTRON IS ON THE D@REEN AND WHEN IT MDVES TO THE ACCEPTOR
(RED) AND ARROWS REPRESENTING THE DIPOLE MOMENT IN THE SURROUNDING SOHEENICLEAR
ARRANGEMENT COORDINATE INCLUDES THE INNER SHIRERRRANGEMENT WITHIN THE DONOR AND
ACCEPTOR MOLECULES\ND OUTER SPHERBOLVENY. .. SRR o O
FIGURE2.2: AUGER ASSISTED CHARGE TRANSFER FROM QUANTUM DOTS TO A MOLECULAR AGEEPTOR
ENERGETIC DIAGRAM SHOWN ON THET SHOWS THE TRANSFER OF THE ELECTRON TO THE ACCEPTOR AND
THE DRIVING FORCE OF THE REACTION WITH A CONCOMITANT PROMOTION OF THE HOLE TO A LOWER
ENERGYTHE RIGHT SHOWS THE ELECTRON TRANSFER RATE AS A FUNCTION OF DRIVING FORCE IN THE CASE
OFMARCUS TRANEER AND IN THAUGERASSISTED REGINME........ccciiiiuereiimmmmmenseeeesesnsnneesemmmmmmeneeee s e
FIGURE2.3: DSSGTRUCTURE AND ELECTRON TRANSFER DIAGRAM.. cevemmmmmeen 10
FIGURE2.4: POTENTIALS OF THE VALENCE AND CONDUCTIONDBK])FTIOZ EXCITED AND GROUND STATES OF A
STANDARD DYAND THE REDOX POTENTIALS OF THREE OF THE MOST USED REDOX MEDIATORS IN PURPLE

THE REDOX POTENTIALS IN BLUE ARE THOSE USED IN CHBPTER... e m——— R )
FIGURE3.1:INTERNAL REORGANIZATION ENERGIES AND REDUCTION POTENTIALS OF THE STUBLED COB
COMPLEXES AND ESTIMATED BAND POSITIONS FOR IDEADDFDS.......ccovvvieiii v ecmmmce e 17...

FIGURE3.2: PREDICTIONS OF THE ELECTRON TRANSFER RAGEBIAT DRIVING FORCE ACCORDING TO
STANDAROMARCUSET THEORY FOR EACH OF THE COBALT COMPLEXESS AND WITH THE SPECIFIC
GREEN AND RED EMITTING CADMIUM CHALCOGERQIDE EMPLOYEPCOLORED MARKERSTHE BOTTOM
GRAPH IS ON A LOG SCALE FOR CLARITY... trmmmmmnenn e 23

FIGURE3.3: STEADY STATELUORESCENCE MEASUREMENTS OF GE&EMM (A-C) AND RED655 NM (D-F)
EMITTING FLUORESCENQDS IN THE PRESENCE OF COBALT COMPLEX IDIBOEEN)3]3/2+ (0-26.0y M) B)
[CO(SER] 32+ (0-26.0y M) ©) [CO(CLMEN3:SSAR] 32+ (0-6.68y M) D) [CO(EN)3]3/2* (0-26.9y M) E)
[Co(SER]32+(0-26.4y M) F) [CO(CLMEN3SsSAR)] 32+ (0-6.854 M) ...evvvviiiiiiiiieiee e 24....

FIGURE3.4: STERNVOLMER PLOTS OF FLUORESCENCE WHFRSRETHE INITIAL SUMMED FLUORESCENCE EN®
THE FLUORESCENCE IN THE PRESENCE OF THE INDICATED CONUBNTBFCO. A) QDS EMITTING AT
545NM; B) QDs EMITTING AB55NM. INSETS ARE ON A HIGHER SCALE AND INCLUDE
[CO(CLMEN:SSAR] 3+.. erememmmmmn e 20,

FIGURE3.5: TIME-RESOLVED PHOTOLUMINESCENCE ANALYs($am§ GREEN EMITTIN(E545 NM) AND
(BOTTON) RED EMITTING655 NM) CDSE@ANSQDs IN THE PRESENCE OF[EO(EN)3]23+ (0-45 y M) B)
[Co(sER] 23+ (0-45y M) C) [CO(CLMEN3sSsSAR] 23+ (0-9.0y M) D) [CO(EN)3] 23+ (0-45y M) E)

[Co(sSER] 23+ (0-45y M) F) [CO{CLMEN:SSAR] 23+ (0-98y M). .. ceeeennnlB

FIGURE3.6: AVERAGE FLURESCENCE LIFETIMES OF GREEN AND RED EMlmSBQ[B(MARKERs COLORED
ACCORDINGLYIN THE PRESENCE OF THREE COBALT COMPLEX IONS AT VARYING CONCENTRATIORS

FIGURE4.1:A) THE PHOTOVOLTAIC CELLS MADE BY STEINHAGEN ESHEWING THAT REGARDLESS OF CELL
TYPE PYRITE CELLS SHOWED NO PHOTOCONVERSION EFFIBfB)CYHE MOST EFFICIENT PYRITE SOLAR

CELL MADE BENNAOUI ET AB7 .. iiiiiiiiiiiiiiiiitemmmmeeme s e e e e s s s s vmmmmmmmms e e e e e e e e e e e s smmmmmmmms s ssseeeeeeeee s ndhans
FIGURE4.2: FREEENERGY OF DIFFERENT SURFACES WITH SULFUR RICH TO SULFUR LEAN ENVIRONMENTS FROM
R = T = P OUUUOTD. 7 S

viii


file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560392
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560392
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560393
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560393
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560393
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560393
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560393
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560394
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560394
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560394
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560394
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560394
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560395
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560396
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560396
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560396
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560397
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560397
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560398
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560398
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560398
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560398
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560399
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560399
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560399
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560399
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560400
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560400
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560400
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560400
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560401
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560401
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560401
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560401
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560402
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560402

FIGURE4.3: LEFT) THE BONBDISSOCIATION ENERGY OF SULFUR PRECURSORS UREOESS ET AIRIGHT)
ALIQUOTS TAKEN DURING REACTION FOR A PYRITE SYNTHESIS USING SUDRAIR YASDISULFIDE BY

RHODES ET AL.. ettt m——————ra et eea s o————— Y - ¥ N
FIGURES.1: CALCULATEEBDES OF THE PHENYL UNSYRRIC DISULFIDE ...uuevvueereernsesmmmmmmmeseseenseesnsees 48....
FIGURES.2: ATRSPECTRA OF PARTICLES TREATED WITH UNSMANMC LIGAND.....cuueeuierneeneesnsmmmmmmmseenee 49.

FIGURES.3: tH NMROF PYRITE PARTICLES TREATED WITH UNSYMMETRIC LIGNEHOWINMROF THE
PARTICLES WITH ONLY THE NATIVE LIGARDEYLAMINEB) tH NMROF PARTICLES TREATED WITH
UNSYMMETRIC DISULFIDE... it mm——— ‘eimmmmmma— Ceimmmmma— cereeemmmeennee . 20

FIGURES.4: TEMOF PYRITE CUBEQIANTREATED PARTICLB)A WIDEVIEW OF PARTICLES SEEMING TO
BURSDAPART C) STEMEDSOF A CUBE APPEARING TO BE PULLED APBRAHIGHER MAGNIFICATION

OF B WHERE IS POSSIBLE TO SEE THE HIGHLY HOMOGENOUS SMALLER PARTICLES..........cccceeee. 51
FIGURES.5: XRDPATTERNS COLLECTED FRBOFCTO550°C.THE STANDARDS FORYRITE AND PYRRHOTITE

ARE GIVENTHEPT PEAKS HAVE BEEN REMOVED FROM THE SPECTRUM...........csssimmeeeeeereeeeeeeeannns 55....
FIGUREA.1:13CNMROF[CO(SEB][S2CNE 2] 3 INTERMEDIATEUNLABELED PEAK IS CHLOROFORM SOLVENMT
FIGUREA.2:13CNMRSPECTRA OFCO(SER]CL3-H2OIN D2O... PP PUPPPPPRTTRRRY ¢ - 19
FIGUREA.31HNMRSPECTRA OFCO(SER]CL3-H20IN D20 P PURURRPPPPPPURPTPRRY £ - B
FIGUREA.4: CVOF[CO(EN)3]3/2* . Ey» =-0.423V VS AG/AGO_ VS NHE O 224V .. crerrereneessmmmmnend 9
FIGUREA.5: CVOF[CO(SEBR] 32+ E12=-0.522V VS AGO/A G,VS NHE=-0.323V......cccceevveerriiiiiimmnnnnnnn L9
FIGUREA.6: CVOF[CO(CLMENsSsSAR] 32+ E12,=-0.177VVS AGA GO, VS NHE=0.022V...........cue.... 80...
FIGUREA.7: ABSORPTION SPECTRA OF SOLUTIONS OF GREEN EMEN/IRGSE/S ALLOYQDs WITH ADDITIONS

OF[CO(EN)3]3/2* (MATCHING STEADY STATE FLUORESCENCE EXPERIMENTS IN MA)N.TEXT........... 81...

FIGUREA.8:ABSORPTION SPECTRA OF SOLUTIONS OF GREEN EMANIRGSE/S ALLOYQDS WITH ADDITIONS
OF[CO(CLMEN3S3AR]3/2+ (MATCHING STEADY STATE FLUORESCENCE EXPERIMENTS IN MA)NSIEXT
FIGUREA.9: ABSORPTION SPECTRA OF SOLUTIONS OF GREEN EMENARGSE/S ALLOYQDS WITH ADDITIONS
OF[CO(SER]32* (MATCHING STEADY STATE FLUORESCENCE EXPERIMENTS IN MA)N.TEXT........... 81...
FIGUREA.10: ABSORPTION SPECTRA OF SOLUTIONS OF RED EMICDBEER) MSQDs WITH ADDITIONS OF
[CO(EN)3]3/2* (MATCHING STEADY STATE FLUORESCENCE EXPERIMENTS IN MAIN TEXT.............. 81...
FIGUREA.11: ABSORPTION SPECTRA OF SOLUTIONS OF RED EMICDBER MSQDs WITH ADDITIONS OF

FIGUREA.12: ABSORPTION SPECTRA OF SOLUTIONS OF RED EMICDSER MSQDs WITH ADDITIONS OF
[CO(CLMEN3:SSAR] 32+ (MATCHING STEADY STATE FLUORESCENCE EXPERIMENTS IN MA)N.TEXT82
FIGUREA.13: GENERAL CONCEPT OF SPECTRAL OVERLAP REQUIRHEHREIRABSORBANCE SPECTRA OF
[CO(EN)3]CL3(ag (BLUB), [CO(SER]CL3(ag (GREEN AND[CO(CLMEN3SSAR]CL3(ag (RED AND THE
EMISSION OF THE GREENITTING QUANTUM DOT®LUE DOTTER (SPECTRA ARE NOT NORMALIZED FOR
FRET)... SRR =7
FIGUREA.14: ELEMENTAL MAPS oFHERMCFlSHERSClENTlFlcQDOT655lTK CARBOXYL QUANTUM DQT9
OVERLAY OF SELENIUM AND SULFUR MAPS TO DEMONSTRATE THE STROETURESHELL LAYER
SHORTEST PORTION OF THE SHELL WAS MEASUREMBSIM + 0.37 NM (N=63 MEASUREMENT)SB)
MAP OF ZINC 1655ITK DOTS THE DISTRIBUTION OF ZINC APPEARS TO BE SHOT NSMBEL
MEASUREMENTS WERE PERFORMED USINGE]... B0
FIGUREA.15: ELEMENTAL MAPS OF TH5ITK QDOTS THERE IS A DECIDED LACK OF A CORE STRUCTHIEE
DOT SIZES DETERMINED FROM THIS \BA32 NM + 0.65NM (SAMPLE SIZ20 DOTY MEASURED USING
= PO PPUPPPP PR - ¥ 4


file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560405
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560406
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560407
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560407
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560407
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560408
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560408
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560408
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560409
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560409
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560410
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560411
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560412
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560413
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560414
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560415
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560416
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560416
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560417
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560417
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560418
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560418
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560419
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560419
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560420
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560420
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560421
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560421
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560422
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560422
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560422
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560422
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560423
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560423
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560423
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560423
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560423
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560424
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560424
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560424

FIGUREA.16: QUANTITATIVEEDSANALYSIS OF RED EMITTINGDS. RELATIVE ATOMIC PERCENTAGES FOR
ELEMENTS OF INTERESTADMIUM50.90AT.%, SELENIUML4.27 AT.%, SULFUR34.08 AT.%,AND ZINC
0.75AT1.%.. SRR - ¥

FIGUREA.17: QJANTITATIVEEDSANALYSIS OF GREEN EMITTlQ‘m RELATIVE ATOMI®ERCENTAGES FOR
ELEMENTS OF INTERESTADMIUM32.76 AT.%, SELENIUMG.47 AT.%, SULFUR33.01 AT.%,AND ZINC
27.76 AT.%... cerreeeeen . SO 2}

FIGUREA.18: SZE DISTRIBUTION SOLVED VIA DYNAMIC LIGHT SCATTERIN();RIHZ)BEMITTING AND)aeREEN
EMITTINGQDS. TOP NUMBER IS APPROXIMATED AS THE AVERAGE PARTICLESBIZBOTTOM NUMBER
DESCRIBES THE SIZE DISTRIBUTIQN.. TS = 1° N

FIGUREA.19:GOMPARISON OF THE RATIOS OF THE PREDICTED ELECTRON TRANSFER RATBQZIEENQW
REDQDs TO THREE COBALT COMPLEXES WITH DIFFERENT INTERNAGREG@RTION ENERGYLI). THE
RATIO IMPROVEMENT IN RATE FROM SHIFTS IN DRIVING FFEIETO GREENSHOULD THEORETICALLY BE
THE LEASTFOR[CO(CLMEN3SSAR)]3/2* ...t eeeeeeems —)

FIGUREA.20: COMPARISON OF THE RATIOS OF THE MEASURED FLUORESCENCE RATE@'\"HENQDGI RED
QDs IN THE PRESENCE OFREE COBALT COMPLEXES WITH DIFFERENT INTERNAL REORGANIZATION ENERGY
(L)). THE MEASURED RATES WERE SCALED BY THE CALCULATED TUNNELLING DAMPENING FACTORS FOR THE
TWO COLORS OF DQTSNLIKE THE PREDICTIONS ABQWEE RATIO IMPROVEMENT IN RATE FROM SHIFTS IN
DRIVING FORCKERED TO GREENWAS THE LARGEST FORO(CLMEN:;SSAR)] 32+ . MARCUS INVERTED
BEHAVIOR WAS NOT OBSERVEND AUGERASSISTEIDHARGE TRANSFER ALLOWS THE CHARGE TRANSFER
FROM GREERDs TO[CO(CLMEN:SSAR)] 32+ TO OUTPERFORMIARCUS MODEEXPECTATIONS......... 91

FIGUREB.1: THE STOICHIOMETRIC RATIO OF SULFUR TO IRON IN SAMPLES MADE BY REfERENGE
PRODUCED PHOTOVOLTAGHERE IS A MINOR TREND VISIBBETHOUGH NOT DISTINCTIVE IS UNCLEAR
WHAT ROLE DOPANT ATOMS HAD... U PU U PR RRPUPPPPRPPPRRRN © 2

FIGUREC.1: POST TREATMENT SMALL PARTICLES VISIBIEI(ENURES 4 e, a— e 92

FIGUREC.2:1H NMRSHIFTS OF OLEYLAMINB BOUND TO THE SURFACE OF A PYRITE NANOPARTICLE)AND B
FREE OLEYLAMINR) H (600MHz, CDQs): 0.88,1.27,1.53,1.54,5.31B) 1H (600MHz, CDQ3): =

0.84,1.00,1.25,1.98,2.64,5.30.PEAK WITH* IS CHLOROFORM SOLVENT... w93,
FIGUREC3: REFINEMENT AND RESIDUALS OF HEATED IN {RDAT 30°C.Rwp=3. 19% RP—2 11%
RE=2.13%,5=1.4897 u?=2.2192... ......93...
FIGUREC4: REFINEMENT AND RESIDUALS OF HEATED IN S(RDAT 102°C R\NP—3 08% RP—2 12%
RE=2.13%,S5=1.441412=2.0777 ... 94
FIGURECS5: REFINEMENT AND RESIDUALS OF HEATED IN s(RDAT 200°C R\NP-Z 78% RP-l 92%
RE=2.13%,5=1.30022=1.6904... 94
FIGUREC6: REFINEMENT AND RESIDUALS OF HEATED IN S(RDAT 300°C R\NP—Z 70% RP—l 87%
RE=2.13%,5=1.2644?=1.5988... 94
FIGUREC.7: REFINEMENT AND RESIDUALS OF HEATED IN 9(RDAT400°C R\NP—Z 91% RP—l 98%,
RE=2.13%,5=1.3603u2=1.8504... .....95...
FIGURECS8: REFINEMENT AND RESIDUALS OF HEATED IN S(RDAT450°C R\NP-Z 66% RP—l 88%
RE=2.21%,S5=1.2548u2=1.5745... .95,
FIGUREC9: REFINEMENT AND RESIDUALS OF HEATED IN S(RDAT 500°C R\NP—Z 76% RP—l 88%,
RE=2.11%,5=1.30192=1.6948... .....95...
FIGUREC.10: REFINEMENT AND RESIDUALS OF HEATED IN SXRDAT 550°C R\NP-4 03% RP-Z 24%
RE=2.21%,S=1.8978U2=3.6015........uciiiiiieiri i cmmmmme s e e e e eevta s emmmmmmmm s s e e e e eevann s s emmmmmmmmn e e e e e ennns DD


file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560425
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560425
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560425
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560426
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560426
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560426
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560428
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560428
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560428
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560428
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560429
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560429
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560429
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560429
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560429
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560429
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560429
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560430
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560430
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560430
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560431
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560432
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560432
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560432
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560433
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560433
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560434
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560434
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560435
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560435
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560436
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560436
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560437
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560437
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560438
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560438
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560439
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560439
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560440
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560440

FIGUREC11: XPSOF PYRITE NANOPARTICLEY THE GENERAL SURVEY OF THE PYRITE SAMPLE WITH ONLY
NATIVE LIGANDS PRESENS) NATIVE LIGANDS WITH THE IRGAP3 PEAK EXAMINED SEPARATELY
C)TREATED PARTICLES GENERAL SURUBYREATED PARTICLES IR@®3 PEAK THE INCREASE OF THE
MAGNITUDE OF THE PEAK ATL2EV IS INDICATIVE OF MORE IRAN) IN THE SAMPLE............ccvvvvnnnnnd 97...

FIGUREC.12: X-RAY DIFFRACTION OF TREATED PARTICUERPDIDF#42-1340 ......cccevvevvveeeevceeeene. .. 98

Xi


file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560441
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560441
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560441
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560441
file:///C:/Users/Madeleine/Documents/ThesisForCommitteev3.docx%23_Toc130560442

Chapter 1

Introduction

1.1 Powering the Planet

Current population and economic growthdemand a rapid increase in the amount of produced
energy per year.lt is expected that we will need 27TW by 2050 and 43TW by 210® There are
few routes to generatingthe amount of power necessary to meet energyeeds, and even fewer in a
carbon-neutral manner. One of these routemay benuclear fission but itis undesirable for several
reasons. Wanium resources are sufficient to produce onlylO0OTW of electricity. If 20TWyr of
electricity were produced using nudear fission of uranium, global supplies ofuranium would run
out within the first decade of usage. Not only wouldiranium used at this rate be useful for less than
ten years, buturanium sources would be depleted during most of the ramp up to producing eagh
reactors to generate 10TW per yeat.Fossil fuels can support a 280TW/yr for at least several

centuries, but not in an economically feasible way and not in a way that avoids climate catastropghe.

The sunlight that strikes the earth in onehour is more energy than was consumed in all of 2001
(4.3x1020J vs 4.1x1e0)24 EA  EAEI OOA O1 A@gbi T EO OEA OilAO
point is largely due to a lack of inexpensive solar cells fledgling understanding of solato-fuel
catalysis,and a dearth of ways to store that energ$® The cost ofsilicon solar cells has dropped
precipitously in the past two decades$:® Advances in battery technologies have made electric
vehicles areality and may lead to largescale storagecapacity® To take full advantage of solar
AT AOCcUB8 O bl OAT Oreddl fdr sofar cells GhatCene ct@@pdr, lighter, flexible, more

aesthetically pleasing, and with higher efficiencieeemains.10

1.2 Colloidal Nanoparticlesand Quantum Dots

The advent of semiconductors has fundamentally altered the world. Every feature of modern
life has been touched by the computing revolutioAt For the great majority of semiconductor usage,
it is appropriate to think of these semiconductors as a bulk, largscale, material. Even the tiny
computer chips now used would be considered a bulk material (although the transistors that make

up the actual computing aspect certainly cannot be)lhe desire to pack more transistorsinto a

oJVNeXe)



wafer combined with the continuing discoveries of quantum physics led to the nanvolution.
What the nanorevolution demonstrated was theexistence of aspecial set of rules governing
objects based on their size. Phenomena such as superparamagnetism and surface plasmon
resonance evolvirg from the quantum mechanical coupling of several hundred to several thousand

atomswere observed for the first time at the nanoscalé&?

In bulk semiconductors, the electical and optical properties are governed by composition,
crystal structure, and domants, following the rule of Gorm is functiona1® An extension of this ruleis
seen inquantum confinement. Quantum confinement arises when a charge carrier is constrained to
a body with a length scale similar to the de Broglie wavelengt.This is mae often thought of in
terms of the Bohr excitonradius of the material. Quantum confinement is observed Wwen a
semiconductor crystal is made with a dimension on the length scale of two times the Bohr exciton
radius or less.Quantum confinementmay also be thought of as constraining the electron to a region
comparable to the de Broglie wavelengthof the electron in that materiall4 Quantum confined
structures are defined by how many dimensions can have a freely moving elect®nThese may
include quantum wells, wires, and dots (2D, 1D, and 0D respectively). Quantum dots (QDs) have a
severely discretized density of states (DOS) that begins to appear molecular in nature. The degree
of confinement is controlled by whether the crystal is smaller tan neither radius, one charge
carrier radius, or both radii. Each of these regimes has different photophysical characteristies.
Cadmium selenide (CdSe) QDs are considered to be strongly confinleaving the radius of the dots

smaller than the Bohr radi of both electron and hole charge carriers

As the dots become smaller, thencreased confinement leads to a larger bandgap and a
commiserate blue shifting of the emission and absorption of these dots. This shift is principally seen
in the conduction bandof the QD due to the larger electron Bohr radiu®. Many QDs are made of
core-shell structures. The shell structures will passivate surface defects and localize one or both
charge carriers to the core. Type | QDs, such as CdSe/ZnS, localize both cheaigiers to the core.

Type I, such as CdTe/CdSe, QDs will localize one charge carrier to the éore.



1.3 Solar CellEfficiencies
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Figure 1.1: An example IV curve. The fill factor (FF) is
shown as the red area Blivided by the total area inside the
curve (A). Area B is defined as the largest square able to 1
under the curve.

Solar cell efficiency is determined by the ratio of harvested energy over input power. This
can be calculatedby using an IV curve such athat seen in Figurel.l. The amount of power and the
spectrum of that power is standardized, usually to mimic solar radiation. AM 1.5 is the standard

spectrum filter for solar radiation. Solar cell efficiency is calculated by using the following equation:

® ‘0"00
0

PP

where \ocis the open circuit voltage, dcis the short circuit current, FF is the fill factor, R is the
inputBl x AOh AT A sni€ubuall seamdarklized bt AOOr8W/@?, and all other values can
be observed from an4V curve. On an IV curve such as that shownkigure 1.1, Iscis the maximum

current at zero voltage, Vcis the maximum voltage at zero current, and fill factor is theedative

squareness of the curve.

1.3The Scope of tfs Dissertation



The focus of this dissertation is to examine the underlying material science of
nanocrystalline semiconducting materials, particularlyin relation to the separation and transfer of
charge. Chapter 2 discusses some of the applications of the quantum dot. An understanding of
Marcus theory is developed and the concept of Augassisted transfer is introduced. The history of
dye sensitized solar cells and recent developments in the electrolyte aexplained. It is shown that
for all the advancement in this technology, the hole extraction rate is still lagging behind the
electron extraction rate by as much as six orders of magnitude. A brief overview of hydrogen
production by water splitting is given where the slow extraction of the hole (three to four orders of
magnitude) is introduced. Chapter 3 discusses the effect of reorgaation energy on electron
transfer rates from quantum dots. A framework in Marcus theory is developed to demonstrate why
transfer processes are so dependent upon the reorganization energy of the acceptor. Chapter 4
provides a detailed look into the history of the field of pyrite photovoltaics and attempts to
understand the poor performance observed. The underlying chemistry of the system is examined to
further determine if there is a route to better performance. Lastly, the use of pyrite in dye sensitized
solar cells and batteries is explored. Chapter 5 addresses the attempts at understanding the surface
via surface treatments with unsymmetric ligands and excitofdelocalizing ligands. Preliminary
results suggestthat the effects of this treatment are unclear, and indicate that the means to
measure these effects are beyond the capabilities available. The use of pyrite in high temperature
batteries is briefly discussed and the mode and temperature of the phase transition accompanying

this useis shown via heatel in-situ x-ray diffraction.



Chapter 2

Applications and Background of Charge Transfer

2.1 Quantum Dots and Charge Extraction

Quantum dots(QDs)and other colloidal guantum confined semiconductors have been the subjects
of extensive research and numerous applications since their discovery. Theiaried uses include
bioimaging and sensing, solar cells, solar concentrators, displays, lightinggsing, quantum
information, and photocatalysis to name but a fewWg141&33 The popularity of QDsis due in large
part to the narrow linewidths, bright emissions, tunable Stokes shift, functionalizable surface
chemistry, and ease of altering charge transporproperties.142934 QDs were synthesized, and
continue to be synthesized, by colloidal method®.3¢ Recent developments allow for the synthesis
of quantum dots via molecular beam epitaxy (MBE) and metal organic chemical vapor deposition
(MOCVD}7:38 The desire to make brighter, more stable, and nehlinking dots has been a major

impetus towards improved colloidal chemistry.3947

Nearly dl solar energy harvesting strategies rely on the separation and extraction of charge
carriers. In order to extract charge, either an electron ora hole must be transferred from the
absorbing medium. This process is effectively completing a circuit or dagnboth halves of a redox
reaction. Bulk transfer occurs between a donor and acceptor that are in spatially delocalized
systems with a continuum of states (bands). Molecular charge transfer modedssume thatthe
donor and acceptor electronic states that ar discretized and localized in space (molecular orbitals).
Marcus theory has so far been applicable in many nanoparticulate systepthere is evidence
however, that strongly confined systems undergo a different procesDue to the intermediate
density of states, there is evidence that QDs and other nanoparticles follow neither molecular nor

bulk charge transfer models.



Energy

Nuclear Arrangement

Figure 2.1: Marcus theory of charge transfer. The parabolas represer
the potential energysurface for when the electron is on the donor
(green) and when it moves to the acceptor (redand arrows
representing the dipole moment in the surrounding solvent The
nuclear arrangement coordinate includes the inner sphere
(rearrangement within the donor and acceptor molecules) and outer
sphere (solvent).

For the sake of simplicity, the following will be described for electron transferln the two
state Marcus model, it is understood that electron transfer is much faster than nuclear fluctuations.
This effectively means that the electron cannot relax unless it transfers when the donor and
acceptor are isoenergeti@ss! This relaxation occurs where the curves cross in Figur@.1l. The
nuclear coordinate encompasses both the inner sphere reorganization of both the donor and
acceptor as well as the outer sphere reorganization of the solvent dipoles. The energetic

requirement for this process is the reorganization energy and shown as

The thermodynamic driving force (-34&) of the reaction can be understood as the potential
difference in states between the donor and acceptor. The case shown in Fig@ré would be a small
driving force. If the minima of the two parabolas were the ame energy, the driving force would be
zero. As the driving force is increased, rate of electron transfer is increased.eTtegime where the
increasing the driving rate leads to an increase in transferis called the normal region and it is
defined as where-3& <1 8his region is visible in Figure2,1 where the red parabola crosses the
green to the right of the minima.As -3& increases, theright-hand parabola drops increasing the
rate of transfer rapidly. When-3&G=1 h OEA OOAT1 O&ZAO T AAOOO AO EOO £EAO

region. This occurs where the red parabola crosses the green at the minima of the green parabola.



As further increasesin the driving force occur (3G >1 qh OEA OAOA T & OO0OAT O&FAO
understood as the red parabola crossing the green further to the left than the minima. Further

explanation of Marcus theory and its implicationgnay be found in chapter 3.

Marcus theory accurately describes charge transfer for moleculesubstruggles in the case oQDs
and potentially other nanoparticles. Recent studies have found that in certain cases, it is possible
that instead of following Marcus theory transfer from nanoparticles instead follows Auger assisted
charge transfer5254 Auger assisted transfer occurgxcessenergy is used to promote a hole further

into the valence band upon electron transfeinstead of going into molecular vibrations

A
E
. |
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6‘). -
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Figure 2.2: Auger assisted charge transfer from quantum dots to a
molecular acceptor The energetic diagram shown on the left shows the
transfer of the electron to the acceptor and the driving force of the
reaction with a conmomitant promotion of the hole to a lower energy.
The right shows the electron transfer rate as a function of driving force
in the case of Marcus transfer and in the Augearssisted regime.

The possibility of Augerassisted transfer op@s new possibility to the designers of charge
transfer systems. It is possible to tune the reorganization energy of the acceptor without fear of
entering the inverted region and dampening charge transfeAuger-assisted transfer is a significant
departure from Marcus transfer too because it is possible to reach many orders of magnitude

increased transfer rates as indicated in Figure 2.2.



2.2 Dye Sensitized Solar Cells

Dye-sensitized solar cells (DSSCs) represent an attractive alternative to traditional
photovoltaics. They have the potential to beinexpensive to produce. Cell production can be
performed with non-toxic naturally occurring materials such as plant dyesWhie synthetic metal
based dyes have so far had the highest level of efficiency, cells are often made using the dye
molecules from blackberry juice, grape skin, rosella (a relative of the hibiscus plant), and many
natural substances5:57 By replacing glas electrodes with metal sheets or polymers, it is possible
to make flexible cells in a rolto-roll fashion, making the prospect of printable solar cells a
reality.s859 These cells have a high tunability and perform well in lowlight conditions.s® The
functionality in low light situations is an answer to the@loudy daydconcern over utilization of solar
power. Additionally, DSSCs potentially could operate indoons A T AAAOOEOU ET OEA
era. Compared with traditional silicon cells, there is less of a dependence on the ambient
temperature.! In silicon solar cells, the silicon is both the source of photoelectrons and the material
through which separated charges travel. In DSSCs, teemiconductor and dyeare separate from
each otheras visible in Figure 2.3. Thavider bandgap TiQ acts only as a charge transporter for
electrons injected from the dyeas well as creating a onalirectional junction such that holes cannot
be transferred to the TiQ. This difference permits DSSC efficiendp be less temperatue-reliant;
carrier concentration within the semiconductor is less critical and the cells have higher
recombination rates$263 DSSCs have been shown to hawmnly negligible drops in efficiency
between 20°C and 50C54 Accelerated tests showed that after 1000 hours under thermal stress at
80°C in the dark and light soaking at 6T there was inconsequential device degradatiof.
Furthermore, DSSCs are less dependent on the incident light angle than crystalline silicoglls
meaning it is possible to avoid expensive actuated solar farms. This allows them to fill a niche left
by traditional photovoltaics and provide a more stable power output over the course of a day. The
transparency and color can be tuned which openshe possibility of including DSSCs in a more
aesthetically pleasing manner for building integrated photovoltaics. The integration most looked

forward to at this time is the replacement of normal window glas$!

The first DSSC usgk chlorophyll extracted from spinach as the dyes3éé At the time, zinc
oxide was the wide bandgap semiconductor of choice. Improvements in porosity was necessary to
improve efficiency upwards of 1% as device architecture moved away from a monolayer of dye

molecules. This led tahe development of nanoporous titanium dioxide (TiO2) and 7% efficiency.

OE
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7% efficiency until 199160 Since that time, research into the DSSC has gmowexponentially. Even
early cells showed traits distinctive of DSSCs with a higher efficiency in diffuse simulated daylight
and high stability lasting higher than five million turnoverss® Very rapidly, Gratzel and coworkers
pushed efficiencies to 10%.rterest has grown exponentially. In 2014, 2500 articles were published
on DSSCs, including 55 on aqueous DS$&CsThe recent push into aqueous DSSCs, which have
efficiencies upwards of 5.64%, makes lower an already minimal toxicity cell. Additionallyhis
makes the fouling of the cell by water less of an immediate concern to the outdoor stabiliythese
cells. In relation to Chapter 3, nost of these stable aqueous cells use [Cdafy)s] as a redox

mediator.67.68
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Figure 2.3: DSSC structure and electron transfer diagram.

Traditional electrolytes usually involve a redox couple dissolved in an organic solvent,
although solid electrolytes are also being develope®.Redox shuttles operate to transfer electrons
from the counter electrode back to the dyecompleting the electrochemical circuit. There are
several constraints on the redox shuttles in order for theell to function properly. The shuttle must
be able to reluce the dye cation prior to recombination of the dye hole with electrons in the

photoanode. Additionally, the oxidized shuttle must be prevented from intercepting electrons from

10



the photoanode. Satisfying both criteria has made the identification of potdially effective redox

shuttles very difficult.

It has become increasingly apparent that the nature of the electrolyte is paramount

importance to modern cells. The most common electrolyte is the iodide/triodide couple (I-/1 3°). As

of 2008, all of the DSSCs made with an efficiency higher than 4% used-# {) redox shuttle.© This
couple has its advantages, yet the drawbacks are numerous. The reduction potential of this couple
is low enough that more than half a volt is ofte lost. In addition, the iodide couple is often corrosive
towards the electrodes, decreasing the effective lifetim&om one to five yearsdown to a matter of
hours.5® Many alternative electrolytes have been developed includin¢SCN2/ SCN, (SeCNs/ SeCN
Br/Br s, sulphur-based systems, copper complexes, ferrocene derivatives, nitroxide radis,

ruthenium complexes, and cobalt complexes.

The largest step forward in the use of cobalt redox mediators came from the development of
9AT 1 A6 O oy BSSErdiaE AlEuBddobalt trisbipyrid ylcobalt[Co(bipy)s]3/2+ as the redox
mediator and produced higher efficiencies than the iodide couple in the same system. It was
theorized that a large reason why the efficiency was limited to 12% came from thaternal
reorganization energy of the[Co(bipy)s]32+.7t [Co(bipy)s]®2+ was theorized to suffer from high
reorganization energy due to lowspin to high spin transition that occurs upon going from Co(lll) to
Co(ll). Highly labile complexes with weaHligand fields are in a high spin stategfCo(bipy)s]®2+ has a
slow electron selfexchange rate ~10Mts! indicative of an internal reorganization energy~1.8eV
derivable from the Equation 3.2 [Co(bipy)s]32*+ has suffered issues of stabilityegarding its own

lifetime and originally corrosion of electrodes?2.73

Strategies to exploit lower reorganization energy complexes, specifically designed not to go
through a spin transition have met with some succes&.An unoptimized cell made with obalt
bis(trithiacyclononane) [Co(ttcn),]3+2+ saw comparable efficiency tdCo(bipy)s]32+. The
reorganization energy of this complex is comparable to thECo(CIMeNSssar)]32+ that was the

subject of work from chapter 3.
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Figure 24: Potentials of the valence and conduction bands of TiGexcited and
ground states of a standard dye, and the redox potentials of three of the mos
used redox mediators in purple. The redox potentials in blue are those used
chapter 3.

[Co(bipy)s]32+is far from the only metal complex employed as an electrolyte. Copper based
complexes are recently being used, in large part due to theappropriate reduction potentials and
often alack of spinstate changes. The mogirevalently found in literatur e of thesecopper
complexes ishis(2,9-dimethy-1,10-phenanthroline) copper ([Cu(dmp).]2*which has been shown
to yield moderate efficiencies in a liquid ceIDSSCIn a solidstate cell, [Cu(dmp}] 12+ was even
shown to havea PCE of 8.2% under full sun irradiancé.Further developments of copper
electrolytes have led to an extraordinary 11% efficiency for solid state cells using the copper
electrolyte Cu(4,456,66tetramethyl-2,26bipyridine) »(bis(trifluoromethylsulfonyl)i mide)]
([Cu(tmby)2](TFSI)]).7® This cell showed electron injection times of 25ps but regeneration aslow
as 3.2us. The hole extraction time, another way of understanding regeneration, was 1.28»1mes

slower. To increase the efficiency of DSSCmle extraction must be made faster.

2.3 Splitting Water with Semiconductors

As the global demand for energy continues to rise, the need for renewable energy sources
has become more apparent. One source of portable fuel that could replagasoline and similar

carbon emitting fuels is hydrogen, produced by splitting water molecules.This follows the
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reaction:
«( /°9¢C /
Which is comprised of the halfeactions:
¢(/°/ 1( TA
1( TtA o ¢

Semiconductors have been used for half a centuryto conduct electrochemical
photolysis.’6.77 Nanoheterostructures have allowed the conversion efficiency to reach an
extraordinary 100%, i.e. for every incident photon one H2 is produce® Cadmium chalcogenides
are frequently used in this process, as they have necessaryalence band and conduction band
levels to allow photolysis of water using visible light and exceptionally high molar absorptivities in
the UV to visible regions The creation of CdSe@CdReterostructures greatly increased the
efficiency of hydrogen evolution, only further improved by the addition of Pt or other metal tips to
opposite ends of these nanorods (NRs) as a-catalyst7980 In a dot in rod CdSe@CdS system, the
CdS adt as an atenna for harvesting lightst The electron and hole will migrate to the core CdSe
and carry out transfers from theres! Conversely, in the Ptipped heterostructure, ultrafast hole
trapping encourages efficient electron transfer from the NR to the Rips, avoiding recombination
and increasing the hydrogen production efficienc§! Physical separation such as that offered by
pulling the electron to the tip, prevents recombination from outcompeting the hydrogen evolution.
The key efficiencylimiting step, at this point in heterostructure-catalyzed hydrogen evolution, is
the rate of hole transferfrom the heterostructure to oxidize the water8? In general, hole removal is
three to four times slower than electron transferfrom the tip to reduce the pmotons to hydrogen

g as54.83z90

While the incredible quantum efficiency of 100% may seem to have no room for
improvement, this value was only obtainable at a pH above ¥5.This extreme pH makes the
implementation of such systems difficult. Furthermore,the rod heterostructure also undergoes
photocorrosion under prolonged irradiation, requiring sacrificial donors?7.7891Changing the system

to include a second cocatalyst can provide the CdS rod with the photochemical stability requir€d.

Using transition metal catalysts as redox mediators is a strategy that has been employed
previously.25.9%97 Other strategies have employed size dependence of the semiconductor, in this

case a CdTe Q®B. Recently, the Amirav lab has begun to tune the width of the rod in a
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nanoheterostructure ®® The barrier to tunneling is proportional to the length the electron or hole
must tunnel through. The Amirav lab found that there was an optimal number of monolays
covering the CdSe core such that there was still localization, passivation, and confinement but the

barrier to tunneling was at a minimum$®

14



Chapter 3

Minimizing the Reorganization Energy of Cobalt Redox Mediators Maximizes
Charge Transfer Rats from Quantum Dots

3.1 Introduction

Quantum confined semiconductor nanocrystals, also known as quantum dots (QDs), are
widely used in photovoltaics, hydrogen generation, light emission, and probes for biological
samples!3.32:3494100 Their highly tunable band gap, band edges, and emission properties, large
Stokes shift, greater ability for surface functionalization, and high degree of photostability make
guantum dots ideal subjects for experimentatior??.101.102QDs are becoming ulgjuitous across many
fields of study, however, there are still many fundamental questions about their behavior which
have yet to be answered.

Many applications of QDs require the separation and extraction of charé¢@.Increasing the
rate of charge transér is key to improving the efficiency and sensitivity of several of the
aforementioned applications. QD fluorescence quenching in the presence of an electron acceptor is
an indirect way to observe charge transfer kinetics. While observing a change in fhescence
intensity of the QDs is almost trivial, the determination of what mode caused that change and what
factors contributed is challengingio46 Not only are there a large number of possible charge and
energy transfer pathways, including norradiative recombination, radiative energy transfer, charge
transfer, and radiative recombination, but there is significant evidence that, due to the intermediate
density of states between that of the bulk and a molecule, hole and electron transfer from quantum

dots does not necessarily follow bulk transfer nor molecular transfer modeks:54

For nanocrystals, molecular charge transfer models are often applied despite limitations. In
molecular charge transfer, the Marcus Electron Transfer Theory has been showndescribe the
relationship between driving force and transfer rates®® The high accuracy of the predictions is, in
I AOCA PAOOh AOA OiF OEA ETAI OOEI1T 1T &£ OEA OAT OCAT EU
is the shift in nuclear coordinates upn the transfer of charge and includes (inner sphere)
vibrational shifts (such as changing bond lengths) in both the donor and acceptor species as well as

(outer sphere) movements in the surrounding solveng?
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In the Marcus model, there are three regionglictated by the relationship between driving
force (3G) and reorganization energy. Whergs® [ 1 h OEA OUOOAI EO EI

peak transferrate, called the barrierless region. Lastly, whegs® € 1 h OEA OUOOAI
region and further increases in driving force should lower the transfer rate. With this heavy
dependence of transfer rates on the relationship of the reorganization engy to driving force, it is
odd that so little attention has been given to using reduced reorganization energy to improve
charge transfer rates from quantum dots and in other photoelectrochemical systems.
Understanding the precise nature of this relationkip for electron transfer (ET) mechanisms can
lead to greater efficiencies in solution redox mediated processes, especially in dye and quantum

dot-sensitized solar cells, and photoelectrochemical water splitting.

Chelated cobalt complexes as acceptors prgle an opportunity to examine charge transfer
from quantum dots in a technologically relevant way. Cobalt complexes have been studied as
efficient redox mediators for a variety of charge transfer applications including protein electron

transfer, Dye Sengized Solar Cells (DSSCs), and eneration 82.1042109

In one example, a tethered cobalt complex accepted photogenerated electrons from CdTe
QDs on the picosecond timescale, and also acted asaative catalyst center for reducing water to

H,.110

In dye sensitized solar cells, cobalt complexes are less corrosive redox mediators than the
traditional tri -iodide/iodide couple and the electrochemical potentials are better placed
energetically to provide a larger open circuit voltage in the devicé! Cobalt complexes were used
with porphyrin sensitized solar cells to produce an efficiency of 12% and outperformed the iodide
couple iz Various attempts have been made to improve upon the 12% efficiency, and researchers
have identified high reorganizdion energies of the dyes and the cobalt redox complexes as limiting
factors. 10571113114 |t is thought that a large component of this high reorganization energy comes
from the transition from low-spin Co(lll) to high-spin Co(ll) prompting the seart for and use of
complexes which do not undergo this transitiori Here, we demonstrate the power of carefully
designed ligand cage environments around the cobalt center to minimize reorganization energy,

and increase charge transfer rates by several oeds of magnitude.

In this work, cadmium chalcogenide quantum dots were used as charge donors because
their optical properties are well studied. Since they are much larger than a molecule, the

reorganization energy of QDs can be assumed to be negligibldlowing the influence of the
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reorganization of the acceptor to be isolated!> While it would seem that Marcus theory would

already dictate the precise effect, many studies ignore or simply estimate the internal

reorganization energy of the charge accept. Often, only the reorganization energy due to the
[Co(en),]*?*

[Co(sep)]*** [Co(CIMeN;S;sar)]*?*
Cl
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Figure 3.1: Internal reorganization energies and reduction
potentials of the studied cobalt complexes and estimated bar
positions for idealized CdSe QDs.

solvent is considered significant when calculating the transfer rates. Studies have shown that
solvent reorganization energy of molecular acceptors can be modestly manipulated by using less
polar solvents to improve charge transfer, yet many applications will dictate that aqueous

conditions be usedté For this reason, we chose to only study aqueow®nditions here.

Internal reorganization of a charge acceptor can be very consequential, and even larger than
the solvent reorganization energy. It is unexpled whether minimization of the internal (inner
sphere) reorganization energy can be employed as an effective strategy to improve function in

applications that require charge transfer from quantum dots.
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Table 3.1: Properties of Cobalt Redox Mediators

KaaM-1s™" AJA] (eV) & Eo(V) ]
[Co(en),]*2* 2.0x10°5 @ 2.79[3.24] -0.224
[Co(sep)]3?* 5.1l 1.82[2.28] -0.323
[Co(CIMeN,S,sar)]32* 104[c] 0.83[1.27] 0.022

Here we study photoinduced charge transfer from QDs to three cobalt complex ions:
tris(ethylenediamine)cobalt(l11/1) abbreviated as [Co(en)s]32+ (1), and the caged complexes
(sepulchrate)cobalt(lll/Il) abbreviated as [Co(sep)]F?* (2), and (ZXchloro-8-methyl-3,13,16-
trithia -6,10,19triazabicyclo[6.6.6]icosane)cobalt(l1l/1l) abbreviated as [Co(CIMeNSsar)]32+ (3)
(Figure 1, Table 1)04.117 These three cobalt complexes @are chosen because they have similar
electrochemical reduction potentials that are within 350 mV, but have very different reorganization
energies spanning nearly 2 eV. These structurally similar amirehelated complexes are also less
prone to ligand exchamge than monodentate ligated complexes. Marcus theory is employed to
predict the electron transfer rates from green and red fluorescent cadmium chalcogenide quantum
dots, to include both effects of reorganization energy and driving force. The predicted hés are
shown experimentally though steady state and time resolved photoluminescence. The results
EECEI ECEO OEA ATTETATO OITA 1T&£ OGEA Al i Pl AgAOGE AE
charge transfer rates by 34 orders of magnitude, over the rad of driving force. The experimental
results suggest that AugetAssisted charge transfer, is a potentially an active charge transfer

mechanism that is not commonly included in Marcus predictions.

3.2 Experimental Methods
3.2.1 Materials

Tris(ethylenediaminA QAT AA1 Oj ) ) ) QAEIT T OEAA AEEUAOAOA | -1 ¢
OEET CI UATTEA AAEA || wwb HB0.0% IiNHI Hads nd Eodmaldshydd A A | ¢
solution (37 wt% with methanol stabilizer) were purchased from SigmaAldrich. QDs were
acquired from ThermoFisher Scientific as Qdot 545ITK carboxyl quantum dots and 655ITK
AAOAT guli NOAT O0i AT 6008 4 EA n50$n bérdtd blfferdadd sored a@ OET T O
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4°C. Additional borate buffer was prepared by adding 0.618 g of boric acid to 0.1g of NaOH and 9
mL of water, sonicating until solubilized, and then filling to 10 mL. Support solutions for further
dilution of the quantum dots were prepared from 300t L of 1 mM borate buffer added to 30Q L of
15.4 2 mM thioglycolic acid in 6 mL of deionized water. Thioglycolic acid was needed to stabilize
the QDs in solution and prevent aggregation. Borate buffer was necessary to maint#e solution

at a sufficiently basic pH, as thioglycolic acid is known to dissociate from the surface at low pH
[aldana]. In lieu of borate buffer, removing atmospheric C®from the solutions with freeze-pump-
thaw cycles also provided a sufficiently high H to stabilize the aqueous QD solutions. However, it
was difficult to retain those strict conditions throughout the experiments, and instead borate buffer
provided better reproducibility. The optical density of the green QDs initially was 0.03 and for the
red QD 0.045.

QDs were acquired from ThermoFisher Scientific as Qdot 545ITK carboxyl quantum dots
AT A @ouuv) 4+ AAOAT gul NOAT OOI AT 008 4EA 130 AAI A AO
were stored at £C. Support solutions for further dilution of the quantum dots were prepared from
300 L of 1 mM borate buffer added to 30Q L of 15.4 2 mM thioglycolic acid in 6 mL of deionized
water. Synthesis of [Co(CIMebp&sar)][ClOs]; can be found in referenceP4].

3.2.2 Steady State Spectroscopy

Fluorimetry was performed on an ISS PC1 photon counting spectrofluorometer using a 300
W Xe arc lamp as the excitation source. The solutions were stirred during measurement.
Photoluminescence was measured with a 1 s integtion time and a 1 mm slit width. UWis
absorption spectra were measured using a Jasco 670 Spectrometer with an aqueous solution of
borate buffer, and thioglycolic acid in the same concentrations as the measurement solution as a
reference. Quartz cuvettesvere used to mitigate any possible absorbance in the UV. Utmost rigor
was required cleaning the glassware between experiments to remove trace cobalt; the cuvettes and
flasks were filled with aqua regia followed by 510 rinses with water, blank solution, ad then
deionized water. The excitation wavelength used for thesdots was 400 nm in order to fit into a
low point in the absorbances of the Co complexes. Data of experiments using QDs emitting at 545
nm were normalized by dilution using mass. Data of expenents using QDs emitting at 655 nm
were normalized for dilution by subtracting a control of diluted QDs. Core sizes were determined
using the first excitonic peak in accordance with the worlof Yu et. ako HOMO and LUMO values of
the QDs were estimated by core siZz6¢84 EOOAQOET 1 O xAOA DPAOA&I Oi AA OEOIT OC
t - O11 OOET 1 @+ ahddCofer)¥3 . Oikadiahy of [Co(CIMeNSssar)]32+ were performed
OOET C pm t, AAAEgotoh IAdditioh & [Ob(ClideN%sar)]¥2+ was halted once
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fluorescence dropped below the detection limit of the instrument.

3.2.3 TimeResolved Photoluminescence
Measurements were performed using a custorbuilt epi-fluorescence microscope. Samples
were excited under widefield illumination using a 405 nm PicoQuant pulsed diode laser with a
repetition rate of 2.5 MHz. The beam was reflected with a 420 nm long pass (LP) dichroic filter
(Omega Optics, 3RD420LP) into an inverted objective (Olympus UPLSAP@pcaromatic, water
immersion, 1.2 N.A., 60x) and brought into focus at the sample. Fluorescence from the focal region
was collected by the same objective, passed through the dichroic filter and an additional 450 or 500
nm LP dichroic filter, and then focud A OEOT OCE A pun t |-phaene@éoeA 11 O
photodiode (SPAD, Micro Photon Devices PI50-0TC). A timecorrelated single photoncounting
unit (TCSPC, PicoHarp 30@35 ps) was used to generate a histogram of photon arrival times. The

obtained PL decay curves were fitted using a téxponential function:

I)=B 86'Q (6)
xEAOA OEA £E GandbMA @A thel ghdtdudinegcence decay times and amplitudes,
respectively. The amplitudex AECEOAA A OA OA.q Avas Adicllddd to @pfoinmate the
OAAEAOEOA 1 EZAOQGEI A AT i DPI1TAT Oh z
3.2.4 Quantum Dot Characterization

Transmission Electron Microscopy (EM) and Energy Dispersive Xay spectroscopy (EDS)
of the QDs were obtained with a FEI Technai Osiris digital 200kV S/TEM system. The TEM samples
were prepared by drop-casting a dilute solution of QDs on a carbon coated copper grid and were
dried at room temperature in air followed by vacuum overnight. The cores of the red emitting QDs
were identified to be CdSe@CdS core@shell. Zinc was not detected. The green emitting QDs cores

were ZnCdSesS alloy.

The hydrodynamic radii were determined using a Malvern Nam Zetasizer operating with
DLS. A solution of QDs was prepared and then quenched with [Co(CIM&Nar)]3+ until there was
no fluorescence, as the laser used for DLS was within the absorbance of the red QDs. The red
emitting dots had an approximate organicshell thickness of 0.3 nm. The green had an organic shell
thickness of 2.2 nm. The tunneling dampening coefficient between the two QDs was calculated and

were found to be similar.

3.2.5 Cyclic Voltammetry
Cyclic voltammetry measurements were carried outvith a three-electrode configuration of

glassy carbon working electrode, Ag/AgCl reference electrode, and Pt mesh counter electrode. They
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were recorded with a Gamry Series G300 with PHE200 software package. Measurements were
done in 0.1M KCI in water. Theanalyte, solvent, and supporting electrolyte were bubbled with
nitrogen for 30 min prior to measurement. The measurement was carried out in a nitrogen
environment. In the case of the [Co(en)Cls;, measurements were also performed with the addition

I £ methylenediamine to prevent dissociation of the Co(ll) complex. Three cycles were

performed for each with a scan rate of 30mVsand a step size of 0.05 mV.

3.3 Results and Discussion

The electrochemical properties and the reduction potentials of the thre C&/2+ complexes
were measured by cyclic voltammetry (Table 1). When plotted against the approximate band edges
of red and green fluorescing CdSe QDs, the reduction potentials of the three cobalt complexes,
[Co(CIMeNSssar)]32+ [Co(en)]3¥2+ and [Co(se)]32+ sit within the band gap of the QDs (Figure 1)
and span about 350 mV. The driving force for electron transfer from the conduction band of a QD to

one of these complexes therefore follows as:

[Co(sep)P+< [Co(en)]3+< [Co(CIMeNSssar)]3*

The trend is reversed for the driving force for hole transfers from the QD valence band to €o
ions. The three chosen cobalt complexes have massively different reported selchange rates
covering nine orders of magnitude (Table 1). The more rigid cage strure of [Co(sep)P2+ limits
movement of the ligand shell and has a much faster selkchange rate (5.1 Mst?) than
[Co(en)s]®2+ (2.0 x 105 M-1s1), While most Co(ll)hexaamine complexes are high spin, the Co(ll) and
Co(lll) forms of [Co(CIMeNSssar)]32+ are both low spin, which further limits the demand for
structural changes in the ligand sphere upon changing oxidation state. The selchange rate
constant for [Co(CIMeNSsar)]?2+ has not been reported but the rate constant for the closely
related N-capped analog (where If replaces @QCI) has been determined to fall in the range 4.5 x 30
to 2.23 104 M-151,114,119

The reorganization energies of the three G8+ complexes were estimated from their previously
reported self-exchange ratesk: (Table 1). Based on the Marcus Microscopic Model:

Q Vil QoW AY'Y P)
Where 30 is the activation energy for the reduction of specie©, 0 f, is the equilibrium constant

between precursor P and speciesO (which we assume here to be 1 is the nuclear frequency
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factor (s1), andf is the electronic transmission coefficientTo calculate the reorganization energy,
several assumptions were made[ is considered adiabatic and to be unity as the reacting species
are close together and there is strong couplings is assumed to be 18 M-1s1.120 Taking this into

account, we can solve fog"O, and further approximate a relationship to the reorganization energy
i1 Qg

$O  YYa&n o - )

The reorganization energy is made of both the inner sphere reorganization of the bonds the
i T1 AABDI AhAl1 OEA OOOQI O1T AET ¢ OT1 OA1T Oh 1

C - 2) (3)

The solvent reorganization energy was approximated to be 0.45 eV consistent with previous
literature 121to give approximate internal reorganization energies (Table 1). Solvent reorganization

energy can be calculated according to:
— = - = = - 4)

In this expression,3 Ns the change in overall charge, in this case théarge of one electronn is
the refractive index of the solvent, 1.333 for waterr is the dielectric constant, 78.4 for water at
25°C,dpis the diameter of the donorda is the diameter of the acceptor andR is the distance over
which electron transfer accurs. The second bracketed term is essentially the thickness of the solvent
layer between the donor and acceptor. Moving forward we assume that this thiokss is
approximately the same during seHexchange as with exchange between QDs and the cobalt

complexes.

The nine orders of magnitude variation in seHexchange ratefor the three complexes equates to a
variation in internal reorganization energy spanning approximately two electron volts. While
[Co(en)]®2+ was calculated to have an internal reorganizion energy of 2.79 eVthe internal
reorganization energy for caged [Co(sepjp+ was 1.82 eV and even smaller for the mixed donor
cage [Co(CIMeb&ssar)]32+ at 0.83 eV. The above method of calculating reorganization energy and
values given the selexchange rates gives results that are in good agreement with literatutel It
can be imagined that the internal reorganization energy is caused by the expansiand contraction

of the ligand environment upon changing thal-orbital occupancy of the cobalt center.

With these reorganization energies and driving forces 3G now in hand, the rates of

photoinduced electron transfer from the quantum dots to the cobaltomplexes were predicted
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using the Marcus model (Figure 2).
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Figure 3.2: Predictions of the electron transfer rates against driving force
according to standard Marcus ET theory for each of the cobalt complexgises)
and with the specific green and red emitting cadmium chalcogenide QDs
employed (colored markers). The bottom graph is on a log scale for clarity

Qe

J

(5)

This simplified version includes twoimportant assumptions that preclude direct quantitative

comparison with the experiments that follow; the barrier for tunnelling and the electronic coupling

('O ) is assumed to be similar for all three of the complexes to each of the QDs. Variations in

shelling between batches of QDs cause these factors to differ from the assumptions due to

differences in barrier height. While additional scaling from these factors is likely, much can be

learned from the modeled trends, and from experimental comparison whiin single batches of dots.

In the Marcus model, the reorganization energy presents a barrier to electron transfer, causing the

rate of ET to increase with driving force. A remarkable aspect of the model is that when the driving
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force exceeds the reorganiation energy, the rate should decrease in what is known as the Marcus

Figure 3.3: Steady state fluorescenceneasurements of green 545 nm (&) and red 655 nm (df) emitting
fluorescent QDs in the presence of cobalt complex ions a) [Co(e}iF* (0-26.0t M) b) [Co(sep)F/2* (0-
co8mnt - q AGSsa¥i(@d8dut - q AT (6-¢ o8 Al QQ AT (0-¢t¢ § OA-DAY
[Co(CIMeNSssar)]¥2* (0-p 8 yu 't -

inverted region. This behavior is not always seen in quantum dots, likely due to AugAssisted

electron transfer 5254

The prediction is that the electron transfer rates from the conduction band of QDs to
[Co(CIMeNSssar)]32+ should vastly outstrip the rates for[Co(sep)P2* and [Co(en)]?®2+ by at least
two orders of magnitude when the driving force is smaller (red QDs) and up to six orders of
magnitude when the driving force is larger (green QDs). While charge transfer from the conduction
band of green and redemitting QDs to [Co(CIMeb&sar)]®2+ has the largest driving force of the
three complexes, the reason for the high rates is more because of the very low internal
reorganization energy which completely changes the shape of the curve (Figure 2). In turneth
[Co(sep)P'2* should be faster than the [Co(en)32+ again, not due to the driving forcewhich is
smaller for the [Co(sep)p2*, but rather because of the smaller reorganization energy of the caged

[Co(sep)P’2t compared to [Co(en)]3/2+.

Charge trander from the conduction band of idealized red and green emitting CdSe QDs to
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