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EPIGRAPH

Was mich nicht umbringt macht mich starker.
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— From Twilight of the Idols by Friedrich Nietzsche



TABLE OF CONTENTS

SIGNATURE PAGE. ... ..ttt e e e et e e e e e e aaes iii
DEDICATION ...ttt bbbtk bbb et b bt bbb nb et et e e neen e iv
EP G RAPH . .. e e e %
TABLE OF CONTENTS ..ottt stttk bbbttt b e bbbt e e e ebeans Vi
LIST OF FIGURES ..ottt bbbt etk b bbbttt b bbb e b X
LIST OF SCHEMES.........ooi ettt sttt sttt ettt e s se et e st e e st ereeseeseetessentenee s eneens XV
LIST OF TABLES ...ttt b ettt et e s e e b e et e et e et e se et et e s eneeneereans XVi
ACKNOWLEDGEMENTS ...ttt sttt sttt s et e e be st st e bt enes Xvii
VT A e XiX
ABSTRACT OF THE DISSERTATION ..ottt sttt XX
Chapter 1 Energy Storage by Carbon DioXide REAUCLION .........c.cocvciiiiiiciiiisec e 1
1.1 Global Energy Usage and Movement Towards Renewable ENergy ........ccccccvvvevveiiiiecveinenesecvesiesnes 1
1.2 Problems of Oversupply and INtErMITIENCY .........ccoiviiiiiiriiieieee s 4
1.3 Role of Carbon Dioxide Utilization in ENErgy STOrage .........ccccevveiriniiiniienieneieeees s 5
1.3.1 Role of Carbon Dioxide Reduction in Grid Management............ccccevveeiereieciene s 5
1.3.2 Other Impacts Brought by Carbon Dioxide REAUCLION............cceiiiiiriiiiieieisceree e 6
1.4 Catalysts for Carbon DioxXide REAUCTION .........c.eiiiiiiiiiiieee e 7
1.4.1 Photochemical Systems for Carbon Dioxide RedUCLION..........c.coevveveiieii v 8
1.4.2 Electrochemical Systems for Carbon Dioxide RedUCtioN............ccccveviiieiiie e 9
RS L (=] £ ot ST SS 13
Chapter 2 Photochemical Reduction of Carbon Dioxide Using a CN-modified fac-Mn(bpy)(CO); Catalyst
.................................................................................................................................................................... 17
P22 A 14 (o [ 1T [ o OSSPSR 17
2.2 RESUILS AN DISCUSSTON ....vveiieiiesieiteerieste st etestesseestestaeseesteeseestesseaseestesseessesseeseesaeeseensesseeseessesseeseensenns 20
2.2.1 PhotocatalytiC EXPEIIMENTS.........ciiiieiieie ittt sttt st ene e te e seeenes 20
2.2.2 Disproportionation MECNANISIM.........c.ciiiiiiiiiiirie et 21
2.2.3  SOIVENT EFECLS .. .eiviiie et sttt et be e e ae e eenreenen 25
P20 B o] 0] 1] o o TSR 29
F O o d o 1= 10T o | TSSO 29
S €= T - | SRS 29
2.4.2 Photochemical REACTIONS .........ooiiiiiieii ettt eees 30
2.4.3 Product Analysis from PhotoCatalySiS™...........cccovevieieiieieiieeieeteee e 30



2.4.4  Cyclic VOIAMMELIY (CV) .ttt 31

2.4.5 Infrared SPectroeleCtrOCNEMISIIY .......ccviiiiii e ne 31
2.4.6  Preparation Of RU(AMD)3(PF6)2. .. .cvivruriririeirieieirieeeeeeeeeeesesesesesssesssessssssesssssssesesesesesesesesens 32
2.5 ACKNOWIEAGEMENT ..ottt ne e 32
2.8 RETEIBNCES. ...ttt bbb bbb R bt R bbb e bt e 32
A N o 1= o | SRS SS 37
Chapter 3 Improving Photocatalysis for the Reduction of CO, Through Non-Covalent Supramolecular
AASSEMDIY .ttt r e r e 43
K T0 R 1011 (0T [FTox (o] TP PR 43
3.2 RESUILS AN DISCUSSTON ...e.vveiiieesiesieetiestesteeeestesseesaesteeseesteeseestesseeseestesseessesbeeseesaesseessesseeseensesseessessens 45
3.2.1 Cyclic Voltammetry 0f PROtOSENSITIZEIS.........coiiiiiiiiieicieesis e 45
3.2.2 Photocatalytic EXPEIIMENTS........c.coiiiiiieiiiie ettt ste et s et te e sre st et saeenn e be e e sreens 47
3.2.3 Control Studies of Photocatalytic SYSEM........ccoiieiiieeie e 49
3.2.4  Analysis of PhotocatalytiC PrOQUCES ..........ccooviiriiiieieiceescse e 49
3.2.5 Spectroscopic Analysis of the Photocatalytic SYSteM ........cccccvvvviiiiiiiecie s 51
3.2.6 Further Electrochemical Studies of Photosensitizer Properties .........cccovevvevveiievieeveseeveesiene 52
3.2.7 Spectroelectrochemical Studies of PhotocatalytiC SYStem............cccvvrirereiiiiiinnese e 53
3.2.8 NMR Studies of the DIimerization CONSEANT .........c.cocviiereiieeiere e 54
K TR T 0o 0 Tod 1] o o ST 54
34 EXPEIIMENTAL......ciiiiieiiiiie ettt bbbt b e 55
3.4.1 Preparation and PUFFICALION. .........cceiiiiiiiiiie it 55
3.4.2 Synthesis of Ru(dac)(bpy)2(PFe)2 (RUDAQC). .......ccoiiiiee ettt 56
3.4.3 NMR Data Collection and ANAIYSIS..........cccveiiiiiieieceece et ee 56
3.4.4  Spectroscopy Data COIECTION. .........couiiiiiiiiiee e 56
3.4.5 PhotoChemiCal REACLIONS. .......ccuiiieiiieieiieises ettt 57
3.4.6 Product Analysis from PhotOCAtalYSIS. .......ccciviiiiieiiiiee e 57
3.4.7 Cyclic VOIAMMELTY (CV). it 58
3.4.8 Infrared SPectroeleCtrOChEMISIIY. ....ccviiiiiiiiie e 58
3.4.9 Time-Correlated Single Photon COUNTING........cccviieiiiiee e 58
3.5 ACKNOWIEAGEIMENT ..ottt bbbttt 59
KT o] (=] ] Lo SR 59
T Y o] o 1= o | S SS 63
Chapter 4 Facile Solvent Free Synthesis of Thin Iron Porphyrin COFs on Carbon Cloth Electrodes for CO»
=0 o1 o o TS 68
ot N 1011 €00 111 o o SRS 68

vii



4.2 RESUITS QNGO DISCUSSION ...eeeteeeeeee e e see ettt e e et s saet e eeteessasa e aesesesesasasssesetaeesssassssseeeteessssasasnsreeeeesssnnnns 71

4.2.1 Preparation of FeDhaTph COF €leCtrodes. ........cccoviiiiiiiiiie e 71
4.2.2 X-ray Photoelectron Spectroscopy (XPS) StUTIES. ........ccerveiiiriiineieie e 72
4.2.3 Stability of COFS by 1€aCNING tEST. .....cveveieicii e 74
4.2.4 Cyclic Voltammetry (CV) of homogeneous FeTAPPCI in DMF and MeCN. ............ccccveneee. 75
4.2.5 Cyclic Voltammetry of FeTAPPCI and FeDhaTph-COF on carbon cloth in MeCN and DMF.
77
4.2.6 Controlled Potential Electrolysis (CPE) StUTIES. .........cccoreiieiiiiiinenenereeeee e 81
4.2.7 Possible reasons for declined catalytic aCtiVities. ........c.cccvveiiiiiiii i 83
G T o o Tod 111 [ o PSSR 85
A4 EXPEITMENTAL....c.eiiiitiiiiiite e et b bbb b b e etk et b e 85
o R Y/ - (=] g -SSP 86
4.4.2 Preparation of carbon Cloth €leCIrOAES. ......c..ciiiiiiiie e e 86
4.4.3 Preparation of FeDhaTph-COF on carbon cloth electrodes.............cooveieieiiiiiniiiieieees 87
4.4.4 Preparation of SEM samples and SEM MEaSUrEMENTS .......c.ccveiviieieeeeiiesieeeeseseesee e see e 87
4.4.5 Preparation 0f XPS SAMPIES......cviiiiiiii st 87
4.4.6 XPS experiments and analySIS. .......cocoiiiiiiiiii e 88
4.4.7 Stability 188CHING TESE. ..o 88
4.4.8 Preparation of Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) samples.
88
4.4.9 Cyclic voltammetry (CV) STUTIES. ......coveireieiiiiiie st 89
4.4.10 Controlled-potential electrolysis (CPE) StUTIES. .......c.cceveiieiiiiiie e 89
4.5 ACKNOWIEAGEMENT .....cuviiiiiiiie ittt st et st e s be et e s beete e besaeeseesbesaeesbesbeeseeseesteeneenrean 90
I =] (= =13 To -SSR 90
A N o o1 4o L SO U R PSOSTSROURIN 98
Chapter 5 Future Directions: New Areas to Be EXPIOred...........cccocvvvvieiiiiiiic i 110
D1 SUMIMAIY ¢ttt ettt bt b e st b e bbbt e Rt e et e b e e R b e sb e e b e e bt eb e e b e e bt ebeen e b e e nnenreen e 110
5.2 RESUILS @NA DISCUSSTON ...e.vviieiiieieiitesiestesiee e sie et ste et esteeseesbesseeseesteeseesteeseeseesaeeseentesneessesseeneensensen 111
5.2.1 Investigating Electrochemical and Photochemical Activities of Supramolecular Systems
Bonded by Guanine-CytoSing BaSe PAIl ..........cccoeieiiiiiiiiii it 111
5.2.2 Interrogating the Efficiency and Activity of Electrocatalysts for the Reduction of CO2 Through
Supramolecular Assembly with -7t INTETACION ....eevviiiveeiiiec e 113
5.3 Conclusion and Final SUGGESTIONS........ceieiiiiiee ettt seeenes 115
5.4 EXPEIIMENTAL.....ouiiiiiiiieiii ettt bbbttt bbb 116
oI SN €= T - | PSS 117
5.4.2 Synthesis of 4-methyl-4’-methyl(trimethylsilane)-2,2’-bipyridine (dmb-TMS) ................... 117

viii



5.4.3 Synthesis of 4-methyl-4’-methylchloro-2,2’-bipyridine (dmb-Cl) .........cccooiiiiiiiiiiiiiiee 118

5.4.4 Synthesis of Re(dmb-cytosing)(CO)aCl........cviiiiiiiei e 119
5.4.5 Synthesis of Re(dmb-guaning)(CO)aCl........c.cuiiiriiiiriiriree e 121
5.4.6 Synthesis of 4-(phenylethynyl)-2,2°-DIpYriding.........ccooiiiiiiiiiieee e 123
5.4.7 Synthesis of Re(DPY-PE)(CO)3Cl......cviiiiiiiiieieiseie et 124
5.4.8 Synthesis of DihydroXypillar[B]arene..........cccvcvieiiiiiii i 124
5.4.9 CyCliC VOIRAMMELIY ..ot 125
5.5 ACKNOWIEAGMENTS ..ottt n e n e 125
5.8 RETEIBNCE ...ttt b b ettt bbb e b ne e 125



LIST OF FIGURES

Figure 1.1 Capacity-weighted average construction costs for electricity generators from 2013 to 2017.
Figure reproduced in full from REfErENCE B. .......coveviiiiicc e e 2

Figure 1.2 Monthly maximum percent of load served by renewables in California from January 2015 to
July 2019. Figure reproduced in full from Reference 3..........ccovoveiiiieie i 3

Figure 1.3 Global energy-related carbon dioxide emissions by source from 1990 to 2019 recorded by IEA.
Figure reproduced in full from REeFErence L. .......ccoooviiiiiiiiiicee e 3

Figure 1.4 The “duck curve” chart published by CAISO in 2016. Figure reproduced in full from Reference
RSP RTSPSSPS 4

Figure 1.5 Energy density per unit weight or volume of liquid fuels compared to batteries. Figure adapted
TrOM RETEIENCE 15, ..o bbbttt e besbe st st ne e 6

Figure 1.6 Timeline for the number of articles published on photocatalytic and electrocatalytic CO;
reduction, solar PV production in California on June 20", and monthly average of seasonally
adjusted CO2 concentration in the atmMOSPRETE. ........ccoiiiiiiice e 7

Figure 2.1 Cyclic voltammetry of Mn(CN)(bpy)(CO)s; under Ar saturation. Conditions: 1 mM
Mn(CN)(bpy)(CO)s in 0.1 TBAPFs/DMF; WE: GC; CE: Pt; RE: Ag/Cl with Fc as internal
(=] (=T 1oL SO RTROST 26

Figure 2.2 Infrared spectra of Mn(CN)(bpy)(CO)s at controlled potentials (a) in dry MeCN with TEOA
under N, and (b) in dry MeCN with TEOA UNder COaz....ccvcuveiiieeieiece et 27

Figure 2.3 Infrared spectra of Mn(CN)(bpy)(CO)s at controlled potentials (a) in dry DMF under Na, (b) in
dry DMF with TEOA under Nz, and (c) in dry DMF with TEOA under COz......ccoeevevieiviiennenne. 28

Figure 2.4 A sample 'H NMR spectrum of the worked-up photocatalytic reaction solution of 1 mM
Mn(CN)(bpy)(CO)s under CO; after 15 h irradiation. The solvent was a DMF-TEOA (4 : 1 v/v) in
CDsCN solution. The ferrocene reference is at 4.13 ppm while formate is observed at 8.50 ppm.

Figure 2.5 The linear fit lines of HCO,H TON vs. catalyst (complex 1) concentration shows high linearity
for both 15 h and 6 h irradiation. ...........ccoveiiiiiiie e e 38

Figure 2.6 Linear plots of anodic and cathodic currents against square root of scan rate of CV for 1.0 mM
of complex Mn(CN)(bpy)(CO)sz in 0.1 M TBAPFs in dry DMF under Ar........cccocvveveveiviieesinnne 38

Figure 2.7 Cyclic voltammetry of Mn(CN)(bpy)(CO)s; under Ar saturation (black), in the presence of
TEOA (blue), and under CO; saturation (red) in dry DMF at 100 mVs—1. Conditions: 1 mM
Mn(CN)(bpy)(CO)3 in 0.1 TBAPF6/DMF; WE: GC; CE: Pt; RE: Ag/Cl with Fc as internal
L1=] (=] =1 oL SRS RSTRORT 39

Figure 2.8 Cyclic voltammetry of Mn(CN)(bpy)(CO)s under Ar saturation (black), in the presence of
TEOA (blue), and under CO; saturation (red) in dry MeCN at 100 mVs*. Conditions: 1 mM



Mn(CN)(bpy)(CO)s in 0.1 TBAPFs/MeCN; WE: GC; CE: Pt; RE: Ag/Cl with Fc as internal
2] (=1 =] 0TSO PSR PR PR 39

Figure 2.9 Infrared spectra of Mn(CN)(bpy)(CO)s at controlled potentials in dry MeCN-TEOA under COx.
Enlarged spectra of the CO, peak at around 2337 cm™ shows the decrease in CO, concentration
under catalytic conditions (ca. —1.9 V vs Fc/Fc+) over the course of 5 min. ..o 40

Figure 2.10 Infrared spectra of Mn(CN)(bpy)(CO)staken at controled potentials in dry DMF-TEOA (4:1)
under CO,. Enlarged spectra of the CO, peak at around 2337 cm™ shows the decrease in CO;
concentration at catalytic potentials (ca. —1.9 V vs Fc/Fc+) over the course of 5 min. ................. 41

Figure 2.11 UV-Vis spectra of Mn(CN)(bpy)(CO)s (1) (A) in dry MeCN with and without Vkd base in the
absence or presence of TEOA,; and (B) in dry DMF with and without Vkd base in the absence or
PreSENCE OF TEOA. . oottt e e te et e s be e st e beereesbesbaeeesbeeteestenreas 42

Figure 3.1 Structures of two sacrificial reductants: BIH and BNAH............ccocoiiiiiiiiiceee 44

Figure 3.2 Cyclic voltammograms of 1 mM of RuDAC (red), RuBPY (blue) and RuDMB (black) in dry
MeCN containing 0.1 M TBAPFs at scan rate 100 mV/s under Ar........cccccovoveverienineiienesinenenennns 46

Figure 3.3 Turnover number of CO (TONco) produced by RUDAC/ReDAC (red) and RuBPY/ReDAC
(blue) in MeCN (solid line) and DMF (dotted ling) SOIVENTS. ........cccccvivieiiiiiiccc e 48

Figure 3.4 IR spectra of 3 mM ReDAC, 3 mM RuDAC and 0.1 M BIH solution with 2CO, (black) and
13CO; (red) in dry MeCN showing the formation of reduced carbon products upon irradiation of

light at 470 NM FOF L0 MIN. c.eiiiiicc e b re e st e e re e resreeseesre e 50
Figure 3.5 UV-visible spectra of RUDAC (red), RuBPY (blue) and RuDMB (black) in dry MeCN solution.
....................................................................................................................................................... 51
Figure 3.6 IRSEC spectrum of 1mM of RuDAC and 1 mM ReDAC in dry MeCN under Na. ................. 53
Figure 3.7 Determination of hydrogen-bonding constant (K,) by fitting to a 1:1 dimerization model using
the NMR software WinEQNMR2%. Residuals squared = 3.9 X 10, ........ccccceevvvevivvesieceenenne, 54
Figure 3.8 *H NMR spectrum of Ru(dac)(bpy)2(PFs)2 in CD3CN. The peaks were referenced to residual
solvent Of CD3CN at 1.9400 PPIM. .ouiiiiiiiic ettt s ra e be e sresbe e e e sreeteebesbeersenre e 63
Figure 3.9 Mass spectrum of Ru(dac)(bpy)2(PFes)2 in methanol. ..............ccovviiiiiiiiieee 63
Figure 3.10 FTIR spectra of 10 mM of ReDAC/RUDAC, ReDAC and RuDAC in dry MeCN. ............... 64

Figure 3.11 Lifetime measurements of RUDAC, RuBPY and RuDMB in dry MeCN (red) and DMF (blue)
were collected at room temperature respectively. The excitation wavelength was 405 nm and the
emission wavelengths were 609 nm for RuBPY, 613 nm for RUDAC and 618 nm for RuDMB. 64

Figure 3.12 Stern—Volmer plot measuring the change of fluorescence lifetime of RuDAC and RuBPY in
the presence of BIH in dry MeCN and DMF respectively. The excitation wavelength was 405 nm
and the emission wavelengths were 609 nm for RuBPY, 613 nm for RUDAC. ..........cccocvernene 65

Figure 3.13 CV of 1mM of RuDAC in dry MeCN or DMF at different scan rates under Na.................... 65

Figure 3.14 CV of 1mM of RuDAC in dry MeCN or DMF at scan rate 100 mV/s under Nz or COa. ...... 66

Xi



Figure 3.15 CV of 1mM of RuDAC and 1 mM ReDAC in dry MeCN or DMF at scan rate 100 mV/s under

N, or COz. ...................................................................................................................................... 66
Figure 4.1 Proposed structure of FEDNaTPN-COF. ..o 70
Figure 4.2 SEM images of FeDhaTph-COF thin film on Si wafer. .........cccccoooiiiiiiiiic e, 72

Figure 4.3 High resolution XPS spectra of Nis signals: (a) FeTAPPCI, (b) FeDhaTph-COF and (c)
FeDMATPh-COF 0N AU SUITACES. ......oiviitiriiieieieese st 72

Figure 4.4 UV-vis spectra of soaking THF solution of carbon cloth electrodes synthesized with FeT APPCI
only (blue); and with FETAPPCI and Dha (red). .........cooereieieiieiise s 74

Figure 4.5 Scan rate studies of 0.5 mM FeTAPPCI solution in dry DMF and 0.25 mM FeTAPPCI solution
in dry MeCN containing 0.1 M TBAPFg under Ar respectively........ccccooveeieieeic s, 75

Figure 4.6 Cyclic voltammograms of 0.5 mM of FeTAPPCI in dry DMF solution under nitrogen (a) and
under CO2 with added TFE (b) at scan rate 100 mV/s. CVs of 0.25 mM of FeTAPPCI in dry MeCN
solution under nitrogen (c) and under CO2 with added TFE (d) at scan rate 100 mV/s. .............. 76

Figure 4.7 (a) Cyclic voltammograms of a FeTAPPCI electrode in dry MeCN solution of 0.1 M TBAPFs
under nitrogen, and under CO; with added TFE at scan rate 100 mV/s. (b) Scan rate studies of the
FeTAPPCI electrode under nitrogen. (c) Linear plot of reductive current of Fe(l/0) couple the
FeTAPPCI electrode against the SCAN FALE. ..........ccuiiiirireieeeee e 78

Figure 4.8 (a) Cyclic voltammograms of the FeDhaTph-COF electrode in dry MeCN solution of 0.1 M
TBAPFg under nitrogen, and under CO, with added TFE at scan rate 100 mV/s. (b) Scan rate
studies of the FeDhaTph-COF electrode under nitrogen. (c) Linear plot of reductive current of
Fe(1/0) couple of the FeDhaTph-COF electrode against the scan rate..........ccccoceevevvevesesiesiennan 78

Figure 4.9 (a) Cyclic voltammograms of a FeTAPPCI electrode in dry DMF solution of 0.1 M TBAPF;
under nitrogen, and under CO; with added TFE at scan rate 100 mV/s. (b) Scan rate studies of the
FeTAPPCI electrode under nitrogen. (c) Linear plot of reductive current of Fe(l/0) couple the
FeTAPPCI electrode against the SCAN FaLE. .......ccuviveieieiie e seee et sre e srenneas 79

Figure 4.10 (a) Cyclic voltammograms of the FeDhaTph-COF electrode in dry DMF solution of 0.1 M
TBAPFs under nitrogen, and under CO, with added TFE at scan rate 100 mV/s. (b) Scan rate
studies of the carbon cloth FeDhaTph-COF electrode under nitrogen. (c) Linear plot of reductive
current of Fe(1/0) couple of the FeDhaTph-COF electrode against the scan rate. ............cccceee.ee. 80

Figure 4.11 Number of mole of CO and H; (red for FeDhaTph-COF electrode and blue for FeTAPPCI
electrode) in the three hours of CPE in MeCN (a) and DMF (d). FeDhaTph-COF electrode and
FeTAPPCI electrode have their Faradaic efficiencies of CO and H: plotted during CPE in MeCN
(b and c) and DMF (e and ) reSPECLIVEIY. .....c.eeiiiieeeee e 81

Figure 4.12 Additional N1s XPS spectra of FeDhaTph-COF on carbon cloth (a) before and (b) after 2h
CPE at — 2.2 V vs. Ag/AgCl in MeCN under CO,. The N1s spectrum of TBAPFs (c) is also
included. Residual TBAPF is found in FeDhaTph-COF electrode after CPE even after thorough
rinsing with MeCN. The F1s signals overlap with the Fe2p signals. .........ccccoocevvivinininninenns 84

xii



Figure 4.13 FT-IR spectrum of iron(lll) 5,10,15,20-tetrakis-(4’-aminophenyl)porphyrin chloride
(FeTAPPCI) in KBr. FT-IR (v; cm™t): 3427, 3370, 1700, 1617, 1606, 1513, 1488, 1286, 1179, 998
L S A TR 020 S 98

Figure 4.14 ATR-IR spectrum of 2,5-dihydroxyterephthalaldehyde (Dha). ATR-IR (v; cm™): 3269, 16686,
1477, 1460, 1280, 1129, 888, 833, 795, B74......cceieriieiesieieieiseeste st 98

Figure 4.15 Mass spectrum of 5,10,15,20-tetrakis(4’-aminophenyl)porphyrin (TAPP) m/z calcd for
CuaH34Ns, 675.30 [M+H]*; found, 675.37 [M+H] ..o 99

Figure 4.16 Mass spectrum of FeTAPPCI m/z calcd for CssH32NgFe, 728.21 [M-CI]*; found, 728.15 [M-
O | P 99

Figure 4.17 *H NMR (CDCls, 400 MHz) of FeTAPPCI: & (ppm) —2.72(s, 2H, NH), 4.02 (s, 8H, NH>),
7.05-.707 (d, 8H, J = 8.0 Hz, aromatics), 7.98-8.00 (d, 8H, J = 8.0 Hz, aromatics), 8.90 (s, 8H, H-
PYITOIR). ettt b bbbt bbbt R bttt b Rt bbb n e n e 100

Figure 4.18 'H NMR (CDCls, 400 MHz) of Dha: & (ppm) 10.23 (s, 1H), 9.96 (s, 1H), 7.24 (s, 1H)...... 101
Figure 4.19 SEM images of FeDhaTph-COF 0N ST WATEr.........ccciviiiiiiiieeee s 102
Figure 4.20 Proposed structure of FEDMaTPh-COF..........ccoi i 103

Figure 4.21 Additional XPS spectra of FeTAPPCI on Au slides: (a) survey scan, (b) C1s, (c) Ols and (d)
4o PPV PP PR 104

Figure 4.22 Additional XPS spectra of FeDhaTph-COF on Au slides: (a) survey scan, (b) C1s, (c) Ols and
(0 ) T 2274 o SR 104

Figure 4.23 Additional XPS spectra of FeDmaTph-COF on Au slides: (a) survey scan, (b) Cls, (c) Ols
and (d) Fe2p. The two oxygen peaks correspond to the oxygen in the hemiaminal group and
IMETNOXY GIOUP. .ttt sttt ekttt h et bbbt b bt e st e bt bbbttt en e ene s 105

Figure 4.24 CVs of FeDhaTph-COF electrode in original (black and blue) and new solutions (red) of dry
MeCN containing 0.1 M TBAPFs under Ar at scan rate 100 MV/S........ccoccvviveenenineneneenieneens 105

Figure 4.25 Current of different electrodes during CPE at 2.2 V (vs. Ag/AgCl) in MeCN and 2.1V in DMF
containing 0.1 M TBAPFs and 0.5 M TFE under CO; for three hours.........cccccoovevviicieiienennn, 106

Figure 4.26 Current of FeDhaTph-COF carbon cloth electrode during CPE at 1.3 V (vs. Ag/AgClsm nacty)
in 0.5 M KHCO3 under CO2 fOr thre@ NOUIS. .......coiiiiiiiiieiciee e 106

Figure 4.27 CVs of FeDhaTph-COF electrode in dry MeCN containing 0.1 M TBAPFs under Ar (black),
CO (blue) and CO; (red) at scan rate 100 MV/S. ......coiiieiiiiiie e 107

Figure 4.28 Cyclic voltammograms of different electrodes before and after 3 h controlled-potential
electrolysis at — 2.2 V (vs. Ag/AgCI) in MeCN and at 2.1V in DMF solutions of 0.1 M TBAPFs
under CO; with added TFE at Scan rate 50 MV/S. ........cooiiiiiiiiiiieie e 108

Figure 4.29 UV-vis spectra of different concentration of FeTAPPCI in THF solution. ...........cccccuen.... 109

Figure 4.30 Calibration curve of absorbance of soret band at 424 nm against concentration of FeTAPPCI
N THE SOIULION. ...ttt ettt e e s re s e nbeereeneeseeaneeseeeees 109



Figure 5.1 Cyclic voltammograms of 1 mM of Re-C, Re-G and mixture of 1 mM Re-C and Re-G in dry
MeCN under Ar or CO; at a scan rate of 100 MV/S. ......coeiiiiiiiiiiieseeee e 112

Figure 5.2 IR spectrum of 3 mM Re-C, 3 mM Re-G and mixture of 1.5 mM Re-C and Re-G in MeCN
upon chemical reduction of bis(pentamethylcyclopentadienyl)cobalt(ll) (Co(Cp®)2). .ceovvrerernne. 112

Figure 5.3 Cyclic voltammograms of (a) 0.5 mM of Re(bpy-PE)(CO)sCl, with addition of (b) 0.5 mM
calix[6]arene or (c) 0.5 mM of dihydroxypillar[6]arene, in dry MeCN under Ar or CO; with or
without addition of trifluoroethanol (TFE) at a scan rate of 100 mMV/s. ......ccccovviivevecnineciee 114

Figure 5.4 Cyclic voltammograms of 0.5 mM of Re(bpy-PE)(CO)sCl, with addition of (a) 0.5 mM
calix[6]arene or (b) 0.5 mM of dihydroxypillar[6]arene in dry MeCN under Ar at a scan rate of

L00 MV/S. ottt e 115
Figure 5.5 'H NMR of 4-methyl-4’-methyl(trimethylsilane)-2,2’-bipyridine in CDsCl...............c......... 118
Figure 5.6 'H NMR of 4-methyl-4’-methylchloro-2,2’-bipyridine in CDsCl........c.cccccoeevvveeeeveeeennee. 119
Figure 5.7 'H NMR of 4-methyl-4’-methylcytosine-2,2’-bipyridine in CD3Cl..........cccceveveeevvevcveennnen. 120
Figure 5.8 'H NMR of Re(dmb-cytosine)(CO)sCl in CD3CN. .......ccccvururiririrrieeeeeeeeeee e 121
Figure 5.9 'H NMR of 4-methyl-4’-methylguanine-2,2’-bipyriding in CDsCl. .........cccceveveevvvercreennee. 122
Figure 5.10 *H NMR of Re(dmb-guaning)(CO)sCl in DMSO-Ts. ......ccevevrrrrrreereeeeesesesesesesesesenens 123
Figure 5.11 *H NMR of 5 mM Re(bpy-PE)(CO)3Cl in CD3CN. ......cccovivirereiireeiceceeeees s 124

Xiv



LIST OF SCHEMES

Scheme 1.1 Schematic reaction mechanism of multi-electron photochemical carbon dioxide reduction
through reductive QUENCNING. .....cviiiiiici et e et e srenre s 9

Scheme 1.2 Schematic representation of electron transfer process of electrocatalysis. ...........cc.ccoeverenne 10

Scheme 1.3 Schematic representation of electrical double layer, which is composed of inner Helmholtz
plane (IHP) and outer Helmholtz plane (OHP), diffuse layer, and electroneutral bulk solution... 11

Scheme 1.4 Schematic representation of homogeneous and heterogenized catalyst for electrocatalysis. . 12

Scheme 2.1 Proposed mechanisms for the formation of HCO;H and/or CO from the photocatalytic reaction
with Mn(CN)(bpy)(CO)s and MnBr(bpy)(CO)5 2, respectively. .........ccccvvvriereeesiiiiicesiennns 23

Scheme 2.2 Simplified description of the elementary steps in photochemical reduction of CO; by
a1 (ORI D] o)7L (1 ) TSRS 24

Scheme 3.1 Experimental and control systems for investigation of hydrogen bonding effects on
PROTOCALAIYSIS. ... eevieiie ettt e te et e s beste e besbeese e besseeseesbeeneesbeeteentenreas 45

Scheme 3.2 A simplified scheme showing reductive quenching of the Ru photosensitizer (Ru) by sacrificial
reductant (D) and then the electron transfer from singly reduced Ru to the catalyst (Cat). .......... 46

Scheme 3.3 A schematic representation of statistical mixture of RUDAC and ReDAC homodimers and
RUDAC/ReDAC heterodimers inthe ration of 1: 1 : 2. ..o 67

Scheme 5.1 Molecular structure of Re(dmb-cytosine)(CO)sCl and Re(dmb-guanine)(CO)sCl............... 111

Scheme 5.2 Schematic representation of proposed photochemical system with specific donor and acceptor
pair for hydrogen BONAING. ........cooiiiii e e e re e 113

Scheme 5.3 Molecular structure of Re(bpy-PE)(CO)sCl, calix[6]arene and dihydroxypillar[6]arene..... 113

XV



LIST OF TABLES

Table 1.1 Reduction potentials for electrochemical half-reactions of CO- at pH = 7 vs. NHE in aqueous

solution. Reproduced from BeNSON €t al.2..............cocovviiveieiieiiccececceeee e 8
Table 2.1 Summary of Catalytic Experiments for Photocatalysis.............ccociiiiiiieieini e 20
Table 2.2 Summary of Control Experiments for Photocatalysis. .........ccccoovvvviiiiiiii i 21

Table 3.1 Summary of turnover numbers (TONco and TON4), turnover frequency (TOFco) and quantum
yield (®co) of experimental studies of 0.5 mM catalyst (Cat) and 0.5 mM of photosensitizer (PS)
100 (=] GO TP S PR PR PRRTTRP 48

Table 3.2 Summary of turnover numbers (TONco) and quantum yield (®co) for control studies of 0.5 mM
catalyst (Cat) and 0.5 mM of photosensitizer (PS) after 4 hours of photocatalysis under Ar or CO..

Table 3.3 Photochemical properties of RUDAC, RUBPY and RUDMB............cccooivviiene s 52

Table 4.1 Concentration of Fe sites of FeDhaTph-COF, FeTAPPCI and blank electrodes before and after
3h electrolysis in MeCN and DMF. @ The concentrations of Fe are below detection limit. There is
no detectable Fe concentration in the blank carbon cloth before and after CPE. ............c.cccce... 83

Table 4.2 Percentage contributions of the different nitrogen species for FeTAPPCI, FeDhaTph-COF and
FEDMATPN-COF. ...ttt sttt b nnen e 103

XVi



ACKNOWLEDGEMENTS

I am very fortunate to have so much support from my friends, co-workers, collaborators, advisor
and my family. Their sharing, teaching and reflections have made me a better authentic self.

First, 1 am very grateful that Professor Cliff Kubiak accepted me as a student in his lab and provided
support and guidance when | needed them. | felt very fortunate that the lab environment is delighted,
supportive, full of humor and bromance. Special thanks to my colleagues in the Kubiak Lab, especially
Steven Chabolla and Chris Miller, for brainstorming research ideas, editing my writing, listening to my
complaints and providing suggestions. | still enjoy doing research and discussing about science at the end
of graduate school. The five years in UC San Diego is the most fruitful, independent and enjoyable period
in my life so far.

More thanks to my friends in Hong Kong, including but not limited to Donald Chan, Steven Cheung
and Candace Lau. They provided help to me in terms of counselling, emotional support, financial support,
editing my writing, sharing cute emojis on Facebook and discussion of science, social and political issues
throughout my Ph.D. life.

My parents, even though they only completed elementary school, always support me in pursuing a
“dangerous” major with an advanced degree oversea. September 2019 is a memorial time to me as my
father has been passed away in peace while | am preparing my dissertation. Last but not least, deepest

gratitude to my mother, who is rather open-minded at her age, for her unconditional love and support.

XVii



CHAPTER-SPECIFIC ACKNOWLEDGEMENT

Chapter 2, in full, comes directly from a manuscript entitled: “Photochemical Reduction of Carbon
Dioxide Using a CN-modified fac-Mn(bpy)(CO); Catalyst.” by Cheung, P.L.; Machan, C.W.; Malkhasian,
A.; Agarwal, J. and Kubiak, C.P., which has been published in Inorg. Chem. 2016, 55, 319-3198. The
dissertation author is a primary co-author of this manuscript. This work was supported by the Air Force
Office of Scientific Research through AFOSR through a Basic Research Initiative (BRI) Grant (No.
FA9550-12-1-0414). J.A. acknowledges support from the NSF (CHE-1361178).

Chapter 3, in full, comes directly from a manuscript entitled: “Improving Photocatalysis for the
Reduction of CO, Through Non-Covalent Supramolecular Assemble.” by Cheung, P.L.; Kapper, S.C.; Zeng,
T.; Thompson, M.E. and Kubiak, C.P., which has been published in J. Am. Chem. Soc. 2019, 141(38),
14961-14965. The dissertation author is a primary co-author of this manuscript. This work was supported
by the Air Force Office of Scientific Research through AFOSR through a Basic Research Initiative (BRI)
Grant (No. FA9550-12-1-0414).

Chapter 4, in full, comes directly from a manuscript entitled: “Facile Solvent-Free Synthesis of
Thin Iron Porphyrin COFs on Carbon Cloth Electrodes for CO, Reduction.” by Cheung, P.L.; Lee, S.K.
and Kubiak, C.P., which has been published in Chem. Mater. 2019, 31, 1908-1919. The dissertation author
is a primary co-author of this manuscript. This work was supported by the Air Force Office of Scientific
Research through AFOSR through a Basic Research Initiative (BRI) Grant (No. FA9550-12-1-0414).

Chapter 5, in part, consists of unpublished work. This work was supported by the Air Force Office
of Scientific Research through AFOSR through a Basic Research Initiative (BRI) Grant (No. FA9550-12-

1-0414).

XViii



VITA

2019 Doctor of Philosophy, University of California San Diego
2016 Master of Science, University of California San Diego
2014 Bachelor of Science, The Chinese University of Hong Kong

PUBLICATIONS

Cheung, P.L.; Kapper, S.C.; Zeng, T.; Thompson, M.E.; Kubiak, C.P. Improving Photocatalysis for the
Reduction of CO, Through Non-Covalent Supramolecular Assemble. J. Am. Chem. Soc. 2019, 141(38),
14961-14965.

Cheung, P.L.; Lee, S.K.; Kubiak, C.P. Facile Solvent-Free Synthesis of Thin Iron Porphyrin COFs on
Carbon Cloth Electrodes for CO, Reduction. Chem. Mater. 2019, 31, 1908-1919.

Clark, M.L.; Cheung, P.L.; Lessio, M.; Carter, E.A.; Kubiak, C.P. Kinetic and Mechanistic Effects of
Bipyridine (bpy) Substituent, Labile Ligand, and Brgnsted Acid on Electrocatalytic CO, Reduction by
Re(bpy) Complexes. ACS Catal. 2018, 8, 2021-2029.

Sahu, S.; Cheung, P.L.; Machan, C.W.; Chabolla, S.A.; Kubiak, C.P.; Gianneschi, N.C. Charged
Macromolecular Rhenium Bipyridine Catalysts with Tunable CO, Reduction Potentials. Chem. Eur. J.
2017, 23, 8619-8622.

Cheung, P.L.; Machan, C.W.; Malkhasian, A.; Agarwal, J.; Kubiak, C.P. Photochemical Reduction of
Carbon Dioxide Using a CN-modified fac-Mn(bpy)(CO); Catalyst, Inorg. Chem. 2016, 55, 319-3198.

XiX



ABSTRACT OF THE DISSERTATION

Photochemical and Electrochemical Reduction of Carbon Dioxide
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Carbon dioxide reduction has been an increasingly popular research in the renewable energy
development as it can be used to store the solar energy in the form of chemical energy in liquid fuels, like
gasoline and diesel. There are two main catalytic approaches to overcome the thermodynamically unfavored

conversion of carbon dioxide (CO;) to carbon-based species, such as carbon monoxide and format:
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photochemical reduction using direct sunlight, and electrochemical reduction using electricity generated by
solar panels.

In a typical photochemical system using rhenium or manganese bipyridine catalysts, previous work
has been done on ligand modification to improve the quantum yield of carbon monoxide (CO) and other
carbon species production. The work presented in this dissertation focuses on the structural modification of
these catalysts to eliminate dimerization of manganese bipyridine catalyst upon first reduction and facilitate
electron transfer from singly reduced photosensitizer to catalyst through non-covalent supramolecular
assembly. In the former method, the bromide ligand of the manganese bipyridine catalyst (Mnbpy(CQO)3Br)
was replaced with a cyanide ligand (Mnbpy(CO)sCN) to reach an alternative reaction mechanism, in which
disproportionation of two singly reduced manganese bipyridine catalyst occurs to give the active species
without dimerization. In the latter method, electron transfer between the singly reduced photosensitizer and
the catalyst is facilitated by the closer proximity of the two through non-covalent hydrogen bonding. Both
methods, unexpectedly, discovered the role of solvents in photocatalysis on product selectivity.

One of the biggest obstacles of electrochemical reduction of carbon dioxide in large-scale
application is the immobilization of catalysts onto electrode surface. Most of the attachment methods in the
literature face the issues of catalysts detachment and deactivation, and poor electrical contact between the
catalyst and the electrode. A novel solvent-free synthetic method was invented to embed a top carbon
dioxide electrocatalyst iron porphyrin into covalent organic frameworks. The COF-modified electrode
demonstrated good activity for production of CO under electrocatalytic conditions in acetonitrile (MeCN)

compared to the control electrode with only adsorbed iron porphyrins.
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Chapter 1

Energy Storage by Carbon Dioxide Reduction

1.1 Global Energy Usage and Movement Towards Renewable Energy

With increasing demand in energy, there is a growing need for finding renewable energy resources
to offset or stabilize the emissions of carbon dioxide. Energy consumption worldwide grew by 2.3 % in
2018, nearly twice the average rate of growth since 2010.22 It was spurred by increased consumption in
China and the United States. Chinese energy consumption, being the largest in the world since 2009, was
mainly driven by power generation, strong industrial demand, and increasing transport fuel consumption
encouraged by a growing vehicle fleet. The United States has consumed a record-high of 2.3 giga tonne of
oil equivalent of energy in 2018 (3.5 % increase from 2017).? In contrast, energy consumption decreased
in the European Union ( 1 %), and in particular Germany ( 3.5 %), partly due to decreasing consumption in
the power industry, a milder winter, reducing commercial consumption, and energy efficiency
improvements.® Natural gas accounted for nearly 45 % of the increase in total energy demand. Demand for
all fuels rose, with fossil fuels meeting nearly 70 % of the growth for the second year energy consumption.*
Modeled projections from different groups suggest that the consumption of fossil fuels is likely to continue

to grow due to increased energy demand in the future.? 4°
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Figure 1.1 Capacity-weighted average construction costs for electricity generators from 2013 to 2017.
Figure reproduced in full from Reference 6.

Global energy demands and climate change have increased interest in the renewable energy
development in the world, making it more cost-competitive compared to conventional fossil fuel power
plants.*® From 2013 to 2017, average costs for solar photovoltaic (PV) generators have fallen by 37 %,
wind by 13 %, and natural gas by 4.7 % in the United Sates (Figure 1.1).% Renewables 2019 Global Status
Report® showed that renewable energy accounted for an estimated 18.1 % of total global final energy
consumption. The electricity generated from new solar PV plants had become more economical than power
from fossil fuel plants in many countries, such as China, Germany, and Italy.” The increased popularity of
solar PV plants is due to the decreased global total installation cost of utility-scale solar PV projects, which
have fallen more than 70% since 2010 (1210/kW in 2018 and 4621/kW in 2010)" due to competition,
continued improvements in manufacturing, and module efficiency.® In the U.S., California is on the track
to meet its goal of 33 % of its energy produced from renewable sources, such as solar, wind, and geothermal
energy by 2020 (Figure 1.2);8 it has also set an additional goal of reaching 50 % of its electrical needs by
renewable energy by 2030.° The lowering of building cost makes renewable energy a bigger section of

global energy supply.
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Figure 1.2 Monthly maximum percent of load served by renewables in California from January 2015 to
July 2019. Figure reproduced in full from Reference 3.
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Figure 1.3 Global energy-related carbon dioxide emissions by source from 1990 to 2019 recorded by
IEA. Figure reproduced in full from Reference 1.

Despite progress in renewables generation, energy efficiency, and energy access, the world is not
on track to meet the targets of the Paris Agreement, which aims to limit the global temperature rise in this

century to 1.5 °C above pre-industrial levels via increased renewable energy usage and a decrease in global



carbon emissions.® Due to increased fossil fuel consumption global energy-related carbon dioxide (CO,)
emissions rose 1.7 % to a historic high of 33.1 gigatonne (Gt) of CO; in 2018. (Figure 1.3).%° In the new
global economy, reduction of carbon dioxide emissions has become a central issue for economic growth

and environmental sustainable development.

1.2 Problems of Oversupply and Intermittency
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Figure 1.4 The “duck curve” chart published by CAISO in 2016. Figure reproduced in full from Reference
11.

In February 2008, a team of analysts at the National Renewable Energy Laboratory (NREL) led by
Paul Denholm published work? that examined future large-scale integration of solar photovoltaic (PV)
generation on the electric grid. Their recognition of a unique change in the shape of the electric load met
by conventional power plants when increasing levels of PV are added to the system is consistent with the
“duck curve” phenomenon (Figure 1.4) observed by the California Independent System Operator (CAISO)
in their real-time monitor of daily net electricity demand from 2012 to 2020.1* - Since its discovery, the

duck curve has become an emblem of the challenges faced by power system operators when integrating

4



variable renewables on the grid. On a particular sunny day, especially when the temperature is cool, system
operators have to turn off some of the solar panels as conventional plants are too slow to turn on and off to
accommaodate the spike of solar energy during daytime. Moreover, the intermittent nature of solar and wind
energies makes them unreliable supply of energy for long term utilization. To cope with these problems,

energy storage is the ultimate solution to renewable energies.
1.3 Role of Carbon Dioxide Utilization in Energy Storage

1.3.1 Role of Carbon Dioxide Reduction in Grid Management

Without cost-effective storage, solar electricity can never be a primary energy source for society,
due to the diurnal variation in local insolation. In principle, storage of electricity could be obtained using
batteries, but at present no battery technology meets the needs for large scale storage applications. A second
approach is to store the electrical energy mechanically, for instance, by pumping water uphill. This method
is relatively inexpensive for storing large amounts of energy, but it is not well matched to being charged
and discharged every 24 h to compensate for the diurnal cycle. A third way of storage is to store the solar
electrical energy into chemical energy in the form of chemical bonding in artificial photosynthesis, as a
mimic of natural photosynthesis.!* One of the best end products that can be produced from artificial
photosynthesis is liquid fuels, such as gasoline and diesel, by using carbon dioxide as a raw material. Carbon
dioxide is a very thermodynamically stable form of carbon. As a result, conversion of carbon dioxide into
amore energetic product involves transfer of electrons to carbon, reducing its oxidation state. The processes
by which carbon dioxide is converted to a more reduced product is called carbon dioxide reduction. As a
comparison to energy storage in batteries or hydrogen gas, liquid hydrocarbon fuels have much higher
energy density per unit weight or volume (Figure 1.5). Together with their low density and liquid state,

liquid fuels are still the best form of energy storage that is already well incorporated into our current society.
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Figure 1.5 Energy density per unit weight or volume of liquid fuels compared to batteries. Figure adapted
from Reference 15.

1.3.2 Other Impacts Brought by Carbon Dioxide Reduction

By coupling carbon dioxide reduction to micro-grids of renewable energy, liquid fuels can be
produced using sunlight or wind, carbon dioxide, and water. Such technology is not only important to the
development of renewable energy, but also essential to the national security’® and Mars exploration®’.
According to a Department of Defense (DOD) report®®, U.S. military facilities had 701 power outages in
2016 that lasted eight hours or longer, with an average cost of $500,000 per day. These power outages are
mainly due to mechanical failures and the loss of electricity through the public power grid. In cases where
continuity of power supply is vital for national defense operations, renewable power and energy storage
technology, can be combined to form self-sustaining microgrids. Renewable energy generators can be
constructed within a short timeframe throughout different regions and terrains, and enhance the reliability
and resilience of the entire electrical grid during high-impact events.

The Keck Institute for Space Sciences (KISS) has studied the viability of the photoelectrochemical
(PEC) or electrochemical (EC) production of fuel (e.g., carbon monoxide or methane) and oxygen from
atmospheric carbon dioxide on Mars. The Martian atmosphere consists of more than 95 % of carbon
dioxide. Due to the complexity, site dependency, and mission risk currently on Mars, utilization of

atmospheric CO; is deemed the preferred way to produce oxygen and fuels for human missions.’



1.4  Catalysts for Carbon Dioxide Reduction
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Figure 1.6 Timeline for the number of articles published on photocatalytic and electrocatalytic CO,
reduction, solar PV production in California on June 20", and monthly average of seasonally adjusted
CO; concentration in the atmosphere.

The search of catalytic systems for carbon dioxide reduction has started since the oil crisis in
1970s.° Despite the drop in oil prices since, there has been an increase of solar PV production (Figure 1.6)
that has lead to more and more work has been done on photocatalysis and electrocatalysis for carbon
dioxide reduction. The plot was made from the article numbers (Web of Science, Clarivate Analytics)?,
solar PV production (CAISO Daily Renewables Watch)?!, and CO. concentration (the Scripps CO>
measurements at Mauna Loa)?? respectively . All data were updated on November 12, 2019. In the past few
decades, useful catalytic systems were developed mostly using semiconductors, transition metal complexes,
and enzymes. In this work, we focus on the development of transition metal complexes as electrocatalysts

and photocatalysts for carbon dioxide reduction.



1.41 Photochemical Systems for Carbon Dioxide Reduction

The one-electron reduction of carbon dioxide is a highly endergonic reaction (egn. (1) in Table
1.1) because carbon dioxide is a very thermodynamically stable form of carbon. Only a few studies have
reported this process by photocatalysis. For instance, Yanagida et al showed that poly-p-phenylene serves
as redox photosensitizer to reduce CO to CO,*~ in the presence of trimethylamine as reductant®. However,
to have better product control and utilize low energy light, the multi-electron reduction of carbon dioxide
via chemical reactions is a more promising process. As shown in egn. (2) and (3), the two-electron two-
proton reduction of carbon dioxide is thermodynamically more favorable. Carbon monoxide (CO) is a
useful chemical precursor that can be converted into liquid hydrocarbon fuels through Fischer-Tropsh

process.?* Formic acid can act as a hydrogen carrier® and as use in a formic acid fuel cell %%

Table 1.1 Reduction potentials for electrochemical half-reactions of CO; at pH = 7 vs. NHE in aqueous
solution. Reproduced from Benson et al.?®

CO, + e —  COy* °=_1.90V 1)
COo, +2H" +2 — CO+H;0 E°=-053V )
CO, +2H" +2- — HCOOH °=_0.61V 3
CO, +4H' +4e - HCHO+H,0 °=_048V (4)
cO, +6H" +6e — CHsOH+H,0 °=_0.38V 5)
CO, +8H" +8 — CHi+2H0 °=_0.24V (6)

A typical multi-electron system for photocatalytic reduction of carbon dioxide via reductive
guenching usually consists of a sacrificial reductant (D), a photosensitizer (PS), and a catalyst (Scheme
1.1). In this work, we concentrate on reductive quenching process as photosensitizer and catalyst are two
isolated molecules, not being linked by covalent bonds. In most photocatalytic systems, the catalytic cycles
were initiated by the reductive quenching process, in which an electron was transferred from sacrificial
reductant to the photoexcited PS* to give the singly reduced photosensitizer (PS*"). The reductant
sometimes has drastic impacts on the photocatalytic activity of the system. Photosensitizer is a redox

mediator transferring electrons from sacrificial reductant to catalyst after photoexcitation. Catalyst accepts



one or multiple electrons from PS*~ or (PS*) to reduce CO, molecule by making one or multiple bonds.
The driving force of electron transfer between photosensitizer and catalyst is determined by the redox

potential difference between PS*~ and the catalyst.®

-+
D

2e” CO,

. |:> Catalyst
PS
\— CO, HCOZH, CH4, etc
PS

hv

Scheme 1.1 Schematic reaction mechanism of multi-electron photochemical carbon dioxide reduction
through reductive guenching.

The most studied photochemical systems include rhenium, manganese and ruthenium bipyridyl
complexes, iron and cobalt porphyrins, as well as cobalt and nickel cyclams?®. Current work has been
focused on synthesizing novel photosensitizer for longer excited state lifetime*-3! and visible light
excitation®223 replacement of scarce metals to earth abundant metals in catalysts®** and photosensitizers®
%, acceleration of electron transfer from PS®~ to catalyst," % and usage of better sacrificial reductants®’ to
further improve catalytic performance. Most of these works were done through modification of ligands of
the organometallic complexes,31-32 % but there is still room for study by alternating the reaction mechanism
for photocatalysis.®®3° Hence, this work shows two projects alternating the reaction mechanisms by
changing the ligand directly attached to the metal center® and installing hydrogen bonding groups to

ligands®.

1.4.2  Electrochemical Systems for Carbon Dioxide Reduction
The electrochemical reduction of carbon dioxide was studied for the first time by Royer* in 1870.

Similar to photocatalytic reduction of carbon dioxide, there was a growing body of literature that recognizes



the importance of electrochemical studies started since 1970s.** As shown in Scheme 1.2, electrocatalysts
receive one or more electrons from electrode to reach the reduced state (Cat™"), then they pass the electrons
to the substrate to give the products and regenerate the oxidized catalyst (Cat™). An electrocatalytic process
is therefore dependent on the relationship between the applied voltage, Vappiied, and the thermodynamic
potential of the reaction, E°(P/S), which can be used to determine the effective overpotential, n [Vapplied —
E°(P/S)]. Ideal molecular electrocatalysts have a high heterogeneous electron transfer rate constant, ks, at
Vappliea in addition to a redox couple, E°(CAT™™"), that is well-matched with E°(P/S) so that i is minimal.
Ideal catalysts will have high catalytic rate constants, kcat, with low n values (Scheme 1.2).#2 To study
these reactions, isolation of catalytically relevant species is of the utmost importance to understanding the
catalytic mechanism and gives insight into how electronic structures can be manipulated to improve

catalytic activity.

° Cat™ — neé_— Substrates

©

e kcat

O ki

w e Cat™ Products
Vapplied EO(CAT™/m-n) EO(P/S)

Where effective overpotential (n) = V,ppjieq — E°(P/S)

Scheme 1.2 Schematic representation of electron transfer process of electrocatalysis.

The direct electrochemical reduction of carbon dioxide results in a variety of products which
depend mainly on catalyst materials and the reaction medium. Electrochemical reduction of carbon dioxide
can mainly proceed through two-, four-, six-, and eight-electron reduction pathways in gaseous, aqueous,
and non-aqueous phases at different cell and electrode configurations (Table 1.1). In this work, we focus

on molecular electrocatalysts, which are mostly molecular transition metal complexes. Based on their
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physical states during catalysis, molecular electrocatalysts can be categorized into two groups:

Q Solvated
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homogeneous catalysts and heterogenized catalysts.
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Scheme 1.3 Schematic representation of electrical double layer, which is composed of inner Helmholtz
plane (IHP) and outer Helmholtz plane (OHP), diffuse layer, and electroneutral bulk solution.

Homogeneous catalysts dissolve in solution during catalysis. When a negative potential is applied
at the electrode, there is a space-charged region composed of electrical double layer and a diffuse layer.
The former contains exclusively cations of the supporting electrolyte on the electrode surface (and vice
versa if the electrode is positive). The inner Helmholtz plane (IHP) is the layer of adsorbed charged solvent
or supporting electrolyte molecules, while the outer Helmholtz plane (OHP) consists of ions and solvated
ions of opposite charges to the electrode attracted to the electrode surface via long range coulombic forces
(Scheme 1.3).* The electrical double layer extends to the bulk solution via a diffuse layer in which the
excess of positive charges over negative charges gradually decreases with distance until electroneutrality is
reached. Since the concentration of supporting electrolyte is usually a hundred times higher than the
concentration of the electroactive species, the presence of the electroactive species, the catalyst in this case,

does not perturb the double layer significantly. The migration of charged electroactive species and
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convection of solution is minimized during cyclic voltammetry, therefore, the electroactive molecules are
transported solely by diffusion.*> Because catalysts work only when they receive electrons, only the small
fraction of catalysts present at the electrical double layer or diffuse layer can be reduced and reactive.

Therefore, the rate of catalysis is limited by the rate of diffusion of catalyst to electrode surface.

Homogeneous Catalysis Heterogenized Catalysis

000
GO

Solvated lon :
0 or molecule Q Cation @ Anion O Catalyst

Scheme 1.4 Schematic representation of homogeneous and heterogenized catalyst for electrocatalysis.

To solve this problem, heterogenization of homogeneous molecular catalyst by immobilizing them
onto electrode surfaces becomes a viable solution (Scheme 1.4). The molecular catalysts are attached to
electrode surfaces via physical and chemical interactions. For example, molecular catalysts with aromatic
rings are commonly deposited onto carbon nanotubes on carbon electrodes and then used in aqueous
solution in which the catalysts are insoluble.**" In the ideal situation, the heterogenized catalysts at the
electrode surface receives electrons rapidly to drive catalysis, of which their rate is not limited by diffusion
of catalysts. Heterogenization of catalysts also favors large scale applications due to lower catalyst loading,

higher compatibility of various solvents, and easier handling of processes.
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Rhenium and manganese bipyridine systems, iron and cobalt porphyrins, nickel cyclams, iron
carbonyl clusters, and iron and cobalt cyclopentadienones are some of the most well-studied electrocatalysts
for carbon dioxide reduction.?® 449 A lot of studies have been done on attaching these catalysts onto
electrode surfaces. Due to low cost, easy modification, and diversity in morphology, carbon electrodes are
most commonly used for modification with catalysts. The attachment methods on carbon electrodes can be
categorized as covalent immobilization and non-covalent immobilization. However, most of these
attachments suffer from catalyst detachment, catalyst deactivation, low catalyst loading, and poor electrical
contact.®® More work needs to be done to build an ideal system with inexpensive catalyst, low catalyst
loading, high catalytic activity, and long term stability. For example, monolayers or ultrathin films of
catalysts made from earth-abundant metals, such as iron, manganese, and nickel, can be deposited or
chemically linked to electrodes to decrease the catalyst loading. The molecular structure and morphology
of catalysts is likely to affect the way they attach onto electrode surface, and hence their catalytic activity

and long-term attachment.
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Chapter 2

Photochemical Reduction of Carbon Dioxide Using

a CN-modified fac-Mn(bpy)(CO)s Catalyst

2.1 Introduction

The development of systems to harness renewable energy for conversion of carbon dioxide
attracted attention as an artificial means of photosynthesis since the energy crisis from 1970s to 1990s.
Three systems have been developed using semiconductors, transition metal complexes and enzymes during
this period. Fujishima and Honda et al reported the photochemical reduction of carbon dioxide using
semiconductor photocatalysts, e.g. titanium dioxide (TiO2) and cadmium sulfide (CdS).! Lehn's catalyst,
fac-Re(bpy)(CO)sCl, was also reported to be a very selective carbon dioxide photocatalyst in 1980s.24
Willner and his coworkers also presented their development of photocatalytic CO,-fixation systems into
organic products using enzymes in 1986.° Despite the decrease of oil price in recent years and the difficulty
in developing technologies for industrial usage, the development of photocatalytic reduction of carbon

dioxide continues to receive plenty of interest.
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In this work, we focus on the photocatalytic reduction of carbon dioxide using transition metal
complexes as catalysts and redox photosensitizers, especially molecular catalysts with Ru- and Re-carbonyl
cores and ligands based on 2,2"-bipyridine (bpy).5! Complexes of this type have been used to convert CO;
to carbon monoxide (CO) and/or formic acid (HCO;H) by using a photosensitizer (PS) to initiate
photochemical electron transfer along with a sacrificial reductant to donate electrons and sustain catalysis.
However, the cost of ruthenium (Ru) and rhenium (Re) precludes their use on a large scale, underscoring
the need for earth-abundant alternatives, e.g., manganese (Mn).1213 Although it is not the focus of the
present work, we note that there is a complementary focus on the development of photosensitizers which
do not use heavy metals for similar reasons.416

Prior reports have focused on the electrochemical®’” and photosensitizer-driven®!® reactions of fac-
MnBr(bpy)(CO)s (the fac- label will be omitted from here on). During electrocatalysis, MnBr(bpy)(CO)
is first reduced by a single electron, after which the Br- ligand dissociates and a metal-metal bonded dimer,
[Mn(bpy)(CO)s]z, is formed.2-2t Further reduction of the dimer with two electrons yields two equivalents
of the proposed active species, [Mn(bpy)(CO)s]; this reduced species can react with CO- in the presence
of added Brgnsted acids to produce CO in non-aqueous media.?® 2222 The intermediate steps are proposed
to involve a hydroxycarbonyl species, [Mn(n!-COOH)(bpy)(CO)s], which forms from the initial reaction
of the [Mn(bpy)(CO)s]~ anion with CO,/H* and requires an additional reduction to achieve the highest rate
of catalysis.?> 2 Consistent with the electrochemical mechanism detailed above, Takeda et al.*® found that,
as a catalyst, MnBr(bpy)(CO)s forms the [Mn(bpy)(CO)s]. dimer rapidly following a photo-induced one-
electron reduction by a photosensitized [Ru(dmb)s]?* complex. Time-resolved experiments estimate the
dimerization rate constant to be rapid, with 2kgim = 1.3 £ 0.1 x 10° M-%s1.2 The authors!® suggested a
monomeric, five-coordinate manganese radical species [Mn(bpy)(CO)s]" results from photoinduced
homolytic dimer cleavage; this radical is also proposed to be the active catalyst for reduction of CO-, with
HCO;H as the major product. Analogous Mn radical species have been previously detected as a product of

the photoassisted cleavage of Mn—Mn bonds.?>?
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In a recent report we described the electrocatalytic behavior of Mn(CN)(bpy)(CO)s, which was
found to be a competent catalyst for the electrocatalytic reduction of CO, with high Faradaic yield for CO
(98 + 3%).% With the substitution of the Br- ligand for the pseudohalogen cyanide (CN-), the mechanism
of catalytic CO, reduction was altered from that described above. Specifically, CN~ did not readily
dissociate like Br~ following a one-electron reduction, mitigating the formation of the Mn—-Mn dimer
species as an intermediate to the active state, [Mn(bpy)(CO)s]~, which was instead generated after a
disproportionation reaction. As a result, we were interested in investigating the photocatalytic properties of
Mn(CN)(bpy)(CO)s to see if the alternate reduction mechanism would also impact the distribution of two-
electron products (Hz, CO and HCO;H).®

Herein, the use of Mn(CN)(bpy)(CO); as part of a photocatalytic system for the reduction of CO,
is reported. The results suggest that, similar to the previously described electrochemical mechanism,
Mn(CN)(bpy)(CO)s undergoes a disproportionation reaction involving two singly reduced species,
[Mn(CN)(bpy)(CO):], to produce one equivalent of the catalytically active species [Mn(bpy)(CO):]” and
one equivalent of Mn(CN)(bpy)(CO)s. Indeed, under a variety of experimental conditions
Mn(CN)(bpy)(CO)s is capable of photocatalytically converting CO; to both CO and HCO:H, although at
lower rates than previously reported for MnBr(bpy)(CO)s. Interestingly, the preferred catalytic product
shifts from CO to HCO,H when changing the solvent from MeCN to DMF. Supplementary electrochemical
and infrared spectroelectrochemical studies support the disproportionation mechanism, and indicate that
the DMF-TEOA mixture is non-innocent with respect to the production of HCO,H. This is noteworthy
because many studies have focused on the electro- and photocatalytic performance of molecular catalysts
related to MnX(bpy)(CO)s51t 1819 but few studies investigate the role of solvent.?® 230 |ndeed, some
reports note that DMF can be hydrolyzed to produce formate either during photocatalysis or during analysis
if significant amounts of water are present.®*°Some studies suggest that dimethylacetamide (DMA) is a

better alternative of DMF for photocatalytic reduction of CO, as DMA does not hydrolyze to give formate.
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2.2 Results and Discussion

2.2.1 Photocatalytic Experiments

Thirty one photocatalytic experiments with different reaction conditions were conducted and the
results are summarized in Table 2.1 and Table 2.2. In a typical photocatalytic experiment — adapted from
a previous report® — a quartz cell of known volume was charged with solvent mixtures of acetonitrile
(MeCN) and triethanolamine (TEOA) (4:1 v/v) or dimethylformamide (DMF) and TEOA (4:1 v/v) that
contained Mn(CN)(bpy)(CO)s, [Ru(dmb)s]?* as a photosensitizer, and 1-benzyl-1,4-dihydronicotinamide
(BNAH) as a sacrificial reductant. After irradiation at 470 nm with an LED laser, the gaseous products
(CO, Hy) were quantified by GC and liquid products (HCO2H) with 'H NMR (See Experimental Methods).
A key finding is that the main product of the photochemical reaction was HCO.H in the DMF-TEOA

solvent system, while CO was the primary product in MeCN-TEOA, vide infra.

Table 2.1 Summary of Catalytic Experiments for Photocatalysis.

Mn Catalyst/ Ru Photosensitizer/ Irradation HCO,H- CO- Hz- HCO;

Entry mM mM Time/h TON TON TON H-¢ 9@
Catalytic Experiments in DMF-TEOA
1 0.1 0.1 15 36.29 3.90 0.64 0.0096 0.001
2 0.5 0.5 15 21.16 3.17 0.45 0.0312 0.0047
3 1.0 1.0 15 9.50 2.28 0.37 0.0272 0.0065
4 0.1 0.1 6 16.46 2.76 0.20 0.011 0.0018
5 0.5 0.5 6 10.92 0.92 0.25 0.0387 0.0033
6 1.0 1.0 6 5.18 0.83 0.07 0.033 0.0053
Catalytic Experiments in MeCN-TEOA
7 0.1 0.1 15 4,52 7.87 0.56 0.0011 0.002
8 0.5 0.5 15 2.05 5.26 0.24 0.0027 0.0069
9 1.0 1.0 15 1.16 3.21 0.17 0.0029 0.008
10 0.1 0.1 6 0.00 4.65 0.27 0.00 0.0032
11 0.5 0.5 6 0.00 3.35 0.14 0.00 0.0112
12 1.0 1.0 6 0.00 3.14 0.14 0.00 0.0207
Variable Concentration Studies in DMF-TEOA
13 0.1 0.5 15 129.87 9.08 1.20 0.0262 0.0018
14 0.1 1.0 15 127.36 7.10 1.55 0.0318 0.0018
15 1.0 0.5 15 5.79 3.03 0.24 0.0144 0.007
Variable Concentration Studies in MeCN-TEOA

16 0.1 0.5 15 8.08 19.02 1.42 0.0021 0.0048
17 0.1 1.0 15 9.01 21.47 1.31 0.0022 0.0053
18 1.0 0.5 15 1.38 4.20 0.18 0.003 0.01

All runs were sparged with CO; for 30 mins prior irradiation with 470 nm monochromatic light for 15 h.
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Table 2.2 Summary of Control Experiments for Photocatalysis.

Entr Mn Catalyst/ Ru Photosensitizer/ Irradation HCO;H- CO- Ho- HCO; CO-
y mM mM Time /h TON TON TON H- ® ()
Control Reactions in DMF
19 0.5 0 CO; 1.89 2.10 0.00 0.0022 0.0025
20 0 0.5 CO; 5.66 1.49 2.84 0.0069 0.0018
21% 0.5 0.5 CO; 0.00 5.81 0.26 0.00 0.0082
220 0.5 0.5 Ar 2.63 / / / /
23 0.5 0.5 Ar 3.82 1.54 7.82 0.0047 0.0018
24 0 0.5 Ar 3.15 0.87 1.32 0.004 0.0011
25 0.5 0 Ar 2.19 2.25 0.00 0.003 0.003
26% 0.5 0.5 Ar 0.00 2.44 1.40 0.00 0.0021
Control Reactions in MeCN
27 0.5 0 CO; 0.00 2.04 0.00 0.00 0.0024
28 0 0.5 CO; 0.72 0.60 1.23 0.0009 0.0008
29% 0.5 0.5 CO; 0.00 2.18 0.00 0.00 0.0025
30 0.5 0.5 Ar 0.55 2.20 4.40 0.0007 0.0026
31# 0.5 0.5 Ar 0.00 2.39 1.37 0.00 0.002

All runs were irradiated with 470 nm monochromatic light for 15 h. # TEOA is not used in the solvent
system. @ Irradiation time = 0 h.

In the following sections we highlight two conclusions that are supported by these experimental
results: i) Mn(CN)(bpy)(CO)s follows a disproportionation mechanism under photocatalytic conditions,
and ii) varying the solvent system from DMF-TEOA to MeCN-TEOA affects the product distribution
between HCO,H and CO. We discuss the origin of these conclusions and introduce further experimental

results in support.

2.2.2 Disproportionation Mechanism

In Scheme 2.1, we present a proposed mechanism for the photocatalytic reduction of CO, by
Mn(CN)(bpy)(CO)s based on the photocatalytic results presented above and additional experiments detailed
below. In the photosensitization step, the reduced [Ru(dmb)s]™* ([Ru(dmb)s]?*/** = —-1.85 V vs Fc/Fc+)
transfers an electron to the ligand of Mn(CN)(bpy)(CO)s (species 1), forming a [Mn(CN)(bpy)(CO)s]*~
pecies, 2 [egn. 1 in Scheme 2.2; [Mn(CN)(bpy)(CO)3]%/ = -1.91 V vs Fc/Fc+].t 28 3134 The reduced

photosensitizer [Ru(dmb)s]™ is capable of driving catalysis at this potential, but at a diminished rate. Indeed,

'[Ru(dmb);]**"/* = 0.24 V; BNAHY"" = 0.20 V vs Fc/Fc+
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in comparison to MnBr(bpy)(CO)s much lower rates are observed.’® Two equivalents of 2 can undergo
disproportionation to generate the active [Mn(bpy)(CO)s]”~ anion, 3, and the starting material
Mn(CN)(bpy)(CO)s [egn. 2 in Scheme 2.2]. It is presumed that HCO,H formation in this mechanism results
from the protonation of species 3 (by TEOA, TEOA™, or TEOAH) to generate a Mn hydride, an expected
intermediate before CO, insertion, during catalysis.!® *-3° A preference for HCO,H is observed in DMF-
TEOA solution, indicating that the formation of an intermediate hydride species may be favored relative to
MeCN.° It is also possible for species 3 to form a hydroxycarbonyl species (preferred in MeCN-TEOA)
through a direct attack of CO, with subsequent protonation by TEOA or TEOAH* (generated by the
deprotonation of BNAH'*, the expected sacrificial co-product from photosensitization).***! The resulting
n*-COOH coordination mode generally yields CO as a product.*>** We note another formate formation
pathway. It is possible that species 2 may abstract a hydrogen atom from TEOA or BNAH™ to generate a
hydride species (with presumptive CN- loss) and that the photosensitizer is observed to generate formate in
control reactions by an ostensibly analogous mechanism.*® This presumptive hydride species generated by
2 could also then react with CO; to give HCO2H. Such reaction pathways are expected to be in competition
with the disproportionation mechanism and eventual catalysis by 3.

The proposed mechanism for the photocatalytic reduction of CO2 by MnBr(bpy)(CO)s based on
the previous literature’®® is also presented for comparison (Scheme 2.1). In this reaction scheme, the
formation of a Mn—Mn bonded dimer is an intermediate step to the formation of a neutral five-coordinate
radical species from photoassisted bond cleavage. It is likely at this point in the reaction that the
photosensitizer provides the additional electron required to complete the reduction of CO,. The redox
potential for [Mn(bpy)(CO)s]”~ has not been directly measured, but when using the structural analogue
MnBr(6,6’-dimesityl-2,2'-bipyridine)(CO)s, the first reduction becomes a two electron process at —1.55 V
vs Fc/Fc+ by the prevention of dimerization, suggesting this can be considered the approximate maximum

potential required to generate the anion.?
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Scheme 2.1 Proposed mechanisms for the formation of HCO;H and/or CO from the photocatalytic reaction
with Mn(CN)(bpy)(CO)s and MnBr(bpy)(CO)s'®1¢, respectively.

In both the DMF-TEOA and MeCN-TEOA solvent systems, the turnover number (TON) for
HCO;H, CO, and H: decreased as the concentration of the Mn complex increased (entries 2, 8, 15, and 18).
This observation is consistent with the proposed mechanism of photocatalytic CO- reduction involving an
intermediate disproportionation step, vide infra.?® Two equivalents of Mn(CN)(bpy)(CO)s are required to
be reduced by one electron each from [Ru(dmb)s]™ before a disproportionation reaction yields one
equivalent each of the active catalyst [Mn(bpy)(CO)s]- and Mn(CN)(bpy)(CO)s. At high concentrations of
Mn(CN)(bpy)(CO)s and [Ru(dmb)s]?*, mass transport limitations would be expected to affect this process,
and limit the overall efficiency. This can be shown in a simplified kinetic description of the overall reaction

as shown in Scheme 2.2 below. Inhibition by increasing concentration of Mn(CN)(bpy)(CO)s is an expected
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consequence of the disproportionation reaction in eqgn. 2, if it is assumed to be the rate-limiting step for the

formation of 3 and the reaction of 3 with CO- is assumed to be fast relative to k..

Ru +1 k 2+Ru (1)
ky

2+2 1+3 (2
2
ks

3+CO0, —5 » 14P (3

Scheme 2.2 Simplified description of the elementary steps in photochemical reduction of CO, by
Mn(CN)(bpy)(CO)s.

This mechanism is further validated by the observation that the TON increases when the ratio of
Ru photosensitizer to Mn complex (entries 1, 2, 7, 8, 13 — 18) is increased. The observed increase in
catalysis levels off after the ratio of [Ru(dmb)s]?* : Mn(CN)(bpy)(CO)s reaches 5 : 1. At this ratio, relative
to experiments with equimolar amounts of photosensitizer and catalyst (entries 1 — 12), there is a 3.6x
enhancement in the HCO,H-TON and 2.3x in the CO-TON in the DMF-TEOA system. Likewise, the
MeCN-TEOA system shows a 1.8x increase in the HCO,H-TON and 2.4x in the CO-TON. As shown in
Eqgn (1) of Scheme 2.2, an increased amount of photosensitized Ru (Ru”) relative to Mn(CN)(bpy)(CO)s in
solution could generate more equivalents of the singly reduced species [Mn(CN)(bpy)(CO)z]"~ 2 (Scheme
2.2). Therefore, more equivalents of the active anion [Mn(bpy)(CO)s]~ 3, would be formed in Eqgn (2),
resulting in an increase in catalyst TONs [Eqgn (3)]. After the optimized ratio is reached, the concentration
of photosensitizer is no longer a limiting factor and the observed TONs do not change at higher ratios of
[Ru(dmb)s]* : 1.

Lastly, photodecomposition (mole equivalent of CO = 2 relative to [Mn(CN)(bpy)(CO)3]) in both
the MeCN-TEOA and DMF-TEOA solvent systems was observed when there was no [Ru(dmb)s]?*, CO,,
or TEOA present (entries 19 — 31 in Table 2.2). These experiments also showed that [Ru(dmb)s]*
contributed to H,, HCO,H, and CO production, although in a much lower quantity than Mn(CN)(bpy)(CO);

(entries 20, 24 and 28).1819. 4
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2.2.3  Solvent Effects

The observation that the photocatalytic system is more selective for CO in MeCN-TEOA than in
DMF-TEOA (which produces more HCO;H) suggests the possibility of solvent interactions during the
photochemical mechanism. In control reactions with the DMF-TEOA solvent system (entries 19 — 20, 22 —
25), we note that there is always a small amount of residual HCO.H which is independent of photocatalysis.
The lack of residual HCOH in the absence of TEOA (entries 21 and 26) suggests the TEOA is vital for the
production of HCO;H in DMF. Furthermore, in the case of entry 22 (a control work-up of entry 23 before
any irradiation occured), HCO;H was detected by *H NMR immediately after mixing the solution in the
dark. No HCO;H was found in the MeCN-TEOA system in analogous experiments. Residual HCOzH is
only observed from the interaction between DMF and TEOA; this observation is consistent with some
recent reports: Vos?® and Ishida® pointed out that DMF hydrolyzes spontaneously to give HCO2H in the
presence of water or TEOA. A plot (Figure 2.5) of HCO;H-TON vs. the concentration of
Mn(CN)(bpy)(CO)s shows high linearity for both the 15 h and 6 h irradiation times in the DMF-TEOA
solvent system, suggesting that the amount of HCO,H formed from DMF and TEOA interaction is
insignificant under catalytic conditions. Solvent decomposition alone does not explain the large difference
in product distribution between the two solvent systems.

To further understand the role of solvent in product selectivity, cyclic voltammetry (CV) was
performed both under Ar and CO- saturation. In Figure 2.1, scans were performed with Mn(CN)(bpy)(CO)s
(1 mM) and tetrabutylammonium hexafluorophosphate (TBAPFs; 0.1 M) as the supporting electrolyte in
DMF under argon (Ar) at scan rates from 100 mV/s to 2000 mV/s. The first one-electron, quasireversible
redox feature is observed at-1.95 V vs. Fc/Fc+ (Epc) with peak-to-peak separation (AEp) of 74 mV. As
shown in Figure 2.7, the addition of TEOA to the solution under Ar showed a slight current attenuation
(0.7x) of the peak current of the first reduction wave (ca. —1.95 V vs Fc/Fc+), which is attributed to dilution.
When CO: is present, the peak current increased to 2.1x that observed under Ar. The current enhancement

is consistent with the catalytic reduction of CO, by a [Mn(bpy)(CO)s]™ active species.?® The process is
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diffusion-limited as indicated by the linear relationship between the square root of the scan rate and the

peak current (Figure 2.6).
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Figure 2.1 Cyclic voltammetry of Mn(CN)(bpy)(CO)s under Ar saturation. Conditions: 1 mM
Mn(CN)(bpy)(CO)s in 0.1 TBAPFs/DMF; WE: GC; CE: Pt; RE: Ag/Cl with Fc as internal reference.

Interestingly, when TEOA was added to dry MeCN, the redox feature became less reversible and
the peak current showed a slight enhancement (2x) under Ar (Figure 2.8). Such irreversibility is not
observed in the absence of TEOA.? The presence of CO; increased both the irreversibility of the wave and
the peak current, suggesting that the interaction of MeCN with TEOA and the reduced species is relevant
at this potential, but not for DMF. This provides important clues for the different product distributions

between two solvent systems observed during photocatalysis.
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Figure 2.2 Infrared spectra of Mn(CN)(bpy)(CO)s at controlled potentials (a) in dry MeCN with TEOA
under Na, and (b) in dry MeCN with TEOA under COs,.

Infrared spectroelectrochemistry (IR-SEC) was used to monitor the microscale electrolysis of
Mn(CN)(bpy)(CO)3 in the DMF-TEOA and MeCN-TEOA solvent systems by IR spectroscopy. IR-SEC
allows the starting, intermediate, and product species in solution to be characterized as a function of
potential and time.?* 28 In the experiment, a solution of 4 mM Mn(CN)(bpy)(CO); in 0.1 M TBAPF¢/MeCN
or DMF-TEOA (4 : 1) inside the IR-SEC cell was put under catalytic conditions (ca. —1.9 V vs Fc/Fc+)
over the course of 5 min under Ar or CO, with glassy carbon as working electrode, platium as counter
electrode and silver as pseudoreference electrode. When the potential of the IR-SEC cell is shifted stepwise
from resting to that of the first reduction in MeCN with added TEOA and Mn(CN)(bpy)(CO)s (~-1.9 V vs
Fc/Fc+), two new bands appear at 1911 cm™ and 1810 cm™ with the concomitant disappearance of the
original bands (Figure 2.2a), which are assigned to [Mn(bpy)(CO)s]~. A band of low intensity appears
during reduction at 1990 cm, corresponding to the high frequency carbonyl mode of
[Mn(CN)(bpy)(CO):]"~. When the MeCN-TEOA solution of Mn(CN)(bpy)(CO)s is sparged briefly with
CO; and this experiment is repeated, a band for CO; is observed at 2337 cm™. At the potential of the first
reduction this band decreases in intensity, consistent with catalytic consumption of CO, (Figure 2.9).
Similar to the case when TEOA is present under N saturation conditions, the only Mn carbonyl bands

observed are at 1911 cm™ and 1810 cm™, consistent with the formation of the active catalyst species

[Mn(bpy)(CO)s]™
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Figure 2.3 Infrared spectra of Mn(CN)(bpy)(CO)s at controlled potentials (a) in dry DMF under Ny, (b) in
dry DMF with TEOA under Nz, and (c) in dry DMF with TEOA under COx.

By comparison, conducting the same experiments in DMF showed a similar redshift of the Mn
carbonyl stretching modes to the active catalyst at the potential of the first reduction, albeit at a slower rate
on the experimental timescale (~5 minutes, Figure 2.10 and Figure 2.3a). The singly reduced species,
[Mn(CN)(bpy)(CO)3]"", is more stable under these conditions relative to the results in MeCN. The IR bands
visible at resting potential (2026, 1936, and 1927 cm™?) almost completely shift to lower frequencies (2003,
1905, and 1893 cm) when the cell potential is changed from resting to that of the first reduction (~1.9 V
vs Fc/Fc+; ~1 min). Previous computations predicted that in MeCN [Mn(CN)(bpy)(CO)s]~ would have
observable IR modes at 2010, 1909, and 1895 cm™?; the high frequency mode was experimentally observed
at 2007 cm1.2¢ The presence of TEOA and CO, decreases the stability of [Mn(CN)(bpy)(CO)s]", as
evidenced by a more rapid shift to [Mn(bpy)(CO)s]™ on this timescale (1909 and 1811 cm; ~5 minutes).
In comparison to MeCN-TEOA, however, a more significant amount (as estimated by IR intensity) of the
singly reduced species is still observed under these conditions.'® This difference in the relative stability of
[Mn(CN)(bpy)(CO)3]" in the MeCN- and DMF-based solvent systems could explain the observed product
selectivities. The higher stability of species 2 observed in DMF would allow more time for competing
hydrogen atom abstraction pathways involving TEOA or BNAH™ to generate HCO-H via a Mn hydride
species.

The UV-Vis spectra of Mn(CN)(bpy)(CO)s also revealed the difference of interaction of the

catalyst and the solvent. As shown in Figure 2.11, upon the addition of Verkade’s base (Vkd base) to
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solution in the absence of TEOA, the band at ~370 nm diminishes in intensity and broadens, indicating the
disappearance of Mn(CN)(bpy)(CO)s. On the other hand, there is a slight diminishment observed with the
addition of TEOA only, likely due to a decrease in the concentration of Mn(CN)(bpy)(CO); from dilution.
Such observation is seen in both MeCN and DMF solvent systems. This is another piece of evidence

showing the presence of TEOA affecting the reaction of catalyst.

2.3 Conclusion

Using [Ru(dmb)s]?* as a photosensitizer in dry DMF-TEOA or MeCN-TEOA solvent mixtures
with Mn(CN)(bpy)(CO); as a catalyst results in photocatalytic CO, reduction through an intermediate
disproportionation mechanism. The formation of HCO;H and CO from CO. decreases with increasing
concentration of the Mn complex from 0.1 mM to 1.0 mM, while the formation of products increases with
a higher ratio of [Ru(dmb)s]?* : Mn(CN)(bpy)(CO)s. Control reactions have also demonstrated that the DMF
solvent is not innocent in the formation of HCO;H in the presence of TEOA. Even in the dark, DMF and
TEOA generate a measurable amount of HCO,H. Supplemental CV and IR-SEC studies indicate that
although the reduction mechanism in MeCN and DMF is similar, there is an observable difference in
stability of the [Mn(CN)(bpy)(CO)s]". It is clear from these studies that the process of photosensitization
by [Ru(dmb)s]?* with BNAH as a sacrificial reductant and the role of TEOA are mechanistically complex

and require further investigation to rationally optimize the overall reaction.
2.4 Experimental

24.1 General.

All reagents were obtained from commercial suppliers and used as received unless otherwise noted.
Acetonitrile (MeCN) was obtained from a solvent system under argon (Ar); dimethylformamide (DMF)
and methanol were dried over molecular sieves (3 A) for three days under N2 prior to use. Triethanolamine

(TEOA) was stored under N,. Tetrabutylammonium hexafluorophosphate (TBAPFs) was recrystallized in
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MeOH twice and dried at 90°C before use. Mn(CN)(bpy)(CO)s was synthesized according to literature
procedure.?

'H NMR spectra were recorded on a Varian Mercury Plus 400 MHz spectrometer and NMR
chemical shifts were referenced to the proton signal of ferrocene. Fourier transform infrared (FTIR) spectra
were recorded on a ThermoNicolet 6700 spectrophotometer running OMNIC software. Absorption spectra

were recorded on a CARY 300 Bio UV—Vis spectrophotometer with a quartz cuvette (1 cm pathlength).

2.4.2 Photochemical Reactions

A solution of acetonitrile (MeCN) and triethanolamine (TEOA) (~20 mL; 4:1 v/v) or
dimethylformamide (DMF) and TEOA (~20 mL; 4:1 v/v), which contained Mn(CN)(bpy)(CO)s,
[Ru(dmb)s]?* as a photosensitizer, and 1-benzyl-1,4-dihydronicotinamide (BNAH, 0.1 M) as a sacrificial
reductant was prepared in a 36 mL quartz cell (NSG Precision Cell, Inc.; pathlength = 2 cm) sealed with a
rubber septum. In the concentration study, solutions containing 0.1 mM, 0.5 mM and 1.0 mM of both
Mn(CN)(bpy)(CO)s and [Ru(dmb)s]?* were prepared and measured. The solution was sparged with dry Ar
or CO; gases for 30 minutes prior to irradiation. The solution was irradiated with a470 nm LED (ThorLabs,
Inc.; bandwidth FWHM = 25 nm) with temperature maintained at 25.0 = 0.1°C and constant stirring

throughout the experiment. The light intensity was measured using a NOVA Il power meter.

2.4.3 Product Analysis from Photocatalysis'®

The gaseous products, H, and CO, were analyzed by GC-TCD (Hewlett-Packard 7890A Series gas
chromatograph) with two molsieve columns (30 m X 0.53 mm x 25 um film). The 1 mL injection was split
between two columns, which use N, and He as carrier gases to measure the quantity of H, and CO,
respectively. Turnover numbers (TON) for the product were calculated as the moles of product divided by
the moles of catalyst.

The liquid products were analyzed by a previously reported *H NMR (400 MHz Mercury NMR
Instrument) method!2: a known amount of ferrocene (5-8 mg) was added to the irradiated solution in a 5.0

mL volumetric flask to serve as an internal standard, and the solution was sonicated for 10 minutes. A 1.0
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mL syringe was used to transfer a 0.8 mL aliquot of the resulting solution to a 2.0 mL volumetric flask
containing 0.1 mmol of Verkade’s base (2,8,9-Triisopropyl-2,5,8,9-tetraaza-1-
phosphabicyclo[3,3,3]Jundecane, Vkd base). CDsCN was added to the 2.0 mL mark and the resulting
solution was sonicated for another 10 minutes. The solution was divided into three NMR samples and each
one was run for 128 scans on a Mercury 400 MHz spectrometer at 298K. The whole work-up process was
carried out in the dark. The ferrocene peak is usually found at 4.13 ppm while the formate peak is at around
8.50 ppm (Figure 2.4). The areas of the peaks were integrated using the software Origin. The concentration
of formate is calculated using a calibration curve made from various ratio of 99% formic acid and ferrocene

with the same workup procedure (Figure 2.5).

2.4.4 Cyclic Voltammetry (CV)

A series of CV studies were performed using a BASi Epsilon potentiostat. A 3 mm diameter glassy
carbon working electrode (BASI), a platinum (Pt) wire couter electrode and a silver/silver chloride
(Ag/AgCl) wire separated from the bulk solution by a CoralPor tip as a pseudoreference electrode were
used in a single compartment cell for all experiments. Experiments were run with and without ferrocene as
an internal reference. Electrolyte solutions were composed of dry MeCN or DMF, containing 1 mM of
catalyst, 0.1 M TBAPF; as supporting electrolyte, and with or without 1.88 M TEOA (solvent : TEOA =4
: 1 viv) unless otherwise noted. The electrolyte was purged with Ar or CO, for before cyclic voltammograms

were recorded and stirred between successive experiments.

245 Infrared Spectroelectrochemistry

The experimental method, cell design and setup of the IR-SEC cell have been reported previously.?
All measurements were made with a Pine Instrument Company model AFCBP1 bipotentiostat. The IR-
SEC cell is composed of GC working electrode, Ag pseudoreference electrode, and Pt counter electrode.
All potentials were referenced to the pseudoreference Ag/Ag*, ~+200 mV higher than the Fc/Fc+ couple.
The solution containing 4 mM Mn complex and 0.1 M TBAPFs in dry MeCN or DMF with or without

TEOA (solvent : TEOA =4 : 1 v/v) was sparged with N, or CO; and then injected into the IR-SEC cell to
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form a thin liquid layer for bulk electrolysis. The potential was changed stepwise and the solution was

monitored with Fourier transform reflectance IR off the electrode surface over time.

2.4.6  Preparation of Ru(dmb)s(PF).

The photosensitizer, Ru(dmb)s(PFs). (dmb = 4,4’-dimethyl-2,2"-bpyridine) was synthesized from
RuCls-xH,0 (91.7 mg, 0.169 mmol) and dmb (46.5 mg, 0.255 mmol) according to literature*” and further
purified by recrystallization with acetone-diethyl ether. All characterization was consistent with previous

reports; yield: 55.2 mg (34.6%).
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2.7 Appendix
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Figure 2.4 A sample *H NMR spectrum of the worked-up photocatalytic reaction solution of 1 mM
Mn(CN)(bpy)(CO)s under CO; after 15 h irradiation. The solvent was a DMF-TEOA (4 : 1 v/v) in CDsCN
solution. The ferrocene reference is at 4.13 ppm while formate is observed at 8.50 ppm.
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N,N-DMF-TEOA (15 h irradiation)
y = -2.950E+01x + 3.805E+01
R?=0.9810

N,N-DMF-TEOA (6 h irradiation)
1 y=-1.249E+01x + 1.7561E+01
R?=0.9971
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Figure 2.5 The linear fit lines of HCO,H TON vs. catalyst (complex 1) concentration shows high linearity
for both 15 h and 6 h irradiation.
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Figure 2.6 Linear plots of anodic and cathodic currents against square root of scan rate of CV for 1.0 mM
of complex Mn(CN)(bpy)(CO)s in 0.1 M TBAPFs in dry DMF under Ar.
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Figure 2.7 Cyclic voltammetry of Mn(CN)(bpy)(CO)s under Ar saturation (black), in the presence of
TEOA (blue), and under CO, saturation (red) in dry DMF at 100 mVs—1. Conditions: 1 mM
Mn(CN)(bpy)(CO)3 in 0.1 TBAPF6/DMF; WE: GC; CE: Pt; RE: Ag/Cl with Fc as internal reference.

0.84
B | ——without TEOA under Ar
e —— with 1.88 M TEOA under Ar
i 0.6 — with 1.88 M TEOA under CO,
£ ]
= 0.4
2
o 0.2-1
()
& 0.0
3
—0.2 T T T T T T
-0.5 -1.0 -1.5 -2.0

Potential (V vs. Fc/Fc")

Figure 2.8 Cyclic voltammetry of Mn(CN)(bpy)(CO)s under Ar saturation (black), in the presence of
TEOA (blue), and under CO saturation (red) in dry MeCN at 100 mVs. Conditions: 1 mM
Mn(CN)(bpy)(CO)s in 0.1 TBAPFs/MeCN; WE: GC; CE: Pt; RE: Ag/Cl with Fc as internal reference.

39



0.6 | | |

o
§ MeCN:TEOA (4:1) + 12C02
l
® 0.4} o
£ ‘ | 33t !
§ 0.2} il |
< w
00 sl e A\ / p \
2400 2200 2000 1800
Energy (cm1)
0.5 | |
MeCN:TEOA (4:1) + 12CO2
04} ” |
S
€ 0.3} | _
(5]
2
0 0.2} |
(7]
o)
<01t
0.0 = N
2400 2350 2300
Energy (cm-)

Figure 2.9 Infrared spectra of Mn(CN)(bpy)(CO)s at controlled potentials in dry MeCN-TEOA under COx.
Enlarged spectra of the CO, peak at around 2337 cm™ shows the decrease in CO, concentration under
catalytic conditions (ca. —1.9 V vs Fc/Fc+) over the course of 5 min.
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Figure 2.10 Infrared spectra of Mn(CN)(bpy)(CO)s taken at controled potentials in dry DMF-TEOA (4:1)
under CO.. Enlarged spectra of the CO, peak at around 2337 cm* shows the decrease in CO, concentration
at catalytic potentials (ca. —1.9 V vs Fc/Fc+) over the course of 5 min.
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Figure 2.11 UV-Vis spectra of Mn(CN)(bpy)(CO)s (1) (A) in dry MeCN with and without VVkd base in the
absence or presence of TEOA; and (B) in dry DMF with and without VVkd base in the absence or presence
of TEOA.
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Chapter 3

Improving Photocatalysis for the Reduction of CO>

Through Non-Covalent Supramolecular Assembly

3.1 Introduction

To mimic natural photosynthesis, photocatalytic reduction of CO; has been extensively
investigated using transition metal complexes that can act as redox photosensitizers (PS) by transferring
electrons upon photon excitation and as catalysts (Cat) by accepting electrons and reducing CO,. Re
bipyridine catalysts have been shown to be excellent electrocatalysts' and photocatalysts*® when coupled
with photosensitizers. In a typical photocatalytic system using Re(dmb)(CO)sCl (ReDMB, where 4,4’-
dimethyl-2,2’-bipyridine = dmb) as catalyst, Ru(dmb)s(PFs). (RUDMB) as photosensitizer, and 1-Benzyl-
1,4-dihydronicotinamide  (BNAH) as  sacrificial reductant in a solution of N,N-
dimethylformamide/triethanolamine (DMF : TEOA, 5: 1), the quantum yield is 6.2 % for carbon monoxide
(®co) and the turnover number for CO (TONco) is 101 in 16 h®. In order to improve the quantum yield of
photocatalytic systems, the Ishitani group has studied extensively supramolecular photocatalysts by linking

different photosensitizers and Re catalysts using short, covalent bridging ligands since 2005"*%. They also
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switched the sacrificial reductant to 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH),
which can serve as a two-electron donor with stronger reducing power compare to BNAH® (Figure 3.1).
The catalytic performance of these new systems is greatly improved compared to the separated systems due
to the acceleration and higher yield of intramolecular electron transfer between the two components, with
the rate of electron transfer as fast as ket = (1.4 + 0.1) x 10° s™* & Recently, our laboratory estimated that
the rates of electron transfer (ker) between RusO clusters linked by hydrogen bonded pyrimidinones were
on the order of 10t s71 17, There are several reports of the influence of second coordination sphere effects,
such as hydrogen bonding interactions, on catalysis'®?t. Consequently, in this work, we investigate a
bimolecular system, in which the photosensitizer and the catalyst form hydrogen bonding pairs, to

determine the effects of non-covalent interactions on photocatalytic performance.

HH O

NH
N | | 2

BIH BNAH

Figure 3.1 Structures of two sacrificial reductants: BIH and BNAH.

The system composed of Ru(dac)(bpy)2(PFs). (RUDAC) (4,4’-bis(methyl acetamidomethyl)-2,2’-
bipyridine = dac, 2,2’-bipyridine = bpy) as the photosensitizer and Re(dac)(CO)sCl (ReDAC) as the catalyst
was chosen for this study (Scheme 3.1). A previous electrochemical study of ReDAC indicated the
formation of a hydrogen-bonded Re—Re dimer in acetonitrile (MeCN)?. In order to fairly assess the effects
of hydrogen bonding interactions on photocatalysis, a control system composed of Ru(bpy)s(PFs):

(RuBPY) and ReDAC was used for comparison (Scheme 3.1). More control experiments were run using
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Re(bpy)(CO)sCl (ReBPY) as catalyst with RUDAC and RuBPY as photosensitizers respectively to further
investigate the influence of hydrogen bonding on photocatalysis. RUBPY has similar reduction potentials,

UV-vis absorption spectrum, and excited state lifetime as RUDAC.
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Scheme 3.1 Experimental and control systems for investigation of hydrogen bonding effects on
photocatalysis.

3.2 Results and Discussion

3.2.1 Cyclic Voltammetry of Photosensitizers

ReDAC? and BIHZ were synthesized as reported and RuDAC was synthesized by adapting
methods in the literature?*. In a typical mixed system with the Ru photosensitizer and catalyst as separate
components, the Ru photosensitizer (Ru*) is first excited by light and then reduced by a sacrificial reductant
(D), followed by electron transfer from the singly reduced Ru photosensitizer (Ru™) to the catalyst?
%5(Scheme 3.2). The latter step (eq. 2 in Scheme 3.2) is driven by the difference between the redox potential
of Ru™ and catalyst. To better demonstrate the impact of hydrogen bonding on photocatalysis, the first
reduction potential of the photosensitizer should be comparable to that of the catalyst so that there is a low
driving force for electron transfer. In the previous study, ReDAC was reported to display its first reduction
at —1.77 V (vs. Fc*®)?, Cyclic voltammograms (CVs) of RUDAC, RuBPY and RuDMB were taken under

Ar in dry MeCN solutions containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFg). Within
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experimental error, the CVs of RuDAC and RuBPY display first reduction potentials at —1.76 V, making
them excellent trial systems comparing hydrogen bonding effects in this study. Another commonly used
photosensitizer, RuDMB, has a more negative reduction potential at —1.88 V. The increased driving force
for electron transfer could mask hydrogen bonding effects. Therefore, RUBPY was chosen to be the control

for comparison of catalytic performance without a hydrogen bonding interaction.
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Figure 3.2 Cyclic voltammograms of 1 mM of RUDAC (red), RuBPY (blue) and RuDMB (black) in dry
MeCN containing 0.1 M TBAPFs at scan rate 100 mV/s under Ar.

Ru**+D — Ru* +D* 1
Ru* + Cat — Cat” + Ru? (2)

Scheme 3.2 A simplified scheme showing reductive quenching of the Ru photosensitizer (Ru) by sacrificial
reductant (D) and then the electron transfer from singly reduced Ru to the catalyst (Cat).
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3.2.2 Photocatalytic Experiments

A series of photocatalytic studies were performed by irradiating solutions that were 0.5 mM in
photosensitizer, 0.5 mM in catalyst, 0.1 M in 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole
(BIH) in dry MeCN or DMF under CO; or Ar at 470 nm for 4 h. The common practice of using
triethanolamine (TEOA) as proton source and 1-benzyl-1,4-dihydronicotinamide (BNAH) as sacrificial
reductant was not adopted in this study as these have hydroxyl or amide groups which are capable of
interrupting the hydrogen bonding between the photosensitizer and the catalyst. A benzimidazoline
derivative, BIH, was used as sacrificial reductant in this work as it does not interfere with hydrogen bonds
(Figure 3.1). The systems in this study work surprisingly well without the added proton source, and it is
likely due to the disproportionation mechanism of 2 CO, + 2 e to CO and CO3z> or HCO3™ ([H]COs?") by
the ReDAC catalyst?2. In MeCN solutions, hydrogen bonds can be formed between amide substituents as
demonstrated in previous electrochemical studies of ReDAC?2. The photocatalytic reactions were run for
4 hours only because over half of the BIH was consumed. After 4 hours of irradiation, the RUDAC/ReDAC
system exhibits a more-than-threefold increase in photocatalytic reduction of CO- with a higher turnover
number (TONco = 100 + 4) and quantum yield (®co = 23.3 = 0.8 %) for CO production compared to the
RuBPY/ReDAC control system (TONco = 28 + 4 and ®co = 7 = 1 %) as shown in Figure 3.3 and Table
3.1. To further test hydrogen bonding as the principal cause for these observations, similar photocatalytic
studies were done in DMF, a solvent that interrupts hydrogen bond formation. In D (Table 3.1), the
RuBPY/ReDAC control system displays improvement in catalysis (TONco =43 + 9 and ®co =11 £ 1 %)
while the RUDAC/ReDAC system displays a decrease in catalysis (TONco = 79 + 8 and ®co = 18 £ 1 %),
but it still outperforms the RUBPY/ReDAC system. Thus, the two systems exhibit opposite responses to
different solvents. The higher activity of the RUDAC/ReDAC system compared to the control system in
DMF is unexpected, but it is likely due to increased contact surface area between photosensitizer and
catalyst?’. The reason for higher activity of RuBPY/ReDAC in DMF compared to MeCN remains unclear,

but previous studies show that solvents play important roles in controlling catalytic rates and selectivity?
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2832 Since the RUDAC/ReDAC system behaves in a trend opposite to the control, it is reasonable to

conclude that hydrogen bonding is the dominant factor influencing differences in performance.

120-
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Figure 3.3 Turnover number of CO (TONco) produced by RUDAC/ReDAC (red) and RuBPY/ReDAC
(blue) in MeCN (solid line) and DMF (dotted line) solvents.

Table 3.1 Summary of turnover numbers (TONco and TONw), turnover frequency (TOFco) and quantum
yield (®co) of experimental studies of 0.5 mM catalyst (Cat) and 0.5 mM of photosensitizer (PS) under
CO..

0.5 mM RuDAC and 0.5 mM ReDAC

Solvent Time (h) TONCco TOFco (per h) Dco TONH2 TONHCco2-
MeCN 0.5 14+4 28+7 266 % NA NA
1 31+£5 315 29+4% NA NA
4 1004 25.0+£0.9 23.3+0.8% NA NA
DMF 0.5 11+£2 22+ 4 21+3% NA NA
1 2514 2514 23+3% NA NA
4 78+8 202 18+1% NA NA
0.5 mM RuBPY and 0.5 mM ReDAC
Solvent Time (h) TONco TOFCO (per h) Dco TONH2 TONHCOQ_
0.5 8.4+£0.7 171 15+£3% NA NA
MeCN 1 13+£2 13+£2 12£2% NA NA
4 2814 71 7x1% NA NA
0.5 4+1 912 9+1% NA NA
DMF 1 11+£2 11+£2 11+1% NA NA
4 42 +8 11+£2 11+£1% NA NA

The formate concentration was below detectable limit of the NMR.
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3.2.3 Control Studies of Photocatalytic System

Control studies under Ar reveal no CO or H; production upon irradiation (Table 3.2). In addition,
control reactions without ReDAC reveal that RUDAC is a better catalyst than RuBPY in both solvents and
it performed better in MeCN than in DMF. These observations are similar to the trend seen in the
RUDAC/ReDAC system, but the absence of the Re catalyst significantly slows down the rate of CO
formation (Table 3.2). Several control experiments were run using ReBPY as catalyst with RuDAC or
RuBPY as photosensitizer respectively under catalytic conditions (Table 3.2). The use of RUDAC as
photosensitizer with ReBPY demonstrates much higher turnover number (72 + 3 in MeCN and 50 + 20 in
DMF) and quantum yields (17.3 £ 0.3 % in MeCN and 12 = 3 % in DMF) for CO compares to the use of
RuBPY with ReBPY. Similar to the RUDAC/ReDAC and RuBPY/ReDAC systems mentioned above, this

is likely due to increased contact surface area between photosensitizer and catalyst?’.

Table 3.2 Summary of turnover numbers (TONco) and quantum yield (®co) for control studies of 0.5 mM
catalyst (Cat) and 0.5 mM of photosensitizer (PS) after 4 hours of photocatalysis under Ar or CO..

Cat/PS Solvent Gas TONCco TONR2 TONHco2- Dco
ReDAC/RuDAC MeCN Ar NA NA NA NA
ReDAC/RuBPY MeCN Ar NA NA NA NA

RuDAC only MeCN CO2 232 0.02 NA 6.0£0.7%
RuBPY only MeCN CO, 9.7+04 0.02 NA 25+0.1%
ReBPY/RUDAC? MeCN CO; 72+3 NA NA 173+ 0.3 %
ReBPY/RuBPY 2 MeCN CO; 32%5 NA NA 7.3209%
ReDAC/RuDAC DMF Ar NA NA NA NA
ReDAC/RuBPY DMF Ar NA NA NA NA
RuDAC only DMF CO; 176 +£0.9 NA NA 44+£04%
RuBPY only DMF CO; 112 0.01 NA 27x204%
ReBPY/RuDAC? DMF CO; 50 £ 20 NA NA 12+3%
ReBPY/RuBPY 2 DMF CO; 18+4 NA NA 5£1%

Products below detectable limit are labelled as NA. 2 Re(bpy)(CO)sCl (ReBPY) was used as a catalyst with
RUDAC or RuBPY as photosensitizer. *?*CO (2137 cm™) and [H]*COs?" (1672 and 1635 cm™) were
detected in irradiation condition in Figure 3.4. The higher activity of the RUDAC/ReBPY system compared
to the control system in DMF is likely due to increased contact surface area between photosensitizer and
catalyst.

3.2.4  Analysis of Photocatalytic Products
In addition to gaseous products, the liquid mixtures were analyzed. No formate is detected with *H
NMR (Table 3.2) but appreciable [H]COs? are observed with IR. It is known that ReDAC undergoes the

disproportionation mechanism of 2 CO, + 2 e < CO and COs* in electrocatalysis?. Upon irradiation
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without a proton source (Figure 3.4), ReDAC is reduced to give the acetonitrile adduct (2020, 1913, and
1892 cm* for 2CO, and 1972, 1869, and 1849 cm™* for *CO,). IR stretches assigned to 2CO (2138 cm!
) and 2CO3*> or HCO;3; ([H]COs@:1672 and 1637 cm™) were observed as well. Repeating these
experiments with *CO, showed shifts in these bands ([H]COs?": 1625 and 1598 cm™* and *CO: 2090 cm?
), consistent with isotopic labeling? . Similar [bi]carbonate products are observed with RUDAC/ReBPY,
RuBPY/ReBPY and RuDAC only systems. At the end of 4 h photocatalysis, orange power, which is
insoluble in MeCN but soluble in methanol (MeOH), were observed in solution. By dissolving it in MeOH
and measuring its UV-vis absorption and fluorescence, the orange powder is likely to be some kind of Ru
photosensitizer[bi]carbonate products. The observation of formation of [bi]carbonate products is an

important evidence that the choice of solvent significantly influences the type of production formation.
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5 0.3 2
S
3
c 0.2
(]
2
2
o 0.1
<

0-0 ! I |
2200 2000 1800 1600

Wavenumber (cm)

Figure 3.4 IR spectra of 3 mM ReDAC, 3 mM RuDAC and 0.1 M BIH solution with *2CO, (black) and
13CO; (red) in dry MeCN showing the formation of reduced carbon products upon irradiation of light at 470
nm for 10 min.
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3.2.5  Spectroscopic Analysis of the Photocatalytic System

Several additional experiments were carried out to understand the origin of the enhancement in
photocatalytic activity in the RUDAC/ReDAC system compared to RuBPY/ReDAC. Further support for
hydrogen bonding interactions was gained as contributions arising from discrepancies in light absorption
by the photosensitizers, faster electron transfer from BIH to the photosensitizer, and other interactions of
the photosensitizer with the catalyst were ruled out. First, the photochemical properties of the
photosensitizers were investigated. The UV-visible absorption measurements of the three photosensitizers
show comparable molar absorptivity at 470 nm, which is the wavelength used for photocatalysis (Table

3.3 and Figure 3.5).
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Figure 3.5 UV-visible spectra of RUDAC (red), RuBPY (blue) and RuDMB (black) in dry MeCN solution.

The lifetimes of the excited states were measured by Time—Correlated Single Photon Counting
(TCSPC) with excitation wavelength at 405 nm at room temperature. The lifetimes of excited RuUDAC were
found to be 980 ns and 910 ns in MeCN and DMF respectively (Table 3.3 and Figure 3.11). Since there is

a range of values for the reported lifetimes of RuBPY?** and RuDMB* %, we measured them in this work

51



for consistency (Table 3.3). The photoinduced electron transfer from BIH to Ru photosensitizers is the
initial process in the photocatalytic CO, reduction®. To determine the rate of this process, the quenching

constant (kq) was found by fluorescence lifetime measurements and the following equation®’:

To

— =14 7oK [Q] =1+ Kp[Q] (Equation 3.1)

Here, 19 and 7 are the fluorescence lifetimes without and with the quencher respectively, kq is the
biomolecular quenching constant, Kp is the Stern—Volmer constant for dynamic quenching, and Q is the
quencher. By plotting the Stern—Volmer relationship (Figure 3.12), the slope was used to calculate the
quenching rate constant (kq) using TTO =1+ 1ox4[Q] = 1+ Kp[Q] (Equation
3.1. The non-zero slope from the plots suggests dynamic quenching between BIH and the Ru
photosensitizers. While the quenching rates of RuDAC and RuBPY are comparable to each other in MeCN
and DMF respectively, the rates in MeCN are two to three times higher than those in DMF, indicating a

faster electron transfer process in MeCN (Table 3.3).

Table 3.3 Photochemical properties of RUDAC, RuBPY and RuDMB.

€470

A A K K
ol em (MeCN) em (DMF) (L mol TMeC? TDMZ q (MeCN) q (DMF)
(nm)a (nm) a Cm'l) (IIS) (IIS) (M-l S-l)c (M-l s—l)c
RuDAC 613 620 7200 980 910 59+02x10° 1.8+0.2x10°
RuBPY 609 618 9000 930 930 72+02x10° 2.6+0.2x10°
RuDMB 618 624 8100 900 790

a A dry MeCN or DMF solution containing the Ru complex was measured using fluorometer. ® The
fluorescence lifetimes were measured in dry MeCN or DMF using TCSPC with excitation wavelength at
405 nm at room temperature. ¢ The quenching constants were obtained by the Stern—Volmer plot of
reductive quenching with BIH in dry MeCN or DMF (Figure 3.12)

3.2.6  Further Electrochemical Studies of Photosensitizer Properties

Further electrochemical studies were carried out to examine the interaction between photosensitizer
and catalyst. RUDAC has three quasi-reversible reduction peaks at —1.76 V, —1.52 V and —2.18 V in MeCN
and DMF (Figure 3.13) respectively. Similar to other Ru bipyridine complexes®, RUDAC itself exhibits
current enhancement under a CO, atmosphere in both solvent systems (Figure 3.14). Addition of ReDAC

to the cell causes no significant changes to the three reversible reductions of RUDAC. However, as revealed
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in the CV of RUDAC/ReDAC in MeCN under CO, (Figure 3.15), the characteristic catalytic peak at around
-1.8 V vs. Fc*? is similar to ReDAC alone in MeCNZ?, suggesting the formation of the ReDAC dimer. This
indicates that the presence of RUDAC does not interfere in the catalytic reaction of ReDAC. The absence
of the ReDAC hydrogen bonded dimer feature in the CV under catalytic conditions in DMF (Figure 3.15)

also provides clear evidence that DMF disrupts hydrogen bonding.??

3.2.7  Spectroelectrochemical Studies of Photocatalytic System

To further test this hypothesis, IR spectroelectrochemistry (IR-SEC) studies were conducted on the
RUDAC/ReDAC system in MeCN under N,. The complex [Re'(dac)(CO)sCl] (black) is taken to the first
reduction potential, the IR exhibits bands consistent with [Re'(dacs)(CO)sCl]", [Re’(dac)(CO)s], and
[Re®(dac)(CO)s]2 (red). If the cell is held at this potential, the dimer [Re®(dac)(CO)s]. (blue) is formed. The
IR spectra of Figure 3.6 indicate the formation of the Re—Re dimer from ReDAC as reported in a previous

electrochemical study?, indicating that RUDAC is unlikely to affect the catalytic mechanism of ReDAC.

o
N

o
—

Absorbance (a.u.)

o
o

2000 1900 1800
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Figure 3.6 IRSEC spectrum of 1mM of RuDAC and 1 mM ReDAC in dry MeCN under No.
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3.2.8 NMR Studies of the Dimerization Constant

Using NMR concentration studies, we estimate the association constant (K.) for the hetero-dimer
of [ReDAC---RUDAC] to be approximately 300 M in MeCN (Figure 3.8)*°, which is close to the self-
dimerization constant (290 M) of ReDAC?2. Although an approximately statistical mixture of homo- and
hetero-dimers is expected in the RUDAC/ReDAC system (Scheme 3.3), the hydrogen bonding interaction

is strong enough to boost catalysis significantly.
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Figure 3.7 Determination of hydrogen-bonding constant (K,) by fitting to a 1:1 dimerization model using
the NMR software WinEQNMR2%. Residuals squared = 3.9 x 107,

3.3 Conclusion

In conclusion, the findings reported here taken together demonstrate that appending amide groups
to photosensitizer and catalyst significantly improves photocatalysis in MeCN by enabling hydrogen
bonding interactions. To the best of our knowledge, this constitutes the first report of successfully utilizing

hydrogen bonding groups on photosensitizers and catalysts to improve photocatalytic CO; reduction.
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In addition to the significance of non-covalent interactions between photosensitizer and catalyst on
photocatalysis, several extra important findings were also shown in this work. First, photocatalytic systems
are able to perform CO- reduction even with the absence of the Brgnsted Acid or Lewis acid. This is because
an alternate reaction mechanism is able to disproportionate two CO, molecules to a carbonate molecule and
a CO molecule. This is an interesting finding since most of photocatalytic CO- reduction studies were
performed with proton source* 616 26.28-29,35-36 By simply changing the solvent system, different reduction
products are obtained. Second, the larger surface area of photosensitizer is likely able to improve the
electron transfer between itself and the catalyst. As evidence by the cases of ReBPY and ReDAC, the use
of bulkier RUDAC as photosensitizer considerably outperforms the use of less bulky RuBPY in MeCN or
DMF.

A forthcoming study will employ specific hydrogen bond donor and acceptors on photosensitizers
and catalysts to eliminate self-dimerization effects. Moreover, more work should be done on investigation

of impacts of solvent choices and surface area of photosensitizers on photocatalysis of CO, reduction.

3.4 Experimental

3.4.1 Preparation and Purification.

All solvents were obtained from Fisher Scientific. All solvents were deoxygenated and dried over
alumina columns on a Grubbs style solvent system under an argon atmosphere. All compounds were
obtained from Fisher Scientific or Sigma-Aldrich and used as obtained unless otherwise specified. The 200
proof pure ethanol was purchased from Koptec. The ferrocene was sublimed prior to use. 4,4’-dicyano-
2,2’-bipyridine was obtained from HetCat and used without further purification. Tetrabutylammonium
hexafluorophosphate (TBAPF6, Aldrich, 98%) was recrystallized from EtOH and dried at 90 °C overnight
before use in electrochemical experiments. CDsCN was purchased from Cambridge Isotope Laboratories,
deoxygenated by sparging with argon for 5 minutes, and stored over 3 A molecular sieves in a nitrogen

filled glove box.
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3.4.2  Synthesis of Ru(dac)(bpy).(PFs). (RUDAC).

Ru(bpy).Cl.?* and 4,4 -bis(methyl acetamidomethyl)-2,2’-bipyridine?? were synthesized according
to the literature. The synthesis of RUDAC was adapted from the literature?*. A 100 mL of round bottomed
flask was charged with Ru(bpy).Cl, (357 mg, 0.74 mmol), 4,4’-bis(methyl acetamidomethyl)-2,2’-
bipyridine (100 mg, 0.67 mmol) and 20 mL of ethanol. The solution was refluxed overnight in dark under
N> and then cooled to room temperature. An ethanol solution containing AgPFs (203 mg, 0.80 mmol) was
added to the mixture and the solution was refluxed for two hours. The resulted solution was filtered through
basic alumina to remove AgCl and excess AgPFe. The filtrate was evaporated to dryness under vacuum.
The orange red solid was dissolved in minimal amount (~ 3 mL) of dichloromethane. The concentrated
solution was added drowpwisely with constant stirring to large excess of diethyl ether (~ 100 mL). The
precipitated solid was obtained by filtration several times in small fractions and then dried under vacuum
in a desiccator at room temperature overnight. The product was obtained as deep orange powder (64%
yield). 'H NMR (CDsCN ) 6 8.87 (2H, s, dac ArH), 8.59 (2H, br s, dac ArCH2NHC(O)CHs), 8.53-8.50 (4H,
d, bpy ArH), 8.06-8.00 (4H, m, bpy ArH), 7.76-7.70 (4H, dd, bpy ArH), 7.58-7.57 (2H, d, dac ArH), 7.42-
7.35 (4H, dt, bpy ArH), 7.30-7.28 (2H, d, dac ArH), 4.49-4.48 (2H, d, dac ArCH,NHC(O)CHs), 1.98 (6H,

s, dac ArCH,NHC(O)CHjs). ESI-MS (m/z) [M — (PFg),]**: calcd 356.09; found: 356.02.

3.4.3 NMR Data Collection and Analysis.

'H NMR spectra were recorded on a Varian Mercury plus 400 MHz NMR spectrometer and C
NMR spectra were recorded on a Varian VX 500MHz NMR spectrometer. All NMR data were analyzed
using MestReNova software. Samples were prepared in acetonitrile-d3 and referenced to solvent residuals

for 'H and 13C.

3.4.4 Spectroscopy Data Collection.
The identity and purity of compounds synthesized were confirmed by Fourier transform infrared
(FTIR) (Thermo Scientific Nicolet 6700), attenuated total reflection-infrared (ATR-IR) (Bruker Alpha),

NMR (Varian Mercury 400), and UV—vis (Shimadzu UV-3600 UV—vis—NIR spectrometer).
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3.4.5 Photochemical Reactions.

A 10 mL solution of MeCN or DMF, in which contained 0.5 mM of Re(dac)(CO)sCl as a catalyst,
0.5mM of [Ru(bpy)s]?* or [Ru(dac)(bpy)2]** as a photosensitizer, and 0.1M of 1,3-dimethyl-2-phenyl-2,3-
dihydro-1H-benzo[d]imidazole (BIH) as a sacrificial reductant, was prepared in a 36 mL quartz cell (NSG
Precision Cell, Inc.; path length = 2 cm) sealed with a rubber septum. The solution was sparged with dry
Ar or CO; gases through a vial containing MeCN or DMF over molecular sieves and a bubbler for 15 min
prior to irradiation. The solution was irradiated with a 470 nm LED (ThorLabs, Inc.; bandwidth fwhm = 25
nm) with temperature maintained at 25.0 + 0.1 °C, and constant stirring throughout the experiment. The
light intensity was measured using a NOVA |l power meter. The light power was stabilized by turning on
15 minutes prior to photocatalysis and controlled within 1.3 — 1.7 x 107 Einstein/s. Each experimental

condition was repeated three times to obtain the average and standard deviation of the results.

3.4.6 Product Analysis from Photocatalysis.

The gas in the headspace of the quartz cell was analyzed at different time points. The gaseous
products, H, and CO, were analyzed by GC-TCD (Hewlett-Packard 7890A Series gas chromatograph) with
two molsieve columns (30 m x 0.53 mm x 25 pm film). The 1 mL injection was split between two columns,
which use N2 and He as carrier gases to measure the quantity of H, and CO, respectively. On the other hand,
the concentration of formate was determined using *H NMR as reported in literature.? Turnover numbers
(TONSs) for the product were calculated as the moles of product divided by the moles of catalyst.

The carbonate product was detected using a SPECAC flow through optical cryostat (model, 21525)
with a 1.12 mm path length (determined from infringing pattern), CaF, windowed cell enclosed in a vacuum
jacketed housing. For solution with 12CO,, it was purged with 2CO, and then brought in a glove box under
a nitrogen atmosphere. For solution with *CO,, it was freeze-pump-thaw twice with *CO, with a Schlenk
line and then brought in the glove box. The solutions were transferred to the SPECAC cell and then

irradiated with the 470 nm LED system for 10 min. The irradiated solution was analyzed using the FTIR.
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3.4.7 Cyclic Voltammetry (CV).

CV studies were performed using a BASi Epsilon potentiostat. A 3 mm diameter glassy carbon
working electrode (BASI), a platinum (Pt) wire couter electrode, and a silver/ silver chloride (Ag/AgClI)
wire separated from the bulk solution by a CoralPor tip as a pseudoreference electrode were used in a single
compartment cell for all experiments. Experiments were run with and without ferrocene as an internal
reference. Electrolyte solutions were composed of dry MeCN or DMF, containing 1 mM of analyte, 0.1 M
TBAPFgs as supporting electrolyte. The electrolyte was purged with N, or CO. for before cyclic

voltammograms were recorded and stirred between successive experiments.

3.4.8 Infrared Spectroelectrochemistry.

The experimental method, cell design, and setup of the IR-SEC cell have been reported
previously?> 4. All measurements were made with a Pine Instrument Company model AFCBP1
bipotentiostat. The IR-SEC cell is composed of GC working electrode, Ag pseudoreference electrode and
Pt counter electrode. All potentials were referenced to the pseudoreference Ag/Ag+, ~+200 mV higher than
the Fc/Fc+ couple. The electrolyte was 0.1 M TBAPFs MeCN solution. The solution was sparged with N
or CO; and then injected into the IR-SEC cell to form a thin liquid layer for bulk electrolysis. The potential
was changed stepwise and the solution was monitored with Fourier transform reflectance IR off the

electrode surface over time.

3.4.9 Time-Correlated Single Photon Counting.

Lifetime quenching of RuUBPY and RuDAC with BIH was done by taking 2 mL of ~20 uM stock
solution of the corresponding ruthenium complex and diluting it with various concentrations of BIH to a
total volume of 4 mL. An 8 mM of BIH stock solution was made and diluted to obtain a total concentration
of 0.1, 0.2, 0.3, and 0.4 mM in the 4 mL solution. Lifetime measurements were obtained using an IBH
Fluorocube instrument with a time-correlated single photon counting (TCSPC) method. A 405 nm laser

excitation source was used for all lifetime measurements at room temperature.
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Figure 3.8 *H NMR spectrum of Ru(dac)(bpy)2(PFs). in CDsCN. The peaks were referenced to residual
solvent of CDsCN at 1.9400 ppm.
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Figure 3.9 Mass spectrum of Ru(dac)(bpy)2(PFs). in methanol.
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Figure 3.10 FTIR spectra of 10 mM of ReDAC/RUDAC, ReDAC and RuDAC in dry MeCN.
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Figure 3.11 Lifetime measurements of RUDAC, RuBPY and RuDMB in dry MeCN (red) and DMF (blue)
were collected at room temperature respectively. The excitation wavelength was 405 nm and the emission
wavelengths were 609 nm for RuBPY, 613 nm for RuDAC and 618 nm for RuDMB.
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Figure 3.12 Stern—Volmer plot measuring the change of fluorescence lifetime of RUDAC and RuBPY in
the presence of BIH in dry MeCN and DMF respectively. The excitation wavelength was 405 nm and the
emission wavelengths were 609 nm for RuBPY, 613 nm for RuDAC.
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Figure 3.13 CV of 1mM of RuDAC in dry MeCN or DMF at different scan rates under N.
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Chapter 4

Facile Solvent Free Synthesis of Thin Iron Porphyrin
COFs on Carbon Cloth Electrodes for CO;

Reduction

4.1 Introduction

Global energy demands and climate change have increased interest in the sustainable conversion
of carbon dioxide (CO,) to liquid fuel precursors like carbon monoxide (CO) via electrochemical
reduction?, in addition to the photochemical catalysis stated in previous chapters. Since CO. is both
thermodynamically and kinetically stable, many molecular catalysts have been explored to reduce CO; at
low overpotentials.?®

Apart from manganese and rhenium bipyridine catalysts mentioned before, iron porphyrins have
also been extensively studied in N, N-dimethylformamide (DMF) and shown to be one of the most active
and selective catalysts for electrochemical CO, reduction to CO.®® Iron(0) porphyrins, which are

electrochemically generated from iron(l11) porphyrins by three successive one-electron reductions, undergo

68



an electron-push-pull mechanism with weak Brgnsted? or Lewis acids® to reduce CO- at an overpotential
as low as 220 mV (Fe-0-TMA).® While molecular catalysts offer the advantage of synthetic tunability to
optimize the thermodynamics and/or kinetics of substrate activation,* 1 heterogeneous catalysts are more
readily incorporated into devices such as electrolyzers and fuel cells for large scale applications. Therefore,
facile, tunable, and robust approaches for immobilizing molecular catalysts such as iron porphyrins to
electrode surfaces represents a significant goal.

Numerous methods of attaching molecular catalysts to electrode surfaces have been explored,
including covalent linkages,'>® weak physisorption, and electrostatic interactions.!*?2 Among these
methods, n-n physisorption of the aromatic molecular catalysts to carbonaceous materials are of particular
interest due to the high stability, conductivity and surface area of these electrodes.?>? Recently, two-
dimensional covalent organic frameworks (COFs), which are composed of covalently linked organic
molecules, have been shown to be a promising platform for supporting molecular catalysts for CO;
reduction in aqueous KHCO3 solution.?¢-3® COFs, designed with careful considerations of size, shape and
connectivity of building blocks, have high versatility in tuning the porosity of structures and tend to exhibit
high charge carrier mobilities.®** Extensive research has been devoted to the use of cobalt(Il) porphyrins
as the building block for the COFs due to their planarity, high activity, and selectivity.? 26-27:353% However,
among the first row transition elements, cobalt metal has relatively low abundance in Earth’s crust and is
used heavily in the battery industry.*® Iron, being the most abundant transition metal on the Earth, should
generally be a more sustainable alternative to cobalt in industrial applications.** Iron(I11) porphyrin COFs
have been used for organic catalysis*?, oxygen eveloution*® and hydrogen evolution*“®, but have not yet
been reported for CO- reduction.

Schiff base condensations are commonly used to form strong covalent imine bonds between the
amino group of the porphyrin and aldehyde group of the organic linkers.** Studies have shown that
intramolecular hydrogen bonding strengthens the imine group of the COF network, making the COF more

resistant towards hydrolysis during catalysis.®®* 5 Therefore, we chose 5,10,15,20-tetra-(4-
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aminophenyl)porphyrine Fe(lll) chloride (FeTAPPCI) and 2,5-dihydroxyterephthalaldehyde (Dha) to be

the two component building blocks of the COF for our study (Figure 4.1).

FeTAPPCI Dha

FeDhaTph-COF

Figure 4.1 Proposed structure of FeDhaTph-COF.

Several previous studies have explored methods to control the thickness, degree of defects, and
coverage of COFs on surfaces. 26-27-5 Most COFs are synthesized as powders by solvothermal methods and
then drop-casted onto electrode surface for catalysis.?®?”-52 In Chang’s earlier work?®, only 4% of the cobalt
sites in the powder were found to be electroactive. Later, thin films of COF-366-Co with 250 nm thickness
on highly oriented pyrolytic graphite (HOPG) substrates were prepared to ensure that the majority of the
metal centers in the frameworks were electroactive.?” However, the authors didn’t report the cyclic
voltammograms of the thin film. Thinner COFs or similar polymeric materials have been shown to exhibit
properties than the thicker films.?> %% Homogeneous electrocatalysis usually is performed using
millimolar concentrations of catalyst, of which only a small portion in the diffusion layer participates in the
electrochemical process. Thin films of heterogenized electrocatalysts offer lower loading on the order of

nanomoles of catalyst per square centimeter, and almost all of this can be electroactive on the surface.?® As
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such, catalysis is then no longer dependent on the diffusion of catalyst, but only limited by the diffusion of
substrate to the electrode surface. Furthermore, heterogenized electrocatalysts are not limited by solubility
of the catalysts and can be used in a variety of solvents.

In order to make thin films of COFs from iron porphyrins, we employed a facile, solvent free
synthesis method adapted from other COF syntheses for STM studies. 5% 86 This ‘bottom-up’ approach
offers the possibility to fabricate highly ordered COFs with controlled pore size and orientation.5 In this
method, the precursor molecules are introduced to the substrate surface dissolved in compatible volatile
solvents, and then air-dried. At this point, the precursor molecules have not reacted chemically to produce
COF. The dry samples are then heated to assemble the COFs. Since no solvent is involved during synthesis,
precursors with various solvent solubilities are able to combine to form layers of COF networks on smooth
surfaces like gold or HOPG®* €966 a5 well as more complex surfaces like carbon cloth, as reported here.
This work demonstrates a potential application of monolayer COF films coating surfaces of electrical

devices, e.g. photovoltaic cells and fuel cells, for other electrochemical processes.

4.2 Results and Discussion

4.2.1 Preparation of FeDhaTph COF electrodes.

In this study, FeDhaTph-COF coated electrodes were prepared according to previously established
methods.>* 8066 The optimal concentrations of iron(l11) porphyrins and Dha solutions to form the COF with
strongest electrochemical signals are found to be in 10 M range instead of 10* M suggested in many other
studies. This is likely attributable to the high surface area of carbon cloth compared to smooth surfaces of
gold and HOPG. The stoichiometric ratio of iron(l111) porphyrins and Dha is approximately 1 : 2 and excess
Dha has no significant improvement on the electrochemical performance of the COF. In addition,
significant excess heating time leads to deactivation in catalytic activities of the FeTAPPCI and COF
electrodes. A lower heating temperature (~ 120 °C) required longer heating time (3 hours). Therefore, all

the electrodes used in chemical and electrochemical studies were synthesized by the optimal conditions
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described in the experimental section. It can be seen from the SEM images (Figure 4.2) that FeDhaTph-

COF formed a homogeneous thin film on the Si wafer.

——500 nm—]

Figure 4.2 SEM images of FeDhaTph-COF thin film on Si wafer.

4.2.2 X-ray Photoelectron Spectroscopy (XPS) studies.

FeTAPPCI FeDhaTph-COF FeDmaTph-COF
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Figure 4.3 High resolution XPS spectra of Nis signals: (a) FeETAPPCI, (b) FeDhaTph-COF and (c)
FeDmaTph-COF on Au surfaces.
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XPS vyields N1s spectra with the binding energy specific to the nitrogen chemical and local
electronic environment and hence studies the formation of 2D-COF structures. In Figure 4.3, the gray lines
represent experimental data after background subtraction. The black dashed lines represent the simulated
envelope resulting from the colored overlapping components. The molecular structures of N species are
shown below the figure depict the molecular configurations of the different N electronic environments.
Figure 4.3a shows the N1s spectrum of a film of unreacted FeTAPPCI on gold surface. This control sample
is modelled with two components at 398.7 and 400.0 eV respectively. The green component (398.6 — 398.8
eV) is in agreement with the four N atoms coordinated to the central Fe'"' 678 while the blue component
(399.8 — 400.0 eV) is consistent with amine groups®°. The red component observed at 401.1 — 401.7 eV
corresponds to the satellite peaks of porphyrins (401 — 402 V)7L,

Figure 3b shows XPS spectra of FeDhaTph-COF. There is a new intense peak apparent at 400.5
eV, which indicates the hemiaminal formation®®-"°, The blue component has a moderate decrease from 48%
to 25%, while the green component remains at around 51% (Table 4.2). This drop in the amine groups is
consistent with the formation of hemiaminal groups in FeDhaTph-COF. Despite the imine groups having a
similar range of energy (398.5 eV)? as pyrrolic nitrogens, there is no increase in the green component in
FeDhaTph-COF. One possible reason is that the nitrogen in the imine bond has shifted to higher energy
due to the intramolecular hydrogen bonding with the hydroxyl group. To test this hypothesis, FeDmaTph-
COF (Figure 4.20) was synthesized and analyzed by XPS. The only difference between FeDmaTph-COF
and FeDhaTph-COF is the replacement of the hydroxyl group with a methoxy group, eliminating the
formation of intramolecular hydrogen bonds in FeDmaTph-COF. As expected, Figure 3c shows a decrease
in peak area of the amine groups from 48% to 16%, which corresponds to the increase in the green
component from around 51% to 61% and the appearance of the orange component (24%). The peak
components of FeDmaTph-COF are in close agreement with to those reported by Hu et al”®. The XPS
spectrum of FeDmaTph-COF (Figure 4.3c) shows that a large portion of the amine groups of FeTAPPCI
are converted to imine bonds and hemiaminal groups. In the case of FeDhaTph-COF (Figure 4.3b), the

intramolecular hydrogen-bonded imine groups have binding energies shifted by around 1 eV to around
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399.8 eV, leading to a smaller reduction in the blue component compared to FeDmaTph-COF (Figure
4.3c). Such energy shifts by intramolecular hydrogen bonds is larger than intermolecular hydrogen bonding

(~ 0.6 V)" and smaller than protonated imine bonds (~ 2 eV)"*' as reported in literature.

4.2.3 Stability of COFs by leaching test.
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Figure 4.4 UV-vis spectra of soaking THF solution of carbon cloth electrodes synthesized with FeTAPPCI
only (blue); and with FeTAPPCI and Dha (red).

A goal of this study was to show that the formation of COFs by FeTAPPCI and Dha would prevent
FeTAPPCI molecules from detaching from the surface of carbon cloth. Hence, FeTAPPCI coated carbon
cloth electrodes with and without Dha, respectively, were re-soaked in a THF solution to measure the
amount of leached FeTAPPCI. At the peak of the Soret band (424 nm), the absorbance of the solution
exposed to carbon cloth with only FeTAPPCI is 0.424 while that of carbon cloth with FeTAPPCI and Dha
is 0.00818. Using Beer’s law, the concentrations of FeTAPPCI were determined to be 4.3 puM and 0.086
uM, respectively. As a total of 40 uLL of 1 mM of FeTAPPCI solution was added to each of the electrodes,

3.2% of FeTAPPCI is detached from the carbon cloth electrode without Dha linkers while only 0.061% of
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FeTAPPCI is leached from the electrode with added Dha solution. The trace amount of FeTAPPCI leached
from the COF is likely due to incomplete COF formation. Therefore, in the presence of Dha linkers,
FeTAPPCI films are at least 50 times more stable on carbon cloth electrodes. This is indirect evidence of
the formation of COFs on the electrode surface, whereas common characterization methods for COFs, e.g.
powder XRD, SEM and FTIR, are not sensitive enough to observe the very thin layers of COFs, that were

the subjects of this study.

4.2.4  Cyclic Voltammetry (CV) of homogeneous FeTAPPCI in DMF and MeCN.
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Figure 4.5 Scan rate studies of 0.5 mM FeTAPPCI solution in dry DMF and 0.25 mM FeTAPPCI solution
in dry MeCN containing 0.1 M TBAPFs under Ar respectively.

The polymerization of FeTAPPCI has been reported by repeated CV scanning,” thus, the glassy
carbon electrode was polished and the counter Pt wire was heated to red-hot to remove any possible
porphyrin deposition on the electrodes before each scan. The peak current is obtained by subtracting the
capacitive current from the peak of current. In the absence of CO; in dry DMF, FeTAPPCI displays three
successive peaks at -0.284 V, -1.177 V and -1.843 V, assigned as the Fe(I1I/11), Fe(11/1) and Fe(1/0) redox
couples, respectively (Figure 4.6a). The Fe(l1l/11) couple has a peak-to-peak separation of 226 mV, larger
than the separation of other two couples (56 mV and 66 mV respectively). This is likely due to chloride

dissociation and association and is affected by scan rate and solvent environment. As shown in scan rate
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studies (Figure 4.5), this separation increases with higher scan rate. Under CO; (Figure 4.6b), FeTAPPCI
exhibits a slight current enhancement at the third reduction with icst/ ip = 1.4. When 4 % TFE was added
into the CO»-saturated solution (Figure 4.6b), FeTAPPCI shows augmented catalytic current (ica/ i, = 63).

This observation is consistent with reported behavior of other iron porphyrin complexes. 7 7677
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Figure 4.6 Cyclic voltammograms of 0.5 mM of FeTAPPCI in dry DMF solution under nitrogen (a) and
under CO2 with added TFE (b) at scan rate 100 mV/s. CVs of 0.25 mM of FeTAPPCI in dry MeCN solution

under nitrogen (c) and under CO2 with added TFE (d) at scan rate 100 mV/s.

CV studies of FeTAPPCI were also performed in dry MeCN. Due to limited solubility of
FeTAPPCI in MeCN, a solution of only 0.25 mM FeTAPPCI was used. Similar to CVs in dry DMF, three
peaks at -0.257 V, -1.20 V and -1.81 V are assigned to be the three successive Fe(l11/11), Fe(ll/1) and Fe(l/0)
redox couples, respectively (Figure 4.6c¢). Despite the irreversibility of the second redox couple, there is

no observable polymerization upon several scans under Ar and the internal standard ferrocene peak was
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fully reversible. Surprisingly, FeTAPPCI reaches maximal current enhancement (ic./ i, = 104) at -1.77 V
(vs Ag/AgCl) in the presence of only 1% TFE under CO- (Figure 4.6d). The rapidly decaying peak rather
than stable plateau of the catalytic current (Figure 4.6d) is observed, which is also shown by other iron(l11)
porphyrin catalysts® 8, because of secondary phenomena such as the rapid substrate depletion, inhibition
by products, and deactivation of the catalysts® °%, In agreement with recent work by Warren group®,

MeCN appears be a very good solvent for CO; reduction by iron porphyrins.

4.2.5 Cyclic Voltammetry of FeTAPPCI and FeDhaTph-COF on carbon cloth in MeCN and

DMF.

MeCN was chosen as the solvent due to lower solubility of FeTAPPCI in MeCN and higher
observed catalytic CO- reduction current densities in MeCN compared to DMF. In order to remove the
loosely bound FeTAPPCI molecules on the electrode surface, the electrode was transferred to a fresh
electrolyte solution after three CV scans at 100 mV/s in the first electrolyte solution. The current is stable
after the second CV scan without further decrease (Figure 4.24). All of the CV data shown in Figure 4.7
were collected in the fresh electrolyte solution. The three typical redox couples of the FeTAPPCI electrode
are observed as in homogeneous solutions (Figure 4.7b). Fe(11/1) and Fe(l/0) redox couples here are very
similar to the homogeneous case, however, the Fe(l11/11) potential shifts from -0.284 V to ~ -0.450 V, and
the peak-to-peak separation increases to 640 mV. A possible reason for such a shift and separation might
be chloride dissociation/association during the Fe(I11/11) redox process when the FeTAPPCI molecules are
on the electrode surface. Scan rate studies were performed with an increment of 25 mV/s (Figure 4.7b).
The linear plot of reductive current of the Fe(1/0) couple against scan rate suggests that the Fe sites are
attached to the electrode surface. The discrepancy in the slope also suggests quasi-reversibility. The
FeTAPPCI electrode shows current enhancement under CO> and a larger current (icac / ip = 33) at— 1.91 V
vs. Ag/AgCI in the presence of TFE under CO,. However, the catalytic peak current drops notably in the
second scan (Figure 4.7a), implying instability of the attached FeTAPPCI molecules under catalytic

conditions.
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Figure 4.7 (a) Cyclic voltammograms of a FeTAPPCI electrode in dry MeCN solution of 0.1 M TBAPFs
under nitrogen, and under CO, with added TFE at scan rate 100 mV/s. (b) Scan rate studies of the FeTAPPCI
electrode under nitrogen. (c) Linear plot of reductive current of Fe(l/0) couple the FeTAPPCI electrode
against the scan rate.
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Figure 4.8 (a) Cyclic voltammograms of the FeDhaTph-COF electrode in dry MeCN solution of 0.1 M
TBAPFg under nitrogen, and under CO; with added TFE at scan rate 100 mV/s. (b) Scan rate studies of the
FeDhaTph-COF electrode under nitrogen. (c) Linear plot of reductive current of Fe(l/0) couple of the
FeDhaTph-COF electrode against the scan rate.

As a comparison, similar CV measurements were performed on the FeDhaTph-COF electrode in a
new vial of electrolyte solution (Figure 4.8). The peak sizes of the three redox couples are significantly
larger than those of the FeTAPP coated electrode, indicating the presence of more Fe centers on the
electrode surface. The scan rate studies also reveal the linear relationship of the reductive and oxidative
peak currents of the Fe(l/0) couple and the corresponding scan rates, which is indicative of a non-diffusive
surface bound species. However, the quasi-reversible Fe(l/0) couple indicates that the oxidation takes place
at a lower rate than reduction. We attribute this observation to side reactions such as residual proton
reduction or differences in electron transfer kinetics in the film. The FeDhaTph-COF electrode shows

comparable catalytic currents than the FeTAPPCI electrode. Interestingly, its catalytic activity (ica/ ip = 24)
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is lower that of the FeTAPPCI electrode despite its slightly higher current density. One possible explanation
is that the rigidity of the COF framework hinders the structural changes of FeTAPPCI during catalysis,
leading to lower activity. Surprisingly, most DFT calculations are focused on the electronic configurations

of iron porphyrins during catalysis®%

, and no work has been done on the structural changes of porphyrin
rings. In addition, greater numbers of layers of the COF compared to adsorbed FeTAPPCI, as revealed in
ip value, obstruct the accessibility to substrate in bulk solution. It therefore follows that with the addition of
Dha and FeTAPPCI on carbon cloth, the result is a higher number of electroactive Fe centers compared to
the addition of FeTAPPCI alone to the electrode. The Fe centers of the FeDhaTph-COF survive on the
surface of the electrode even with the structural changes of the porphyrins during redox reactions, e.g. the
disturbance of ring planarity and chloride dissociation.® 8 #-%" However, the higher catalytic activity of the

FeTAPPCI electrodes suggests that both quantity and activity play important roles in overall electrocatalytic

properties.
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Figure 4.9 (a) Cyclic voltammograms of a FeTAPPCI electrode in dry DMF solution of 0.1 M TBAPFs
under nitrogen, and under CO, with added TFE at scan rate 100 mV/s. (b) Scan rate studies of the FeTAPPCI
electrode under nitrogen. (c) Linear plot of reductive current of Fe(l/0) couple the FeTAPPCI electrode
against the scan rate.
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Figure 4.10 (a) Cyclic voltammograms of the FeDhaTph-COF electrode in dry DMF solution of 0.1 M
TBAPFs under nitrogen, and under CO, with added TFE at scan rate 100 mV/s. (b) Scan rate studies of the
carbon cloth FeDhaTph-COF electrode under nitrogen. (c) Linear plot of reductive current of Fe(1/0) couple
of the FeDhaTph-COF electrode against the scan rate.

To investigate the solvent effects on the behavior of the electrodes, analogous CV studies were
conducted in DMF (Figure 4.9 and Figure 4.10). A larger portion of FeTAPPCI could be washed off by
rinsing the electrodes with DMF, which was also reflected in the diminished i, of Fe (1/0) couple. In DMF,
the FeTAPPCI electrode displayed a lower catalytic current (ica / ip = 21) than the MeCN system. Similar
to the MeCN system, the FeDhaTph-COF electrode had higher peak current density but lower ica / ip (~11)
than the FeTAPPCI electrode. While there is a 200 mV positive shift of the catalytic potential in DMF (-
1.70 V vs. Ag/AgCl), the electrodes exhibit lower catalytic current than those in MeCN.

The surface concentration of electroactive Fe sites was determined by cyclic voltammetry at slow

scan rate (50 mV/s). The surface concentration, I, is calculated using the following equation:

Q .
= <%= (Equation 4.1)
nFA

Where n is the number electrons transferred for the redox couple (n = 1), F is the Faraday constant,
and A is the surface area of the electrode. Integration of the peak area in CV under the Fe(l/0) reduction
wave gives the charge passed, Qcv to reduce Fe (1) to Fe (0). The electroactive surface area of carbon cloth
was determined by a scan rate study of Fc (1/0) couple in dry MeCN. Using the above method, the surface
concentrations of Fe sites of the FeDhaTph-COF electrodes in MeCN and DMF are determined to be 1.2 +

0.2 nmol cm? and 1.0 + 0.6 nmol cm™ respectively. Considering the size of one unit of FeDhaTph-COF to
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be ca. 6.25 nm?% 5 there is approximately 40 to 50 layers of COF on the electrode in MeCN and DMF
respectively. Unsurprisingly, the FeTAPPCI electrodes, which have smaller peak size of redox couples in
CVs, has a lower surface concentration of 2.2 + 0.4 x 10 mol cm? and 9 + 2 x 10" mol cm™ in MeCN
and DMF respectively. As the size of FeTAPPCI molecule can be 1.69 nm? or 3.24 nm? depending on

packing direction, there are only one to four layers of electrochemically active FeTAPPCI molecules.

4.2.6 Controlled Potential Electrolysis (CPE) studies.
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Figure 4.11 Number of mole of CO and H; (red for FeDhaTph-COF electrode and blue for FeTAPPCI
electrode) in the three hours of CPE in MeCN (a) and DMF (d). FeDhaTph-COF electrode and FeTAPPCI
electrode have their Faradaic efficiencies of CO and H. plotted during CPE in MeCN (b and ¢) and DMF
(e and f) respectively.

In controlled potential electrolysis performed in CO;-saturated MeCN solution with 0.5 M TFE
under applied potential at 2.2 V (vs. Ag/AgCl), CO and H; are observed as the major products. The blank
carbon cloth electrode gives 30% Faradaic efficiency for hydrogen and no observable CO production. A
less negative applied potential (— 2.1 V compared to — 1.9V to vs. Ag/AgCI) leads to more hydrogen

production. The average electrolysis current density is approximately 0.5 mA per cm? (geometric area) of

carbon cloth electrode, with a gradual drop in current over time (Figure 4.25). Both of the COF electrode
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and control electrode show significant decrease in catalytic current density after three hours of CPE in
MeCN (Figure 4.28). Turnover frequency (TOF) was calculated by the number of moles of gas product
produced over the number of moles of electroactive Fe centers on the electrode surface per hour. Initially,
a FeDhaTph-COF electrode displays a TOFco of 800 h* per mole of Fe site in the first half hour and an
average of 600 h over three hours. The COF is rather selective for CO; reduction over hydrogen
production, with high Faradaic efficiency for CO (FE > 90% initially and FE > 70% after 3 hours). Even
with the decrease in performance in prolonged electrolysis, it is still an efficient electrochemical carbon
dioxide reduction catalyst. To date, this is the first reported COF used for CO- reduction in MeCN. The
FeTAPPCI electrode, owing to lower loading and easier detachment of Fe sites on the surface, has higher
TOFco (an average of 1300 h' per mole of Fe site over three hours) but lower FEco (~50% over three hours)
than the FeDhaTph-COF electrode during electrolysis. This suggests that free FeTAPPCI on carbon cloth
is an active CO; reduction catalyst. Incorporating FeTAPPCI into the COF increases the catalyst loading
on the electrode surface and hence total amount of product produced (Figure 4.11a).

CPE experiments conducted in DMF at — 2.1 V vs. Ag/AgCI revealed an overall decreased
selectivity for CO production (Figure 4.11e f). Both electrolysis of FeDhaTph-COF and FeTAPPCI
electrodes generates more hydrogen than CO and also leads to significant decrease in catalytic current
density after CPE in DMF (Figure 4.28). We explored the cause for this observation by ICP-OES in the
following section. Lowering the applied reduction potential to less than — 2.1V vs. Ag/AgCl also disfavors
CO production. Considering the overall yield of CO; reduction to CO, the FeDhaTph-COF electrode works
better in MeCN than in DMF. The blank carbon cloth electrode under the same catalytic conditions has
100% Faradaic efficiency for hydrogen production.

Controlled potential electrolysis of the FeDhaTph-COF electrode was also performed in aqueous
solution of 0.5 M KHCOs at -1.3 V (vs Ag/AgClam naciy) (Figure 4.26). However, H; is the major product
(FEH2 > 80% and FEco < 20%) and CO production decreases at a faster pace than electrolysis in MeCN
under these conditions. Hydrogen production prevails in water possibly because of proton reduction by the

exposed carbon cloth at the center of COF unit cells outcompeting Fe COF based reduction of CO..
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In view of the significant differences in product selectivity in MeCN and DMF, as well as the
declination in catalytic activity over time, several experiments were conducted to explore the reasons

leading to these observations.

4.2.7 Possible reasons for declined catalytic activities.

ICP-OES analysis (Table 4.1) was carried out on different electrodes before and after 3 h
electrolysis to determine leaching problems. With 2.22 + 0.02 nmol / cm? of Fe on the FeDhaTph-COF
electrodes and 1.2 + 0.2 nmol cm of them being electroactive in MeCN, roughly half of the Fe sites in the
COF are electroactive, which is a significant improvement compared to 4 — 8% of electroactive Co in
powder form?s,

Table 4.1 Concentration of Fe sites of FeDhaTph-COF, FeTAPPCI and blank electrodes before and after

3h electrolysis in MeCN and DMF. @ The concentrations of Fe are below detection limit. There is no
detectable Fe concentration in the blank carbon cloth before and after CPE.

- - .
Solvent ST Concentration per mg carbon  Concentration per cm? carbon

cloth (ppb / mg) cloth (nmol / cm?)

FeDhaTph-COF_beforeCPE 11.3+0.1 2.41+0.02
MeCN FeDhaTph-COF_afterCPE 104+0.1 2.22+£0.02
FeTAPPCI_beforeCPE 10.34 £ 0.09 2.22+0.02

FeTAPPCI_afterCPE 2.84 £ 0.04 0.608 + 0.008
FeDhaTph-COF_beforeCPE 11.5+0.1 2.47 £ 0.03

DME FeDhaTph-COF_afterCPE 3.55+0.03 0.760 + 0.007
FeTAPPCI_beforeCPE 7.91+0.09 1.70 £ 0.02
FeTAPPCI_afterCPE 04+0.1 0.08 + 0.02

It is clear that the adsorbed FeTAPPCI adheres to electrodes better in MeCN than in DMF as both
rinsing by DMF and electrolysis in DMF caused greater drops in Fe concentration compared to the samples
treated with MeCN. This discrepancy in solubility explains the distinct difference in Faradaic efficiency for
CO and H; by the FeTAPPCI electrode in DMF and MeCN (Figure 4.11c and Figure 4.11f). Interestingly,
with the estimated concentration of electroactive Fe sites, 30% (MeCN) to almost all of the FeTAPPCI
(DMF) that remained on the electrode surface are electroactive. In general, the FeDhaTph-COF electrodes
retain more Fe than the FeTAPPCI electrodes in both MeCN and DMF (Table 4.1). The FeDhaTph-COF

electrode shows a much smaller reduction in Fe concentration after electrolysis in MeCN compared to
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DMF, likely due to lower solubility of FeTAPPCI and/or higher stability of the COF network in MeCN.
We attribute these observations to be the reasons for higher CO production by the FeDhaTph-COF
electrodes in MeCN.

The possibility of catalyst poisoning was ruled out by a cyclic voltammetry study under carbon
monoxide. In Figure 4.27, the FeDhaTph electrode displayed good catalytic activity under CO, after
repeated scans from 500 mV to — 2200 mV after 5 min purging with CO in dry MeCN. There is also no
significant current drop during CV scans under CO compared to that under Ar. Along with the ICP-OES
results, a likely explanation for the decreased catalytic activity of the FeDhaTph-COF electrodes is the
degradation of the organic portion of the COF network.

N1s XPS analysis of the post-CPE electrodes (Figure 4.12b) shows substantial decrease in the
pyrrolic nitrogens. While the amine groups and hemiaminal groups remained persistent after electrolysis,
the COF network seems to be able to survive the catalytic conditions. The exact reason for the loss of
catalytic activity remains unclear, but it appears to be the degradation of the porphyrin part of the COF
network®. DFT calculations may be helpful to determine the effects of restricted flexibility on the stability

of iron porphyrins during catalysis.
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Figure 4.12 Additional N1s XPS spectra of FeDhaTph-COF on carbon cloth (a) before and (b) after 2h
CPE at — 2.2 V vs. Ag/AgCl in MeCN under CO,. The N1s spectrum of TBAPFs (c) is also included.
Residual TBAPFs is found in FeDhaTph-COF electrode after CPE even after thorough rinsing with MeCN.
The F1s signals overlap with the Fe2p signals.

Further research should be undertaken to investigate on the degradation of COF networks and

develop more robust COF thin films on electrodes. More planar metal porphyrins, e.g. cobalt (1)
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porphyrins and copper (II) porphyrins, may be better choices for generating stronger COFs attached to
electrode surfaces, as there is less puckering of the porphyrin ring upon reduction during catalysis, and this
may improve structural integrity. Bimetallic systems may also be prepared by incorporating organometallic
species as the linker group, providing extra sites for catalysis.> Diercks et al?” attempted to grow COF-366-
Co on HOPG, the study showed that the COF prefers the perpendicular orientation rather than the coplanar
orientation relative to the graphite layers. Methods should be developed to control the orientation of the

COF for better conductivity and structural stability.8®

4.3 Conclusion

We have carried out an investigation of electrochemical properties of COFs consisting of iron(l1)
porphyrins synthesized with a facile and green solvent-free method on carbon cloth electrodes.
Electrochemical characterizations of the FeDhaTph-COF electrode reveal the resemblance of the three
redox couples of Fe(111/11), Fe(11/1) and Fe(1/0) to the molecular FeTAPPCI catalyst in MeCN solution, and
considerable catalytic activity in the presence of 4% TFE under CO,. The FeTAPPCI electrodes show
higher catalytic activity in cyclic voltammetry but the COF network helped retaining the FeTAPPCI
molecules, leading to greater CO production during electrolysis in both MeCN and DMF systems. In
controlled-potential studies, the FeDhaTph-COF electrode exhibits catalytic activity for CO, reduction to
CO, with good TOF (> 600 h* per mol of electroactive Fe) and fair Faradaic efficiency (average of 80%)
when observed over three hours in MeCN with 0.5 M TFE. Surface XPS and ICP-OES studies demonstrate
that the COF network retains FeTAPPCI molecules on the electrodes and then survives the catalytic
conditions. This is the first study showing the use of COF thin films for CO, reduction in MeCN or DMF,

opening a door for coating COF films on electronic devices for electrochemical applications.

4.4 Experimental
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441 Materials.

N, N-dimethylformamide was stored over 4 A molecular sieves under nitrogen. Other solvents were
obtained from Fisher Scientific and were degassed with argon, dried over alumina, and dispensed by a
custom solvent system.

Pyrrole (Aldrich), p-nitrobenzaldehyde (Aldrich), SnCI-2H,O (Alfa Aesar), sodium hydroxide
(Fisher), 37% HCI (Fisher), 70% trace metal grade HNO; (Fisher Chemical), ACS Grade 30% H,O;
(Columbus Chemical Industries, INC), 2,5-dimethoxyterephthalaldehyde (Aldrich), carbon monoxide
(Praxair) and trifluoroethanol (Sigma Aldrich) were purchased from commercial sources and used without
further purification. Silver paint 503 was purchased from Electron Microscopy Sciences. Loctite 9460
Hysol Epoxy Adhesive was purchased from Loctite. Carbon cloth (99.5% carbon) was purchased from Fuel
Cell Earth LLC. Carbon dioxide and argon were purchased from Airgas. Si wafers were purchased from
Silicon Valley Microelectronics, Inc.

Electrochemical measurements were collected with a BASi Epsilon electrochemical system.
Ag/AgCI reference electrodes were purchased from BASi and stored in a MeCN or DMF solution
containing 0.1M tetrabutylammonium hexafluorophosphate (TBAPFs) before use. The identity and purity
of compounds synthesized were confirmed by FT-IR (Thermo Scientific Nicolet 6700), ATR-IR (Bruker
Alpha), NMR (Varian Mercury 400) and UV-vis (Shimadzu UV-3600 UV/ vis/NIR spectrometer).
Inductively coupled plasma optical emission spectroscopy (ICP-OES) data were collected with Perkin
Elmer Optima 3000 DV ICP-OES. X-Ray Photoelectron Spectroscopy (XPS) were measured with SSF-

Kratos AXIS-SUPRA.

4.4.2 Preparation of carbon cloth electrodes.

The carbon cloth was soaked in 6 M HCI overnight to remove trace metal impurities, rinsed
thoroughly with Milli-Q water, sonicated in THF for 15 minutes, and then dried in an oven at 140 °C before
use. Silver paint was used to attach the Sn/Cu wire to the carbon cloth and an epoxy was used to insulate

the Sn/Cu wire and the silver paste. The electrodes were air-dried overnight.
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4.4.3 Preparation of FeDhaTph-COF on carbon cloth electrodes.

FeTAPPCI* %091 and 2,5-Dihydroxyterephthalaldehyde (Dha)%°® were synthesized according to
literature procedures. The synthesis of FeDhaTph-COF on carbon cloth electrodes was adapted from the
literature. °- 966 A carbon cloth electrode was dipped into a THF solution of 1 mM FeTAPPCI and air
dried. Then a THF solution of 2 mM Dha was added to the electrode until it was fully wet. The electrode
was air dried and heated in an oven at 140 °C for 1 hour in air and then rinsed with 1 mL of dry MeCN prior

to electrochemical studies.

4.4.4 Preparation of SEM samples and SEM measurements

The Si wafers (~ 0.75 x 0.5 cm?) were cleaned with piranha solution for 15 minutes, then they were
rinsed thoroughly with deionized water and finally with MilliQ water. The wafers were oven-dried at 140
°C. 5 uL of THF solution of 1 mM FeTAPPCI and then 5 pL of THF solution of 2 mM Dha were added to
one Si wafer and then air-dried. The wafers were heated at 140 °C for 1 h.

The silica wafers were attached to a flat aluminum sample holder, and then further coated with

iridium. Samples were analyzed on a FEI Apreo SEM operating at 3.0 kV.

445 Preparation of XPS samples.

The microscopy glass slides (~ 0.5 x 0.5 cm?) coated with gold (150 nm thickness) were cleaned
with piranha solution for 15 minutes, then they were rinsed thoroughly with deionized water and finally
with MilliQ water. The slides were oven-dried at 140 °C. 10 uL of a THF solution of 1 mM FeTAPPCI was
added to one gold slide and then air-dried. Then, 10 uL of a THF solution of 2 mM Dha or 2,5-
dimethoxyterephthalaldehyde (Dma) was added to the gold slide and then air-dried. The gold slides were
heated in an oven at 140 °C for 1 hour in air. The sample coated with FeTAPPCI only was prepared using

the same method but no aldehyde solution added, and no heating was applied.
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446 XPS experiments and analysis.

XPS experiments were performed using a Kratos AXIS-SUPRA instrument equipped with an AL
K-alpha monochromatic X-ray source operating at 225W. A pass energy of 160 eV was used for survey
spectrum with 1 eV step size and a pass energy of 20 eV was used for details spectra, averaged over 5 scans,
with 0.1 eV step size. A charge neutralizer was used to remove build-up charge on the sample surface
during XPS experiments.

XPS data were analyzed with the Casa XPS program with settings adapted from Hu’s work™.
Background subtraction of all XPS spectra were performed with Shirley background. All the peaks were
calibrated by the intense adventitious carbon C1s peak (284.8 eV). The N1s XPS spectra were fitted with
full-width-half-maximum (FWHM) values constrained within the range 0.8 — 1.2 eV, using components

with Gaussian/Lorentzian line shapes. There were no constrains on energy or relative area.

4.4.7 Stability leaching test.

The FeDhaTph-COF electrode was prepared in the same way described above except that a fixed
amount of 40 uL of 1 mM FeTAPPCI solution and 60 puL of 2 mM Dha solution were used. The other
electrode was covered with 40 uL of 1 mM FeTAPPCI solution without Dha. After the two electrodes were
heated, they were each soaked in 3 mL of THF for one minute. UV-vis spectra (Figure 4.29) were collected
with these THF solutions and the peak maxima of the Soret band were compared to the calibration curve
of FeTAPPCI in THF solutions (Figure 4.30) to calculate the concentration of FeTAPPCI released into

THF solutions.

4.4.8 Preparation of Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
samples.
The carbon cloth electrodes were rinsed with the solvent used in CPE, oven-dried, cut and weighed.
Each piece of electrode was added to a pre-cleaned Teflon tube, where 1.000 mL of 70% HNOs was added.
The tube was sealed and heated in an oil bath at 110 °C for 20 h. The solution was cooled and followed by

addition of 0.5 mL of 30 % H,0,, the reaction was sealed and heated to 110 °C for half an hour. The
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treatment with H.O> was repeated one more time. The solution was then diluted with MiliQ water and
filtered to give a colorless 5% HNO3 solution for ICP-OES analysis.

Samples were analyzed on a Perkin EImer Optima 3000 DV ICP-OES in axial mode. Samples were
introduced via a concentric nebulizer in conjunction with a standard cyclonic spray chamber. Samples were

quantified using a five-point calibration curve.

4.4.9 Cyclic voltammetry (CV) studies.

CVs were performed using a one-compartment cell with a three-electrode configuration, which
consisted of a freshly prepared carbon cloth working electrode, a Ag/AgCl reference electrode with
CoralPor™ tip, and a Pt wire counter electrode in a 5 mL solution of dry MeCN containing 0.1 M TBAPFe.
The solution was purged with argon for 5 minutes through a vial with dry MeCN over 4 A molecular sieves.
The electrode (> 0.5 cm?) was scanned at 100 mV/s three times to remove any trace unreacted FeTAPPCI
and Dha. It was then transferred to a fresh electrolyte solution for further cyclic voltammetry studies. The
electrode was scanned at 50, 75, 100, 125, 150, 175 and 200 mV/s. The solution was then purged with dry
CO; for 5 minutes and several CV were collected at 100 mV/s. The effect of trifluoroethanol (TFE) as

weak Brénsted acid for CO; reduction was also investigated.

4.4.10 Controlled-potential electrolysis (CPE) studies.

CPE experiments were carried out in a custom-made five-necked 89 mL pear-shaped flask, with
three ground glass joints for electrodes and two joints capable of being sealed by septa for gas sparging.
The working electrode was thoroughly rinsed, and cyclic voltammetry was conducted in a separate setup.
The electrode was then transferred to the CPE cell, assembled by inserting a wire through a silicone rubber
stopper and wrapping the wire of the carbon cloth electrode to it. The wire and epoxy parts of the carbon
cloth electrode were covered with Teflon tape. A platinum wire counter electrode was separated from the
bulk solution by a porous glass frit. BASi Ag/AgCI reference electrode was separated from the bulk solution
by a glass sheath filled with 0.1 M TBAPFs in MeCN or DMF and capped with a CoralPor™ tip. The joints

of the reference and counter electrodes were greased thoroughly and then inserted to the CPE cell and
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clipped. The joints with silicone stoppers and rubber septa were sealed with electrical tape to avoid gas
leakage. In the CPE cell, 20 mL of MeCN or DMF solution of 0.1 M TBAPFs and 0.5 M TFE was added
and purged with dry CO, for 15 minutes prior to electrolysis. CVs were after the CPE. Gas analysis was
performed using 1 mL sample injections on a Hewlett-Packard 7890A Series gas chromatograph with two
molecular sieve columns (30m x 0.53mm i.d. x 25pum film). The 1 mL injection was split between the two
columns, one with N, as the carrier gas and one with He to quantify both H, and CO simultaneously in each

run. The amount of CO and H; gas produced was quantified by the peak areas in chromatograms.
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4.7  Appendix
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Figure 4.13 FT-IR spectrum of iron(l11) 5,10,15,20-tetrakis-(4’-aminophenyl)porphyrin chloride
(FETAPPCI) in KBr. FT-IR (v; cm™"): 3427, 3370, 1700, 1617, 1606, 1513, 1488, 1286, 1179, 998 (5Fe—
N), 802, 722.
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Figure 4.14 ATR-IR spectrum of 2,5-dihydroxyterephthalaldehyde (Dha). ATR-IR (v; cm ™ !): 3269,
1666, 1477, 1460, 1280, 1129, 888, 833, 795, 674.
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Figure 4.15 Mass spectrum of 5,10,15,20-tetrakis(4’-aminophenyl)porphyrin (TAPP) m/z calcd for
Cu4Ha4Ng, 675.30 [M+H]*; found, 675.37 [M+H]".
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Figure 4.16 Mass spectrum of FeTAPPCI m/z calcd for CasHs2NgFe, 728.21 [M-CI]*; found, 728.15 [M-
CI*.
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Figure 4.17 *H NMR (CDCls, 400 MHz) of FeTAPPCI: § (ppm) —2.72(s, 2H, NH), 4.02 (s, 8H, NH,), 7.05-
.707 (d, 8H, J = 8.0 Hz, aromatics), 7.98-8.00 (d, 8H, J = 8.0 Hz, aromatics), 8.90 (s, 8H, H-pyrrole).
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Figure 4.18 *H NMR (CDCls, 400 MHz) of Dha: § (ppm) 10.23 (s, 1H), 9.96 (s, 1H), 7.24 (s, 1H).
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Figure 4.19 SEM images of FeDhaTph-COF on Si wafer.
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Figure 4.20 Proposed structure of FeDmaTph-COF.

Table 4.2 Percentage contributions of the different nitrogen species for FeTAPPCI, FeDhaTph-COF and
FeDmaTph-COF.

N species FeTAPPCI FeDhaTph-COF FeDmaTph-COF
7 7 "\ N
N N
NeL
Fe—Cl 51.83 50.87 60.62

MeO

Tave

O

@7“!*-0 48.17 24,78 15.66
A\S 2 >

_ s NA 24.36 23.72
\ / NH

HO
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Figure 4.21 Additional XPS spectra of FeTAPPCI on Au slides: (a) survey scan, (b) C1s, (c) Ols and (d)
Fe2p.
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Figure 4.22 Additional XPS spectra of FeDhaTph-COF on Au slides: (a) survey scan, (b) C1s, (c) Ols and
(d) Fe2p.
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Figure 4.23 Additional XPS spectra of FeDmaTph-COF on Au slides: (a) survey scan, (b) Cls, (c) Ols
and (d) Fe2p. The two oxygen peaks correspond to the oxygen in the hemiaminal group and methoxy group.
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Figure 4.24 CVs of FeDhaTph-COF electrode in original (black and blue) and new solutions (red) of dry
MeCN containing 0.1 M TBAPFs under Ar at scan rate 100 mV/s.
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Figure 4.25 Current of different electrodes during CPE at 2.2 V (vs. Ag/AgCl) in MeCN and 2.1V in DMF
containing 0.1 M TBAPFs and 0.5 M TFE under CO; for three hours.
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Figure 4.26 Current of FeDhaTph-COF carbon cloth electrode during CPE at 1.3 V (vs. Ag/AgClm naci)
in 0.5 M KHCO3 under CO; for three hours.
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Figure 4.27 CVs of FeDhaTph-COF electrode in dry MeCN containing 0.1 M TBAPFg under Ar (black),
CO (blue) and CO; (red) at scan rate 100 mV/S.
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Figure 4.28 Cyclic voltammograms of different electrodes before and after 3 h controlled-potential
electrolysis at — 2.2 V (vs. Ag/AgCI) in MeCN and at 2.1 V in DMF solutions of 0.1 M TBAPFs under

CO, with added TFE at scan rate 50 mV/s.
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Chapter 5

Future Directions: New Areas to Be Explored

5.1 Summary

Despite the growth in renewable technologies, the world is still heavily dependent on fossil fuels
for power and transportation. Carbon dioxide reduction has a pivotal role in the storage of excess electrical
energy generated by solar panels and wind turbines and lowering the concentration of carbon dioxide in the
atmosphere at the same time. The purpose of this dissertation was to investigate photochemical and
electrochemical systems for practical carbon dioxide reductions.

The major findings in photochemical systems are the effects of ligand substitution and non-covalent
interactions in second coordination sphere on rhenium and manganese bipyridine catalysts. As detailed in
Chapter 2, the replacement of the Br- ligand to a CN~ ligand has drastic change in reaction mechanism of
Mn(bpy)(CO)sX catalyst, transforming from dimerization to disproportionation mechanism. The results of
this investigation also show that the choice of solvent (MeCN vs. DMF) has a striking role in determining
the selectivity of products (CO vs. HCOOH). Another piece of work in Chapter 3 demonstrates that not
only the ligands in the immediate coordination sphere (as shown in Chapter 2) but also the hydrogen

bonding between ligands in second coordination sphere have significant influence on photocatalytic
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activities of Re(bpy-X)(CO)sCl systems. Similarly, solvent effects were also studied. Surprisingly, the
photocatalytic systems perform very well without the presence of proton source, which is believed to be a
vital ingredient in photocatalysis. The proposed reason is that the hydrogen bonding rhenium bipyridine
catalyst is able to catalyze the disproportionation of two carbon dioxide molecules to carbon monoxide and
(bi)carbonate species. Taken together, these photochemical studies suggest that there are still many
unexplored factors governing the performance of photocatalysis and more creative work should be done to
examine them.

The investigation of heterogenization of molecular catalyst for electrochemical catalysis has shown
that covalent organic frameworks (COFs) are good substrate for embedding iron porphyrins on carbon cloth
electrodes (Chapter 4). It is unfortunate that the organic parts of immobilized iron porphyrins are degraded
in electrocatalysis even though the COFs linkages are intact.

The following section includes some suggestions of further studies of the projects mentioned above.

5.2 Results and Discussion

5.2.1 Investigating Electrochemical and Photochemical Activities of Supramolecular Systems
Bonded by Guanine-Cytosine Base Pair
As a continuation of the work in Chapter 3, where non-specific hydrogen bonding is used to
improve electron transfer between catalysts and photosensitizers, the next step is to use guanine and

cytosine pairs to eliminate self-dimerization.

~ 3 co 7~ ¢o
H ~-N. | _co ~ N | €O
b Re
NN LN N /| o
w | N Cl co 0) = | N Ci
N\”/N o Y%/N %
o)

Re(dmb-cytosine)(CO);ClI Re(dmb-guanine)(CO),ClI
Re-C Re-G

Scheme 5.1 Molecular structure of Re(dmb-cytosine)(CO)sCl and Re(dmb-guanine)(CO)sCl.
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Figure 5.1 Cyclic voltammograms of 1 mM of Re-C, Re-G and mixture of 1 mM Re-C and Re-G in dry
MeCN under Ar or CO; at a scan rate of 100 mV/s.
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Figure 5.2 IR spectrum of 3 mM Re-C, 3 mM Re-G and mixture of 1.5 mM Re-C and Re-G in MeCN upon
chemical reduction of bis(pentamethylcyclopentadienyl)cobalt(I1) (Co(Cp”).).

Before photochemical studies, electrochemical properties of Re(dmb-guanine)(CO);Cl (Re-G,
where 4-methyl-4’-methylguanine-2,2’-bipyridine = dmb-guanine) and Re(dmb-cytosine)(CO)sCl (Re-C,
where 4-methyl-4’-methylcytosine-2,2’-bipyridine = dmb-cytosine) were investigated in MeCN and DMF
first (Scheme 5.1). As shown in the preliminary results in Figure 5.1, all three systems have redox features
differ from the typical two-peak reduction in Re(bpy)(CO):Cl or Re(tBu-bpy)(CO)sCl. The Re-C and Re-
G system also have an oxidative peak at 0.5 V vs. Fc%*, which is believed to be the oxidation of Re-Re
dimers. However, in the mixture of Re-C and Re-G, the oxidative peak disappears. The planarity in the
cytosine-guanine dimer is likely able to avoid the formation of Re-Re metal dimer as the case of
Re(dac)(CO)sCl. From Figure 5.2, it is apparent that all Re-C, Re-G and mixture systems have peaks at
1982 and 1942 cm!. These bands are close to the observed bands from metal-metal bound dimer

[Re(dac)(CO)s]. (1984, 1942, 1875, 1865, and 1842 cm™)%. Preliminary NMR concentration studies also
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suggest that there is hydrogen bonding interaction (~ 30 M) between Re-C and Re-G in de-DMSO. More
electrochemical and spectroscopic studies are required to reveal the interaction among molecules during

electrocatalysis.
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Scheme 5.2 Schematic representation of proposed photochemical system with specific donor and acceptor
pair for hydrogen bonding.

If the electrochemical studies show promising results, development of photocatalytic systems with
Ru photosensitizers installed with guanine or cytosine substituents will be the next step (Scheme 5.2).
Unlike the work in Chapter 3, in which proton source is avoided, triethanolamine (TEOA) or other proton
sources can be used to further boost the catalytic performance. Computational studies are also suggested to

observe the interaction between catalyst and photosensitizer.

5.2.2 Interrogating the Efficiency and Activity of Electrocatalysts for the Reduction of CO2

Through Supramolecular Assembly with z-zt Interaction

N co
N = N | co OH OH OH
S h it
2SS oS e BN, Ve N7
= Cl HO HO HO HO HO HO
Re(bpy-PE)(CO),CI Calix[6]arene Dihydroxypillar[6]arene
(Re-PE) (Calix) (diOHpillar)

Scheme 5.3 Molecular structure of Re(bpy-PE)(CO)sCl, calix[6]arene and dihydroxypillar[6]arene.
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Besides hydrogen bonding, - interaction is another important non-covalent interaction that is less
studied. Even though n-r interaction is used to immobilize molecular catalysts onto carbon electrodes?*,

the interaction between the molecular catalysts is still an area to be explored.
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Figure 5.3 Cyclic voltammograms of (a) 0.5 mM of Re(bpy-PE)(CO)sCl, with addition of (b) 0.5 mM
calix[6]arene or (c) 0.5 mM of dihydroxypillar[6]arene, in dry MeCN under Ar or CO, with or without
addition of trifluoroethanol (TFE) at a scan rate of 100 mV/s.

A Re bipyridine catalyst was synthesized by installing a phenylacetylene group at the 4- position
of one side of bipyridine ring, giving rise to Re(bpy-PE)(CO)s:Cl (Re-PE, where 4-(phenylethynyl)-2,2’-
bipyridine = bpy-PE). Initial electrochemical study of Re-PE shows interesting results. Re-PE itself
demonstrates a typical two-reduction features as other Re bipyridine catalysts. The first reduction at 1.62
V vs. Fc*? is quasireversible while the second peak at 1.91 V is irreversible. There is a small enhancement
in catalytic current under CO, without proton source (ica: / ip = 1.91 in Figure 5.3a) while the catalytic
current soars with addition of 0.5 mL (1.4 M) of trifluoroethanol (TFE) (ica / ip = 11.1). Interestingly,
addition of calix[6]arene and dihydroxypillar[6]arene leads to changes in redox features of Re-PE under
inert conditions (Figure 5.4). Furthermore, the presence of dihydroxypillar[6]arene turns off the catalytic
activity of Re-PE under CO; when no proton source is added (Figure 5.3c). There are a couple speculated
reasons for such observations. First, if n-n interaction between the 4-(phenylethynyl)-2,2’-bipyridine
substituents is vital for the catalytic activity of Re-PE, the blocking effect caused by the addition of rings
(calix[6]arene or dihydroxypillar[6]arene) will slow down catalysis. Since calix[6]arene is a more opened
cup shape and dihydroxypillar[6]arene is a narrower cylindrical shape, the blocking effect would be more

prominent in the case with addition of dihydroxypillar[6]arene. This is consistent with the observation of
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no drop in catalytic current in system with calix[6]arene but no current enhancement in system with
dihydroxypillar[6]arene. The other possible explanation is the shifting of effective catalytic potential to
more negative direction caused by strong host-guest interactions. 2D NMR (TOCSY and NOESY)
experiments were conducted to elucidate the n-r interaction. However, the overlapping of aromatic proton
signals makes the NMR spectra very difficult to interpret.

These interesting findings worth further studies to explore the impact of =n-n interaction and

potential host-guest interactions on electrocatalysis of Re bipyridine catalysts.

A 0-31 Re-PE in MeCN: 0.2 Re'Pili,” MeCN:
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Figure 5.4 Cyclic voltammograms of 0.5 mM of Re(bpy-PE)(CO):ClI, with addition of (a) 0.5 mM
calix[6]arene or (b) 0.5 mM of dihydroxypillar[6]arene in dry MeCN under Ar at a scan rate of 100 mV/s.

5.3  Conclusion and Final Suggestions

The research on non-covalent interactions, although being a popular field, is a rather unexplored
area when it is applied to molecular catalysis. Hydrogen bonding, ©-x interaction, and columbic interactions
could be useful tools to manipulate the catalytic activity of photocatalysts and electrocatalysts, in addition
to the conventional modification of immediate ligands and metal centers. The research on non-covalent
interactions is not as easy as the conventional molecular catalysis studies due to the very weak nature of
those interactions. Techniques, like cyclic voltammetry, controlled-potential electrolysis, square wave
voltammetry, IR-SEC, chemical reductions, UV-Vis absorption, fluorescence, 1D and 2D NMR

spectroscopy, are common means to analyze the electrochemical and photochemical properties of these
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catalysts with weak interactions. The biggest challenge of working with these catalysts is the solubility
problem. Due to non-covalent interactions, the complexes with hydrogen bonding or n-r interaction usually
are too soluble or not soluble enough in solvents like MeCN or THF. The case is particularly serious for
RuDAC (Chapter 3) and Re-PE. The former one is too soluble in most of solvents, so the complex has to
be crashed out with a plethora of dry dimethyl ether in small batches. Otherwise, the orange powder will
become gluey. The latter one, on the other hand, is easy to precipitate out, but it is not very soluble MeCN
or THF. Also, calix[6]arene and Re-PE have different solubilities in different solvents, making the study
difficult to progress. In spite of these obstacles, these research ideas could offer some insights into the
fundamental and hence more applied studies of photocatalysts and electrocatalysts for carbon dioxide
reduction.

The project in Chapter 4 was a trail to attach molecular catalysts on cheap and robust electrodes.
The synthesis method turned out to be surprisingly simple. The biggest limitation of the work is the
unexpected degradation of organic part of iron porphyrins in the COFs. This project provided me a precious
chance to learn various surface characterization techniques and made me realize that characterization of
monolayers or ultrathin films of organometallic materials is a still a field needs substantial improvement.
After communicating with other research groups, we believe that the conventional solvothermal synthesis
of COFs is rather irreproducible and surface coverage of the electrode by drop-casting catalyst powder is
always a problem. The exposure of carbon cloth to aqueous or organic solvents leads to significant
production of hydrogen. It is necessary to find the balance between lowering catalyst loading and ensuring

high surface coverage.

54 Experimental

All the raw data and data files can be found on the server Rhodium under my user folder.
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54.1 General

All solvents were obtained from Fisher Scientific. All solvents were deoxygenated and dried over
alumina columns on a Grubbs style solvent system under an argon atmosphere. All compounds were
obtained from Fisher Scientific or Sigma-Aldrich and used as obtained unless otherwise specified. The
ferrocene was sublimed prior to use. 1.5 M solution of tetra-N-butylammonium hydroxide and calix[6]arene
was obtained from Alfa Aesar and used without further purification. Tetrabutylammonium
hexafluorophosphate (TBAPF6, Aldrich, 98%) was recrystallized from EtOH and dried at 90 °C overnight

before use in electrochemical experiments.

5.4.2  Synthesis of 4-methyl-4’-methyl(trimethylsilane)-2,2’-bipyridine (dmb-TMS)

The synthesis of dmb-TMS was adapted from the literature.> A solution of 1.3 M lithium
diisopropylamide (LDA, 2.71 mL, 3.52 mmol) was added to another 50 mL of oven-dried Schlenk flask
under nitrogen. A 50 mL of oven-dried Schlenk flask was charged with 4,4’-dimethyl-2,2’-dipyridine (0.5
g, 2.71 mmol) and 50 mL dry tetrahydrofuran (THF) under nitrogen. The bipyridine solution was
cannulated dropwise to LDA solution over 15 minutes. The resulting dark brown suspension was stirred
for 2 h at —78 °C. An excess of trimethylsilyl chloride (430 pL, 3.39 mmol) was added quickly in one
portion to the lithiated 4,4’-dimethyl-2,2’-dipyridine solution. After one minute of thorough stirring, the
solution was quenched with 1 mL of ethanol and then 50 mL of saturated aqueous sodium bicarbonate
solution. The solution was extracted with dichloromethane (DCM, 3 x 50 mL). The organic fractions were
combined, washed with brine, separated and then dried with anhydrous magnesium sulfate. Crude product
was obtained by evaporation of the organic solvents. It was then further purified by flash column
chromatography (1 % triethylamine (TEA) rinsed silica; ethyl acetate in hexane with a gradient of 0/100 to
10/90). The desired fractions were collected as first portion and the solvents evaporated in vacuo to yield

4-methyl-4’-methyl(trimethylsilane)-2,2’-bipyridine (0.6 g, 86% yield) as a white solid.
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Figure 5.5 'H NMR of 4-methyl-4’-methyl(trimethylsilane)-2,2’-bipyridine in CD;CI.
5.4.3 Synthesis of 4-methyl-4’-methylchloro-2,2’-bipyridine (dmb-Cl)

An oven-dried 50 mL Schlenk flask was charged with 4-methyl-4’-methyl(trimethylsilane)-2,2’-
bipyridine (250 mg, 0.975 mmol), cesium fluoride (296 mg, 1.95 mmol), hexachloroethane (462 mg, 1.95
mmol), and 15 mL of dry MeCN under nitrogen. The mixture was heated to 65 °C for roughly 4 to 6 hours
until completion, in which the progress was monitored by TLC. The reaction mixture was cooled to room
temperature and then extraction with water/DCM (3 x 30 mL). The organic fraction was dried with
anhydrous magnesium sulfate and then evaporated to dryness to give a off white solid. Hexachloroethane
was sublimed and condensed at the bump trap of rotovap. The crude product was recrystallized with boiling
pentane to remove remaining hexachloroethane and starting material to give a pale-yellow crystalline

product (160 mg, 75% yield).
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Figure 5.6 'H NMR of 4-methyl-4’-methylchloro-2,2’-bipyridine in CD;CI.
5.4.4 Synthesis of Re(dmb-cytosine)(CO);ClI

The synthesis of 4-methyl-4’-methylcytosine-2,2’-bipyridine was adapted from the literature.® A
1.5 M solution of tetra-N-butylammonium hydroxide in MeOH (0.228 mL, 0.343 mmol) was added
dropwise to a stirred suspension of cytosine (38.1 mg, 0.343 mmol) in MeCN (5 mL). The solution became
clear and 4-methyl-4’-methylchloro-2,2’-bipyridine (50 mg, 0.229 mmol) dissolved in MeCN was added
dropwise. The reaction mixture was stirred at room temperature overnight with formation of pale-yellow
powder after half an hour of stirring. Then the solid was filtered out as the final 4-methyl-4’-methylcytosine-

2,2’-bipyridine (38 mg, 57% yield).
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Figure 5.7 'H NMR of 4-methyl-4’-methylcytosine-2,2’-bipyridine in CDsCI.
4-methyl-4’-methylcytosine-2,2’-bipyridine (50 mg, 0.170 mmol) and
pentacarbonylchlororhenium(l) (62 mg, 0.170 mmol) were added to a 25 mL pear-shaped flask filled with
less than 3 mL of dry DMF. The solution was degassed with nitrogen for 5 minutes and then heated to
above 110 °C with stirring under nitrogen overnight. DMF was removed by rotovap. The crude product was

dissolved in DMC, recrystallized with DCM/pentane to give dark yellow powder.
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Figure 5.8 'H NMR of Re(dmb-cytosine)(CO)sCl in CDsCN.
5.4.5 Synthesis of Re(dmb-guanine)(CO)sCl

The synthesis of 4-methyl-4’-methylguanine-2,2’-bipyridine was adapted from the literature.” A
mixture of 2-amino-6-chloro purine (78.3 mg, 0.461 mmol) and 4-methyl-4’-methylchloro-2,2’-bipyridine
(100 mg, 0.457 mmol), and potassium carbonate (126 mg, 0.914 mmol) were heated to reflux with stirring
in 10 mL of dry MeCN at reflux temperature for 24 hours under nitrogen. The reaction process was
monitored by TLC (DCM in MeOH with a gradient of 90/10) until completion. The solvent was removed
to give a pale-yellow solid. Without further purification, the solid was dissolved in 5 mL of 1 M HCI. The
solution was refluxed in air for two hours and then cooled to room temperature. The acidic solution was
neutralized with 2 M NaOH solution until orange or white solid was precipitated out at neutral pH. The

solid was filtered out as 4-methyl-4’-methylguanine-2,2’-bipyridine (~ 50% yield).
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Figure 5.9 'H NMR of 4-methyl-4’-methylguanine-2,2’-bipyridine in CD;ClI.
4-methyl-4’-methylcytosine-2,2’-bipyridine (200 mg, 0.3 mmol) and
pentacarbonylchlororhenium(l) (109 mg, 0.3 mmol) were added to a 25 mL pear-shaped flask filled with
less than 3 mL of dry DMF. The solution was degassed with nitrogen for 5 minutes and then heated to
above 110 °C with stirring under nitrogen overnight. DMF was removed by rotovap. The crude product was

dissolved in DCM, recrystallized with DCM/pentane to give brownish orange powder (60 mg, 32% yield).
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Figure 5.10 'H NMR of Re(dmb-guanine)(CO)sCl in DMSO-ds.
5.4.6 Synthesis of 4-(phenylethynyl)-2,2’-bipyridine

The synthesis of 4-(phenylethynyl)-2,2’-bipyridine was adapted from the literature.®® The 4-
bromo-2,2’-bipyridine (200 mg, 0.85 mmol), Pd(PPhs).Cl. (5 mol%), Cul (10 mol%), and phenylacetylene
(113 mg, 1.11 mmol) were added to a 50 mL Schlenk flask with a stir bar under nitrogen. Then THF (10
mL) and triethylamine (TEA, 10 mL) were added sequentially. After stirring at room temperature overnight,
60 mL water were added and the reaction mixture was extracted with ethyl acetate (3 x 15 mL), washed
with brine and dried over anhydrous magnesium sulfate. The residue was purified by recrystallization with

hexane or DCM to give white or orange crystals (130 mg, 60%).
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5.4.7 Synthesis of Re(bpy-PE)(CO):Cl

4-(phenylethynyl)-2,2°-bipyridine (150 mg, 0.585 mmol) and pentacarbonylchlororhenium(l) (212
mg, 0.585 mmol) were added to a 250 mL pear-shaped flask filled with 150 mL of dry toluene. The solution
was degassed with nitrogen for 10 minutes and then heated to reflux with stirring under nitrogen overnight
to give a deep red solution. The solvent was removed by rotovap to give a deep orange powder. The crude

product was dissolved in DCM, recrystallized with DCM/ether to give brownish orange powder (260 mg,

80 % vyield).
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Figure 5.11 *H NMR of 5 mM Re(bpy-PE)(CO)sCl in CDsCN.
5.4.8 Synthesis of Dihydroxypillar[6]arene
The synthesis of dihydroxypillar[6]arene was adapted from the literature.'® The product should be

stored in a desiccator.
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549 Cyclic Voltammetry

CV studies were performed using a BASi Epsilon potentiostat. A 3 mm diameter glassy carbon
working electrode (BASI), a platinum (Pt) wire couter electrode, and a silver/ silver chloride (Ag/AgCl)
wire separated from the bulk solution by a CoralPor tip as a pseudoreference electrode were used in a single
compartment cell for all experiments. Experiments were run with and without ferrocene as an internal
reference. Electrolyte solutions were composed of dry MeCN or DMF, containing 0.5 or 1.0 mM of analyte,
0.1 M TBAPFs as supporting electrolyte. The electrolyte was purged with N2 or CO- for before cyclic

voltammograms were recorded and stirred between successive experiments.
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