ELUCIDATING EXCITED-STATE DYNAMICS IN ORGANIC FUNCTIONAL MATERIALS

USING STEADY-STATE AND TIME-RESOLVED SPECTROSCOPIES

by

Emma Kate Orcutt

A dissertation submitted in partial fulfillment
of the requirements for the degree

of

Doctor of Philosophy
in

Chemistry

MONTANA STATE UNIVERSITY
Bozeman, Montana

May 2025



©OCOPYRIGHT
by
Emma Kate Orcutt
2025

All Rights Reserved



i

DEDICATION

This work is dedicated to my family. I appreciate every moment of their support. You are
the best part of my life, and I am indescribably happy to be yours.



il

ACKNOWLEDGEMENTS

I would first like to thank my advisor, Dr. Erik Grumstrup, for his mentorship and
expertise. His guidance, tutelage, and support were foundational to the following work. I am
incredibly grateful for the opportunity to learn from him. I would like to thank the Grumstrup
group members, past and present, for their collaboration, training, and friendship. The Grumstrup
group members I worked with exemplified curiosity, kindness, and encouraged me to strive for
excellence during my graduate program. I would like to acknowledge my committee members,
Dr. Mary Cloninger, Dr. Mike Mock, and Dr. Rob Walker. Their time and guidance shaped the
research presented here profoundly.

I want to thank my family. I would first like to thank my husband, Jeremiah. He has
enabled me to follow my dreams of being a scientist and a mother. His thoughtfulness and
dedication to family bless my life daily. I would like to thank my children: Violet, Lily, and
Bruce. They have brought me light in the darkest times and make every day a pleasure. [ would
like to thank my mother and father, Lara and Mark. They taught me that hard things are worth
learning, a principle I have applied regularly over my graduate studies. I would also like to thank
my siblings. Tom, Megan, Sam, Ben, and Spencer have shaped me into the person I am today. I
would like to thank Anna Scouten. Her example and friendship inspire me.

Lastly, I would like to acknowledge all the wonderful staff and faculty at Montana State

University for their encouragement, support, and collaboration.



1.

v

TABLE OF CONTENTS
INTRODUCTION ...ttt 1
1Y (0] 5 02 110 s F TP OPR PR 1
Organic Functional Materials ..........c.cooiiiiiiiiiiiciiec s 1
PROTOPRYSICS 1ottt 2
Brief Introduction of Materials ..........cccoiuiiiiiiiiiiii e 4
Graphitic carbon NIIIAE ......eeiiiviiiiiie e 5
Metalated POTPRYTINS .....cc.viiiiiiiiiiiciicc e 6
Complications in Optical MEaASUTEMENLS ..........ceivieiierriieiie e esiee et re e 7
Electronic COUPING ....ccvviviiiiiiieiiesie e 7
SoIVation EffeCtS ......civiiiiiiiec e 8
LIt SCALRT ..ot 9
Signal ConvolULION ........coiiiiiiiiiiiii 10
Thesis OTZaNIZAtION .......cvviiiiieiiiiie e nnes 11
METHODS AND METHODOLOGY .....ccoviiiiiiiiiiieiie e 13
Broadband Liquid-Phase Transient Absorption SpectroSCOPY ......cverrerrverieeriveieereeneennens 13
TREOTY e 13
OPLICAl DESIZI .veevviiiiiieic e 17
Time-Correlated Single Photon Counting SpectroSCOPY .......covvvvviieiiiiieriiieiisieieenesne 19
TREOTY ..o 19
OPtiCal DESIZN .oeiuviiiiiiiiiiiie i 20
CORRELATING PHOTOCHEMICAL BEHAVIOR WITH MATERIAL
AND OPTICAL PROPERTIES IN GRAPHITIC CARBON NITRIDE..............ccccveunnne 21
Contribution of Authors and Co-AUthors ............ccooiiiiiiii e 21
Manuscript InfOrmation .........c.cociiiiiiiiiii i 22
AADSITACE ...t b e et an e nneas 23
INEEOAUCTION ...ttt b e e b enne e 23
Experimental Methods .........ccovoiiiiioii e 27
Results and DISCUSSION .......oiviiiiiiiiieiiieiie sttt enne e 31
Photocatalytic Performance ............cccooovoiiiiiiiiii e 31
Structural CharacteriZation ..........c.ceieeiiieiiieiie et 33
Chemical CharacteriZation..........cocuviieeiiieiee e 35
Steady-State Spectroscopic Characterization ..........cc.ccoceeivieiiiiiniieninecneeses 38
Time-Resolved Optical Characterization...........c.ceevorvereiiieereeiieesee e 43
DDISCUSSION ..tttk e et et b e st ekt e e st e e bt e e mb e e be e emb e e nbeeambeeabneenneen 45
Structural Correlation.........cooueiiiiiiiiiie e 46
Chemical Correlation .........cocuieiiiiiieiie e 47

Steady State Optical Correlation...........occuviiiiiiiiiie i 48



v

TABLE OF CONTENTS CONTINUED

Time-resolved Spectroscopy Correlation............ccovveririiiieiiiiiiiciecees 49
CONCIUSION ..ttt h e r e n e e nn e e n e e nn e n e e nne e 52

4. ULTRAFAST CHARGE [INJECTION IN SILVER-MODIFIED

GRAPHITIC CARBON NITRIDE.......cciitiiiiiiiieiieie e e 54
Contribution of Authors and Co-AUthOrsS ..........cccoiiiiiiiiieii e 54
Manuscript INfOrmMAtioN .....c.eveiiiiiiiiii e 55
N 03 o - Tt SRS 56
33T (o Ta LD To7 T ) s PP 56
Steady State SPECIIOSCOPY ..vevveririiiriiiiiiee ittt 59
Time-ResolVed SPECtIOSCOPY ...vviruvieiieiiiieiieeii ettt 61

5. PORPHYRIN-DERIVED SUPRAMOLECULAR ASSEMBLIES:
EXCITED STATE DYNAMICS IN SOLUTION PHASE AND THE

SOLID STATE ...ttt ettt b et n e ns 72
INErOAUCLION ...t 72
SAMPIE PIEPATALION: ... 75
RESUILS . 76
Monomer Steady-State Characterization ............cccvvcveiierinieeseenisieseeseseeseenens 76

Monomer Time-Resolved Characterization...........c.ccoovveiiiiiniiiinieiieiseeseens 78

Aggregate Steady-State Characterization ............cccoceiiiiiiiiiiiii s 83

Aggregate Time-Resolved Characterization ............ccoovveviieiiiciiiieiieicseseens 84

Thin Film Monomer and Aggregate Characterization ...........cccocovevvvnieeneenineenenn. 86
DISCUSSION ..ttt bbbt e bbb e 88
MONOMET 1N SOIULION ... 88

Solution Phases Monomer vs AGEIegate .........cocuviieiriiieiieiiiiiieeie e 94

Solution Phase Aggregate vs Thin Film Monomer..........c.ccccooviiiiiniinicniennnns 97

Thin Film Monomer vs AZZIegate.........cocouiiiiiriiiiiiiiiiii e 98

FULUIe WOTK ... 98
CONCIUSIONS ..ttt 100

6. CONCLUSION ...ttt ettt e et b e nn e b 102
APPENDICES ...t 104

APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 3:
CORRELATING PHOTOCHEMICAL BEHAVIOR WITH
MATERIAL AND OPTICAL PROPERTIES IN GRAPHITIC
CARBON NITRIDE ..ottt 105
Calculations and COITECIONS .........vvereerriereereiee e nreeene e 106
Photocatalytic study- background corrections..........ccccovveviieiiniiiieiincieenn, 106T



vi

TABLE OF CONTENTS CONTINUED

Photoluminescence Quantum Yield (®PL) Calculation .........ccccceevvvciieiiinnnnne. 106
Photoreduction Quantum Yield (®PPR) Calculation...........ccccovvveiiiiiiiiieiinennnne, 107
Additional FIZUIES ......ooviiiiiiiiiiiici e 108
AddItional TaAbIES .......ciiiiiiiiiiie e 110

APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 4:
ULTRAFAST CHARGE INJECTION IN SILVER-MODIFIED

GRAPHITIC CARBON NITRIDE........cccoiiiiiiiiieiieiiee e 111
IMEALETIALS ...ttt bbb n e e e 112
AG/ZCN PIEPATATION ...ttt ettt ettt bbb e e et e be e s e annenne s 112
Sample Preparation for Optical Measurements ...........ccoeceerveeieeiieeneesiieesee e 113
INSTUMENEALION 1.ttt ettt et et e bt et e et e e enbe e saneebeesreeas 113
Chemical REAUCTION .......cuiiiiiiiie e 115
Calculations and MOAEIING ........cveiieiiiiiiiieii e 115
Surface P1asmon Model..........cocuiiiiiiiiiii e 116
Additional Figures and Tables ..........cccooiiiiiiiiiiieic e 117

CUMULATIVE REFERENCES CITED........cccoiiiiiiiiiiiiii i 120



Table

10.

vil

LIST OF TABLES

Table 1: The average mass percentages measured using elemental analysis

and calculated average atomicC PEICENLS. ....uuvivvieiiiiieiiieeiiiessieeesiree e

Table 2: The calculated absorption onsets from absorption data assuming

INAIrect and dIrECt trANSITIONS. tvvverrrrrisieeererertrrtrsteeereteesrrrrreeesereesrrrrrreeeseesssnns

Table 3: The photoluminescence percent quantum yields of gCN samples as
a function of excitation wavelength and the photocatalytic quantum yield

calculated from the photodegradation of Rhd B. .......ccccoooiiiiiiiiiiiiee

Table 4: Fitted PL lifetimes (tx), fractional amplitudes (ax), and average PL

lifetimes (<Tavg™>) of the monomer sample. ..........ccovveriiiiiiiniiie e

Table 5: The amplitude average PL lifetimes of the aggregate sample after
photoexciting the side chain (375 nm) and the higher energy Q-band (457

11001 SRR RUPROUPRPPRPI

Table Al: The fifteen top oxygen and non-oxygen-containing species (m/z
< 200) with the highest percent contributions. Percent contributions were
calculated by dividing the corrected area of each peak by the total corrected

ATEA OF The EINLITE SCANL .vvvvniieeeiiieeete e e s e ettt e e st e ettt ee et et eeeeeseesbrranreeeeeseessnnnes

Table A2: The calculated absorption onsets using ground-state transmission
spectra assuming both indirect, allowed and direct, allowed transitions. The
experiment was run in triplicate. The average and standard deviations of
measurements are given at all centrifugation times (30, 60, 120, 240, and

480 seconds) and across all data SEts. ........ccceerveiiiiiiiiiie e

Table A3: The fit-determined parameters of the TA kinetic traces fit using a

double exponential with an X offset. ........ccccociiiiiiiii

Table B1: Quantum yields calculated for gCN and Ag/gCN at 315 nm using

A COUMATIN 151 TEICIEICE. .. ettt e e e e e e e e

Table B2: Best-fit parameters from stretched exponential fitting of TCSPC

6 F2 1 - VTR

Page

........... 36

........... 42

........... 80

........... 85

.......... 110

.......... 110

.......... 110

.......... 119



Figure

viil

LIST OF FIGURES

. Figure 1: A generalized illustration of photophysical processes in a material

(grey box). In organic materials, a (a) photoexcitation creates an (b) exciton.
This exciton can evolve (¢) through transport and relaxation processes,
become (d) trapped, or (e) destroyed through electronic and vibrational

TE1AXATION PIOCESSES. ..euviireriiiriiiieiteete sttt ettt ne e

Figure 2: The chemical structure of gCN (a) and the novel ZnP derivative

monomer (b) studied in this WOTK. .........cccoovviiiiiiiii

Figure 3: An illustration of different solvent interactions between solvent
molecules (orange ovals) and ZnP aggregates (blue rectangles) in (a)
solution and (b) thin films. The (c) ground state absorption of the liquid-

phase ZnP aggregate (black) and the thin film aggregate (grey). .......cccoovevvrvennnns

Figure 4: gCN (a) ground state absorption spectra from Ch. 3 of gCN with
the signal from scattered light highlighted with a dashed oval. The blue,
green, and yellow traces represent the three gCN materials studied. A (b)
Tauc plot made from the absorption spectra of melamine-derived gCN
assuming direct, allowed transitions. The optical samples were prepared by
colloidally suspending the powdered sample in water. The centrifugation

times increased from left to right. ...

Figure 5: A representation of (a) a measured absorption spectrum (black)
that convolves signal from two optical transitions (red and blue traces). If
the transitions have different excited-state relaxation dynamics, the (b)
kinetics traces would be different (blue and red traces). Averaging the
kinetics over the whole spectral region from panel (a) would result in an
average decay (black trace) that is not representative of the photophysical

SYSEOITL. Luuiiiiii it

Figure 6: A generalized schematic of temporally delayed (At) pump and
probe pulses converging in a liquid sample. Both (a) excited state spectra at
various time delays and (b) kinetic decay traces taken at specific probe

wavelengths can be extracted from TA measurements. .........ccoccveevvveriieeeniineennn.

Figure 7: A scheme of how pump-probe (a) photoexcitation leads to three
main transient absorption signals, including (b) ground state bleach, (c)

stimulated emission, and (d) photoinduced absorption.............cccocveviiiiiiiciienene.

Page

............. 2

............. 5

............. 9

........... 10

............ 11

........... 14



Figure

10.

11.

12.

13.

X

LIST OF FIGURES CONTINUED

Figure 8: Three liquid phase TA table designs used. The acronyms BBO,
YAG, and AOM stand for beta-barium borate, yttrium aluminum garnet, and

acousto-optic modulator, respectively...........ccooviiiiiiiiiiii

Figure 9: An (a) illustration of multiple excitation pulses (blue) leading to
emission of a photon (px) at various times or no emission. After thousands

of single-photon events, a (b) histogram of emission times is formed. .................

Figure 10: Plot showing the normalized change in the mol-g"! during the
photodegradation of rhodamine B catalyzed by MgCN (yellow), CgCN
(green), UgCN (blue), and in the absence of catalyst (gray). The normalized
values shown in the gray trace have not been normalized to the mass of the
catalyst. The inset shows the approximate frontier orbital alignment

between gCN and Rhd B........occoiiiiiiiiii

Figure 11: The (a) XRD patterns of MgCN (yellow), CgCN (green), and
UgCN (blue). The red and black lines correspond to corundum (ICDD# 04-
014-1368) and orthorhombic gCN (ICDD# 00-066-0813) references from
the International Centre for Diffraction Data. The full XRD patterns are
shown in Fig. A2. The (b) TGA plots comparing the change in mass as a
function of temperature in MgCN (yellow), CgCN (green), and UgCN

(BIUE). v eeeeeeeeee e eee e e esee e e eeee e e s seeee e eeemese e

Figure 12: The (a) attenuated total reflectance FT-IR spectra of UgCN
(blue), CgCN (green), and MgCN (yellow). The spectra are normalized and
vertically offset to help distinguish features. A comparison of negatively
charged oxygen-containing (b) and non-oxygen-containing (c) mass
fragments measured using ToF-SIMs and their percentage contribution to
the overall measured m/z area in UgCN (blue), CgCN (green), and MgCN
(yellow). Additional fragmentation information is provided in Fig. A3 and

1 E:10) (SN TR

Figure 13: The steady-state absorption of MgCN (solid yellow), CgCN
(solid green), and UgCN (solid blue) collected using (a) DRS and (b)
transmission spectroscopy. The steady-state PL spectra of MgCN (dotted
yellow), CgCN (dotted green), and UgCN (dotted blue) when samples are
excited at 315 nm are overlayed with the solution-phase absorption in panel
b. A (c) comparison between the oxidation and reduction potentials in gCN
and Rhd B near pH 7. The boxes represent the various band edges calculated

in this work, assuming indirect (orange) or direct (blue) transitions. ....................

Page

........... 20

........... 34

........... 37

........... 40



Figure

14.

15.

16.

17.

18.

X

LIST OF FIGURES CONTINUED

Figure 14: The (a) PL decay of MgCN (yellow), CgCN (green), and UgCN
(blue) measured using TCSPC spectroscopy and the corresponding tri-
exponential fits (black) calculated using FluoFit software after exciting at
315 nm and detecting at 460 nm. A comparison between the amplitude-
averaged PL lifetimes as a function of emission wavelength using a (b) 315

nm, (¢) 360 nm, and (d) 400 NM EXCILALION. ......vviiiviiiiiee e

Figure 15: Excited state (a) spectra directly after excitation and excited state
kinetic traces of the (b) absorptive feature from 860 nm-880 nm and the (c)
transmissive feature between 550 nm-570 nm, respectively. The fits of the
decay traces are shown in black, and data from MgCN, CgCN, and UgCN

are shown in yellow, green, and blue, respectively. ..........ccovveiiniiiicnniciicnn

Figure 16: A comparison of the derivation from the normalized mean for all

22 physical observables Measured. ..........c.cooiiieiiiiiiieiie s

Figure 17: A) Ground state absorption spectra of gCN (black) and Ag/gCN
(blue). B) Difference spectrum (black) obtained by subtracting absorption
spectra in panel A. The red trace shows a modeled SPR spectrum. C)
Emission spectra of gCN (black) and Ag/gCN (blue) collected after 315 nm
excitation D) Excitation spectra monitoring the emission wavelength, Aem =
475 nm, for gCN (black) and Ag/gCN (blue). Also shown is the ground state

absorption spectrum of gCN (gray), reproduced from panel A. .............cceevieeene

Figure 18: TRPL traces collected at emission wavelengths 440 nm and 530
nm for gCN (A, B) and Ag/gCN (C, D). In each panel, the different color
traces correspond to 315 nm (black) and 360 nm (green) excitation

WAVEIENGENS. ..ot

Page

........... 45

........... 45

........... 61



Figure

19.

20.

21.

22.

23.

xi

LIST OF FIGURES CONTINUED

Figure 19: Comparison of transient absorption spectra from gCN (black)
and Ag/gCN (blue) at A) At =0 ps and B) t = 2 ps after the arrival of the
pump. Arrows added to highlight the decay of the PIA and growth of the
bleach between 500 and 550 nm. C) Kinetics averaged from 510-560 nm
for gCN (black) and Ag/gCN (blue). A fit to the Ag/gCN kinetics with a
biexponential model convolved with the instrument response is shown in
red. The fit-determined bleach growth occurs in 1/k = 390 + 80 fs. D)
Difference between absorption spectra for both Ag/gCN (blue) and gCN
(black) obtained post- and pre- chemical reduction. Plotted in red is a
calculated difference spectrum of the SPR after a 0.3% increase in electron

AENSIEY (T@A). +.vveereeiieeiie ettt nnee s

Figure 20: A) TA kinetic traces (dots) and biexponential fits (line) averaged
from 710-750 nm for gCN (black) and Ag/gCN (blue). B) Simplified
scheme outlining relaxation pathways for photoexcited gCN in contact with
an Ag nanoparticle. Larger arrow widths illustrate fast processes, narrow

ArrOW Widths, SIOW PrOCESSES. .. c.viiuviiiieiiiiiiiieie e

Figure 21: The (a) chemical structure of the novel ZnP derivative studied in
this work. Pictures of the solution phase monomer (b) and (c) aggregate
samples. Bright-field microscope images of the thin film (d) aggregate (AF)

and (e) monomer (MF) SampIes.........cccocviiiiiiiiiiiiies e

Figure 22: A representation of the changing systems between (left) solution-
phase ZnP monomer, the (middle) solution-phase ZnP aggregate, and the
(right) thin films of the monomer and aggregate. See the Sample Preparation

Lo o1 T0) 000 £0) g 0010 ) i s (<] 7 § | LT

Figure 23: The (a) normalized ground state absorption spectrum of the
monomer (black) with the Q-band intensity scaled up by a factor of 4. The
(b) emission spectra of the monomer after 450 nm (orange) and 470 nm
(red) energy excitation. The (c) excitation spectra of the monomer collecting
640 (blue), 680 (green), and 745 nm (dotted green) emitted light,
respectively. The monomer ground state absorption spectrum is shown in
black for comparison. Blue arrows point to transitions directly mentioned

N the body Of the teXt. ......eoiiiii e

Page

........... 67

........... 75

........... 78



Figure

24.

25.

26.

27.

28.

29.

xii

LIST OF FIGURES CONTINUED

Page

Figure 24: The PL decays of the monomer monitoring (a) 640, (b) 680, and
(c) 745 nm radiative decay after exciting the sample with 375 (black), 457
(blue), and 465 nm (red) light. The monomer PL decays exciting at (d) 375,
(e) 457, and (f) 465 nm measuring 440 (black), 490 (grey), 640 (blue), 680
(green), and 745 nm (orange) radiative deCaY. ........cevvriiiieiiiiiiieieeee e 79

Figure 25: An (a) overlay of the monomer ground state absorption (solid
black trace), 520 nm emission spectrum (green trace), and excited state
spectra (At=1.5 ps, dotted black trace). Monomer (b) excited state spectra
at various time delays: pre t0 (black), t0 (red), 0.5 (orange), 1.5 (yellow), 5
(green), 100 (blue), and 1000 (purple) ps. Averaged monomer TA (c)
kinetics from the red PIA (red), blue PIA (blue), and transmissive peak
(black) features with the fits ShOWN 1N GIeY. .....ooviiiiiiiiiiiie e 83

Figure 26: The (a) ground state absorption of the aggregate (black trace) and
the (b) emission spectra from 450 nm (orange trace) and 470 nm (red trace)
energy excitations with blue arrows pointing to the transitions mentioned
above. The (c) excitation spectra resulting from 640 nm (blue trace), 680
nm (solid green trace), and 745 nm (dotted green trace) emission with the
overlayed ground state absorption spectra (black trace). Blue arrows
indicate the features discussed 1N the teXt. ......ccooiviiiiiiiiiii e 84

Figure 27: The PL decays of the aggregate samples monitoring (a) 640, (b)
680, and (c) 745 nm emission wavelengths after 375 (black), 457 (blue),
and 465 nm (red) energy photoeXCItation. ...........ceiiiiiiiiiiiiii e 85

Figure 28: An (a) overlay of the aggregate ground state absorption (solid
black trace), 520 nm emission spectrum (green trace), and excited state
spectra (At=1.5 ps, dotted black trace). Aggregate (b) excited state spectra
at various time delays: pre t0 (black), t0 (red), 0.5 (orange), 1.5 (yellow), 5
(green), 100 (blue), and 1000 (purple) ps. Averaged aggregate TA (c)
kinetics from the red PIA (red), blue PIA (blue), and transmissive peak
(black) features with the fits ShOWn 1 GIeY. ......ccovviiiiiiii 86

Figure 29: The (a) ground state absorption spectra, (b) pump-probe spectra
at At=0.5 ps, (c) kinetic blue PIA decay, and the (d) kinetic transmissive
decay of the MF (black traces) and AF (yellow traces). ........cccooeeriiriieiiniiiesieeee e 88



Figure

30.

31.

32.

33.

34.

35.

36.

37.

xiil

LIST OF FIGURES CONTINUED

Figure 30: The macrocycle and energy level diagram of a (a) metalated
porphyrin and (b) free-base porphyrin with arrows indicating absorption
peaks. Representative absorption plots for metalated and free-base

porphyrins are given in panels (c¢) and (d), respectively. .....ccccovvveviiiriiiieniieeennnn.

Figure 31: The proposed band diagram for the ZnP monomer. Blue lines
represent optical absorptions, and the orange lines represent radiative
relaxations. The ground states (Eo), Q-bands (E1), and Soret bands (E2) on
the left and right sides are referred to as the “higher-energy bands” and

“lower-energy bands” throughout Chapter 5. ..........cccooviiiiiiiiiiieee

Figure 32: Normalized (a) ground state absorption spectra of the monomer
and aggregate. Optical density corrected (b) emission spectra from exciting
the samples using 460 nm (solid) and 470 nm (dotted) light. Excitation
spectra detecting (¢) 640 nm and (d) 680 nm (solid) and 745 nm (dashed)
emitted light. All data from the monomer and aggregate are shown in black

and Yellow, TESPECTIVELY. ...ovuviiiieiiiiiiiieie e

Figure 33: A comparison of the monomer (black) and the aggregate (yellow)

PL decays at various emission wavelengths. ...........cccccooiiiiiin

Figure 34: Kinetic TA decays of the monomer (black) and the aggregate
(yellow) taken from blue PIA, red PIA, and transmissive pump-probe

J(r2 10 <1 TR

Figure 35: The pump-probe spectra of the liquid phase (dotted) and thin film
(solid) monomer (black) and aggregate (yellow) samples. The line direction
highlights the spectral blue shift between samples, which is indicative of H-
aggregation. The pump-probe spectra were taken ~ 1 ps after

PROLOEXCIEALION. ...

Figure Al: Comparisons of the a) baseline agreement between the raw
supernatant spectrum (blue) and the rescaled catalyst spectrum (dashed red)
and b) the baseline-corrected spectrum (purple) compared to a blank

MEASUTEMENLE (ZTCY ). +vevveerriesreerireareeseeesieessr e e e e s e e e e ssre e reeann e e sneeanreesneeanneenneesnnes

Figure A2: The full XRD patterns of MgCN (yellow), CgCN (green), and
UgCN (blue). The red and black lines represent diffraction peaks of
corundum (ICDD# 04-014-1368) and orthorhombic gCN (ICDD# 00-066-

0813) references from the International Centre for Diffraction Data. ...................

Page

........... 89

........... 91

........... 95

........... 97

........... 97

......... 106

......... 108



Figure

38.

39.

40.

41.

42.

Xiv

LIST OF FIGURES CONTINUED

Page
Figure A3: The full (a) negative and (b) positive ToF-SIM spectra of MgCN
(yellow), CgCN (green), and UgCN (blue). Two vertical axes are used to
exaggerate peaks at higher m/z values (3300 M/Z). .....ccooviiiiiriiiiiieii e 108

Figure A4: The normalized steady-state absorption of melamine (gray) and
urea (black). Both optical samples were prepared by briefly sonicating ~1 mg of powder
in 5 mL of 18 uQ water and diluted with 18 pQ water to OD ~0.1 ina 1 cm
QUATEZ CUVELEE. .vviiiiiiiiiiii it bbb 109

Figure A5: Normalized Tauc plots of MgCN (left), CgCN (middle), and
UgCN (right) taken at various centrifugation times (30, 60, 120, 240, and
480 seconds) assuming direct, allowed transSitions. ..........occvereeriiierieenieesiee e 109

Figure B1: a) TEM images of gCN and b)Ag/gCN and c) Ag particle size
oL a1 01015 (o) o BT RUPRRUPRPRN 117

Figure B2: A) Excitation spectra reproduced from Fig. 1. B) Quantum yield
ratio at Aem = 475 nm (black), obtained by dividing the Ag/gCN excitation
spectrum in panel A (blue) by that of gCN (black, panel A). The green trace
in panel B shows analogous data for Aem =425 nm. ........cccocoeiiiiiiiiiiiiie e 118



XV
ABSTRACT

The chemical and structural tunability of organic functional materials (OFMs) makes
them attractive alternatives to inorganic analogs for industrial applications. However, optimizing
these organic systems can be difficult due to heterogeneous electronic structures, which can be
traced to two main contributors. First, electronic states in organic materials exhibit intermediate
delocalization, occupying a regime between molecular and semiconductor limits. Secondly, even
at low concentrations, chemical and structural defects can affect the electronic structure enough
to alter the measured photophysical properties of bulk materials. The variability in electronic
structures from heterogeneous structural and chemical properties makes elucidating the
photophysical properties of organic semiconductors extremely challenging. Nevertheless,
combining steady-state and time-resolved optical techniques can help resolve the electronic
characteristics and excited-state behavior in challenging OFM systems.

This work utilizes steady-state and time-resolved spectroscopies and microscopies to
resolve the electronic structures and excited-state dynamics in two OFMs: graphitic carbon
nitride (gCN) and a zinc porphyrin (ZnP) molecular aggregate. Chapter one introduces materials
and relevant considerations. Chapter two describes the theory and the optical components of
time-resolved spectroscopies used in this work. Chapters 3-5 strive towards the same goal:
resolving intrinsic photophysical pathways in OFM systems before and after structural or
chemical perturbation. Chapter three highlights the difficulties of extracting structure-function
relationships in heterogeneous gCN photocatalysts by comparing photocatalytic degradation
rates of rhodamine B to chemical, structural, and optical properties of gCN photocatalysts.
Chapter four resolves ultrafast electron transfer in Ag co-catalyzed gCN by monitoring a spectral
shift of Ag surface plasmon resonances. Chapter five combines ultrafast broadband transient
absorption microscopy and spectroscopy to probe ZnP aggregates in solutions and thin films.
These works highlight several optical approaches for deconvolving photophysics in OFMs with
complicated electronic structures. We have found that gCN and ZnP systems, like many OFMs,
experience variable and often rapid excited-state relaxation due to strong nuclear coupling and
structural heterogeneity, which can lead to unfavorable photophysical processes. However, the
photophysical limitations arising from strong nuclear coupling can be mitigated by exploiting the
exquisite tunability of OFMs.



INTRODUCTION

Motivation

Organic Functional Materials

The rapid expansion of modern industry demands clean energy solutions. Organic
functional materials (OFMs), also known as functional organic materials, are carbon-based
compounds or structures with unique chemical and physical properties. These materials are
normally conjugated and have unique photoluminescence, electroluminescence, redox activity,
photochromicity, or mechanochemical properties. !

While OFMs are not the current industry standard for most applications, they have the
potential to drive technological advancements in environmentally sustainable ways.? Their low
cost, mechanical flexibility, low mass, and simple fabrication encourage research in OFM design
and integration into many different devices, including solar cells, toys, medical equipment,
electronic displays, and energy storage materials.> The organic light-emitting diode market
revenue is billions of dollars yearly, with an expected total revenue of $136 billion by 2030,
showcasing the huge demand for optically robust, mechanically flexible, cost-effective OFMs.°
However, most OFMs are inherently limited by localized electronic structures created by weak
monomeric interactions, chemical defects, and structural heterogeneity. In organic materials,
these three characteristics counteract the long-range wavefunction characteristic of aromatic
systems. Unfortunately, this dynamic relationship between localization and delocalization creates
optical behavior ranging between that of a classical organic molecule and an inorganic

semiconductor, creating unique technical and theoretical challenges. This work focuses on
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understanding the electronic and vibrational properties of two specific OFMs to elucidate and

mitigate unfavorable photophysical processes.

Photophysics

The term “photophysics” will be referenced frequently throughout this work.
Photophysics describes the absorption, movement, transfer, and emission of light through a
system.” This term references all the processes that occur during and after photoexcitation until
the system returns to its unperturbed state, also called the ground state. Photophysical processes
can be divided into the following categories: 1) generation, 2) evolution, 3) trapping, and 4)
destruction of excited states. The illustration in Fig. 1 gives a simplified depiction of these four

photophysical processes that will be individually discussed in the following paragraphs.
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Figure 1: A generalized illustration of photophysical processes in a material (grey box). In
organic materials, a (a) photoexcitation creates an (b) exciton. This exciton can evolve (c)
through transport and relaxation processes, become (d) trapped, or (e) destroyed through
electronic and vibrational relaxation processes.

Excited electronic and vibrational states are created when incident light is resonant with
electronic transitions or vibrational modes in a material. The initial interaction between a

material and light is called photoexcitation (Fig. 1(a)). The chemical structure and symmetry of



the material determine which transitions are optically allowed. Material characteristics influence
which excited states are created by photoexcitation.® For example, photoexciting inorganic
materials with large dielectric constants creates a ratio of excited states known as free charges
and excitons. Photoexciting organic materials with small dielectric constants creates excitons
(Fig. 1(b)). Free charges are holes or electrons whose Coulombic attraction is generally less than
the available thermal energy, k;, T. Excitons are excited states comprised of a Coulombically
bound electron-hole pair.” Predicting the concentration and nature of the excited states provides
foundational insight into subsequent photophysical pathways, as well as their ultimate utility in
active devices.

After photoexcitation, excited states can evolve in many different ways.!® Excited
excitonic states can transition from singlet to triplet states.!! Two excited states can couple
together to form new excited states with perturbed optical properties.'?!> Excitons can dissociate
into positive and negative charge-separated excited states (Fig. 1(c)).'® Additionally, excited
states can undergo transport through the material. These processes are often illustrated with
simplified schematic models, but interpreting their experimental signatures remains challenging.
On paper, modeling exciton dissociation into free charges is easy. In practice, measuring the
extent of this Coulombic dissociation requires careful power studies and kinetic modeling.!” 1*

Trapping of excited states (Fig. 1(d)) in localized defects is an important process in
OFMs. Trapped excited states will eventually return to a ground state configuration. However,
this trapping process can help or hinder overall device performance. In organic photocatalysts,
trapping mechanisms can occur quickly (1072 s), reduce the chemical potential of the system,

and prevent chemical work.' In organic light-emitting diodes (OLEDs), efficient conversion
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between emitting singlet and trapped triplet states is key for optimized device performance.?
Identifying trapping processes is vital for choosing the application and modification schemes
appropriate for intended uses.

Lastly, excited states will decay, returning the system to a pre-perturbed state (Fig. 1(e)).
All relaxation processes can be categorized as radiative and nonradiative relaxation.
Understanding the timescales (10725 - 107 s) of excited-state relaxation helps determine
branching ratios and relaxation rates. Branching ratios describe the probability of an excited state
proceeding through a particular relaxation pathway. The reaction rate quantifies how quickly the
excited population transitions between two states.!” 2’ Rates and branching ratios can be
elucidated through spectroscopic measurement of quantum yields, excited state spectra and
lifetimes, and fractional amplitudes.

This work seeks to elucidate the photophysical processes occurring in two specific

OFMs. We will now briefly describe the two material systems of interest.

Brief Introduction of Materials

This work will focus on graphitic carbon nitride (gCN) and a zinc porphyrin (ZnP)
derivative. The chemical structures of both materials are shown in Fig. 2. A brief introduction of

gCN and ZnP are given below.



Figure 2: The chemical structure of gCN (a) and the novel ZnP derivative monomer (b) studied
in this work.

Graphitic carbon nitride

Graphitic carbon nitride (gCN) is an organic semiconductor comprised of noncovalently
interacting planar sheets. There are several phases of gCN, but the tri-s-triazine (heptazine) phase
is the most stable under ambient temperatures and pressures.?! The name tri-s-triazine refers to
the monomer subunits comprised of three six-membered heterocyclic aromatic rings called 1,3,5-
triazine. These monomer subunits are connected through tertiary amines. The optical transitions
in gCN mainly arise from allowed n—n* transitions. However, nonplanar defects are believed to
break symmetry and facilitate forbidden n—m transitions. "

The chemical stability, tunability, and high redox potential of gCN make it an attractive
photocatalyst.? However, three main intrinsic photophysical properties of gCN lead to
suboptimal photocatalytic performance. The first limiting photophysical process is excited-state
trapping. After photoexcitation, excitons can charge-separate and relax non-radiatively, reducing
the chemical potential of the excited state.'” The second limiting photophysical process is rapid
charge recombination. After photoexcitation, an exciton can rapidly recombine on the picosecond

time scale, preventing chemical reactions from having an opportunity to occur.?? Lastly, excited
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states in gCN, like other semiconducting organic polymers, have low excited-state mobility,

decreasing the probability of a chemically active excited state interacting with reacting species.?

Metalated Porphyrins

The chemical and structural properties of porphyrins can vary greatly both naturally and
synthetically, but are characterized by their identical core structure. The porphin core, originally
suggested by Kuester in 1912, is made of four pyrrole-type rings joined by four methine bridges,
which is referred to as the macrocycle.?* The macrocycle follows Huckel’s aromaticity rule with
26 electrons and 18 & electrons. When the porphyrin ring is complexed to a metal ion, the
porphyrin is referred to as a “metalated” while porphyrin rings with hydrogens bonded to the
center are referred to as “free-base.” Porphyrin monomers can noncovalently interact via
delocalized & orbitals and form aggregates.

Porphyrins have been studied for over a century and continue to attract heavy research
attention, partially due to their biological prevalence and synthetic tunability. Their visible
absorptions and high absorption coefficients make them well suited for light-driven applications
such as optical sensors, energy harvesting materials, and photocatalysts.> 2*2% However,
heterogeneous aggregation, substituents, and thin film properties have obvious effects on the
optical properties of porphyrin.!!:2” Collaborators at the University of New Mexico synthesized a
novel ZnP derivative with four meta substituents (Fig. 2 (b)). These substituents combined have
four unique chemical properties, including hydrophilic regions, hydrophobic regions, hydroxyl
tethering sites, and large aromatic regions directly bonded to the macrocycle. This large

monomer was designed to have hydrophobic, hydrophilic, and aromatic groups with reactive
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hydroxyl species to facilitate anti-solvation techniques, monomeric tethering, and enhanced

optical properties.

Complications in Optical Measurements

Measuring the optical properties of the two previously described systems is challenging

for several reasons. Here, we will introduce the most relevant challenges to this work.

Electronic Coupling

The term “electronic coupling” refers to the coupling between the highest occupied
molecular orbitals and the lowest unoccupied molecular orbitals in a material, which perturbs the
energetics of the electronic states or bands of the molecular or semiconductor system,
respectively.?® The interaction between monomers is dominated by electronic coupling, (Hj),
where 1 and j refer to the two electronic states being considered. Electronic coupling can be
described by the short-range (ushort) and Coulombic (ucou) interactions between monomers (Eq.
1.1). The short-range interactions are dependent on orbital overlap and decrease exponentially
with increased interchromophore separation. The Coulombic interactions dominate over longer
distances and scale asymptotically with interchromophore spacing.?’

Eq. 1 H;j = Ushore + Ucow

Strong electronic coupling can profoundly affect the absorption, emission, and excited-
state properties of materials.!! %2830 The coupling between molecular orbitals causes the orbital
energy levels to split. In organic semiconductors, stronger electronic coupling leads to larger
band gap energies, and in molecular organic materials, stronger electronic coupling creates larger

energetic differences between electronic states, which affects measured physical observables like



the optical absorption onsets and emission energies. Elucidating the extent of electronic coupling
from physical observables like absorption and emission spectra is difficult when other properties,
like chemical composition, also affect physical observables.!

Additionally, heterogeneous electronic coupling arises from heterogeneity in the
materials. For example, chemical defects and weak n—r interactions create various structural
configurations in organic materials.!® The electronic coupling is strongly affected by orbital
overlap and the distance between monomers.?° Therefore, heterogeneous configurations between
monomers and chemical defects will give rise to heterogeneous electronic couplings.
Consequently, deciphering which processes give rise to a specific physical observable is difficult
because a single measurement probes a superposition of electronic states with various degrees of

electronic coupling.

Solvation Effects

The term “solvation effect” refers to changes in measured physical observables resulting
from solute-solvent interactions. Solvents affect many measured observables in materials,
including the ground and excited-state spectra, dipole moment, and absorption onset.>> These
changes can appear as solvatochromic shifts, bathochromic or hypsochromic shifts, peak
broadening, or fine features.*® Solvation effects make comparing optical phenomena of materials
in different solvation environments difficult. Chapter 5 compares the optical properties of ZnP
aggregates in the solution phase and solid state. In solution, the solvation environment is
dominated by the dielectric properties of the solvent (See Fig. 3(a)). After crystallization,

heterogeneous aggregation, air-sample interfaces, substrate-sample interactions, and trapped
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solvent create complicated local dielectric environments (See Fig. 3(b)). These different

solvation environments lead to differences in the ground state absorption spectra (See Fig. 3(¢)).
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Figure 3: An illustration of different solvent interactions between solvent molecules (orange
ovals) and ZnP aggregates (blue rectangles) in (a) solution and (b) thin films. The (c) ground
state absorption of the liquid-phase ZnP aggregate (black) and the thin film aggregate (grey).

Light Scatter

Light scatter decreases the detected signal, which can be difficult to distinguish from
absorption. Two common types of light scatter are Mie and Rayleigh scattering. Rayleigh
scattering is elastic scattering off particles with diameters smaller than the wavelength of the
incident light. Rayleigh scattering scales as A™*. Mie scattering is elastic scattering off particles
with diameters similar to or larger than the wavelength of the incident light. Mie scattering is
proportional to the square of the particle's diameter. Mie theory was developed for spheres due to
the simplicity of computing scatter from a sphere compared to other geometric shapes with more
real-world similarities, like irregular spheroids or cuboids. Both materials probed in this work are
irregular cuboids.** Initial investigations evaluating the efficacy of irregular Mie scattering
models indicate that the current models lack the sophistication needed to match experimental

results.?* 3



10

Both gCN and the aggregated monomers scatter light, which appears as an exponentially
increasing baseline at higher wavelengths in absorption spectra, as seen in Fig. 4(a). Scatter
complicates measurements by shifting the apparent absorption onset of a material, which can
drastically affect calculated band gaps and absorption onsets. In Ch. 3, scattering effects on the
calculated optical absorption onset are extensively discussed. We observed that varying the
centrifugation times used to prepare the optical samples can shift the calculated absorption onset
~800 meV, assuming direct, allowed optical transitions (See Fig. 4(b)). We hypothesize that
longer centrifugation times yield a smaller, narrower size distribution of the suspended gCN
colloids, suggesting that Mie scattering greatly impacts the measured absorption and calculated
absorption onset of gCN.3*38 A discrepancy of almost 1 eV could explain the disparity in

reported gCN band gap energies. 3%
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Figure 4: gCN (a) ground state absorption spectra from Ch. 3 of gCN with the signal from
scattered light highlighted with a dashed oval. The blue, green, and yellow traces represent the
three gCN materials studied. A (b) Tauc plot made from the absorption spectra of melamine-
derived gCN assuming direct, allowed transitions. The optical samples were prepared by
colloidally suspending the powdered sample in water. The centrifugation times increased from
left to right.

Signal Convolution

Disentangling spectrally overlapped excited states is difficult. In Ch. 5, we resolve

electronic transitions in the functionalized ZnP chromophore that are separated by hundreds of
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wavenumbers with distinguishably different relaxation dynamics. However, the two optically
active transitions in the Soret absorption peak are difficult to distinguish. If care is not taken,
data can be analyzed in misleading ways. Figure 5(a) displays how one observed steady state
absorption (black trace) can be a convolution of two absorbative transitions, indistinguishable
from each other, which is very similar to the Soret band absorption discussed in Ch. 5. The red
and blue states were then modeled to have unique biexponential decays, which are shown in Fig.
5(b). Kinetic traces often average over many wavelengths to assist with signal-to-noise ratios.
However, if the decay traces are averaged over spectral regions with two contributing excited
states (Fig. 5(b), black trace), the decay is nonrepresentative of the photophysical processes
occurring in the material. Care must be taken to avoid obscuring or misrepresenting physical

phenomena during data analysis.

Absorption
Normalized Signal

v

Wavelength

Figure 5: A representation of (a) a measured absorption spectrum (black) that convolves signal
from two optical transitions (red and blue traces). If the transitions have different excited-state
relaxation dynamics, the (b) kinetics traces would be different (blue and red traces). Averaging
the kinetics over the whole spectral region from panel (a) would result in an average decay
(black trace) that is not representative of the photophysical system.

Thesis Organization

The remainder of the dissertation will be organized in the following manner:
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Chapter 2 will introduce liquid phase transient absorption (TA) spectroscopy and time-correlated
single photon counting (TCSPC) spectroscopy, key time-resolved optical measurements used in
this work. Chapter 3 presents a prepared manuscript correlating measured photocatalytic activity
with twenty-two optical, structural, and chemical characteristics of gCN. We observe that only
TA lifetimes correlate to photocatalytic activity, highlighting the complexity of photochemical
and photophysical processes in gCN. The work in Chapter 4 has describes how co-catalyzing
gCN with Ag nanoparticles suppresses unwanted charge recombination by facilitating electron
transfer from gCN to the Ag nanoparticles. Chapter 5 presents the extensive optical
characterizations performed on a novel ZnP monomer, aggregates, and thin films, elucidating
changes to the structure-function relationship between the four chemically similar materials as
intermolecular coupling is increased. Chapter 6 will briefly conclude the main findings and

implications of Chapters 3-5.
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CHAPTER TWO

METHODS AND METHODOLOGY

The next three chapters (Ch. 3-5) rely on transient absorption (TA) and time-correlated
single photon counting (TCSPC) spectroscopy to measure excited-state dynamics in organic
systems. Both methods are powerful tools for understanding fundamental photophysical
processes. Both time-resolved spectroscopies employ femtosecond pulsed lasers to generate an
excited state population and monitor the excited states as they return to equilibrium. The
following section will outline the foundational theory and optical design of the homebuilt

spectrometers used in this work.

Broadband Liquid-Phase Transient Absorption Spectroscopy

Theory

Liquid-phase TA spectroscopy is a nonlinear pump-probe measurement that time-resolves
the evolution and decay of excited electronic states. Pump-probe measurements utilize two
pulsed laser beams, the pump and probe. The pump beam creates a population of transient
excited states that will decay over time. The probe beam interacts with the perturbed system at
various time delays (At) relative to the pump pulse and is monitored with a spectrometer. The
difference between the probe spectra in the presence (on) and absence (off) of the pump is taken
and normalized to the pump off spectrum. Transient spectra can be plotted (See Fig. 6(a)) as the
pump-probe signal (y-axis) as a function of probe wavelength (x-axis) at various time delays

(different color traces).
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The states of the OFMs studied in this work can be generally likened to a 3-level system.
Pump-probe spectroscopy can be used to measure the relaxation of nonequilibrium excited states
in a sample volume because the nonlinear pump-probe signal (AA(w)) detected is proportional to
the third-order polarizability (P®)(w)) and the nonlinear response (c) of the material. This
relationship is given below in Eq. 2.%
Eq. 2: AA(w) « —2E(P®(w))
The transient effect of the pump pulse on the material’s polarizability can be optically observed
using the broadband probe as a function of wavelength and time, allowing us to collect excited-

state spectra at various time points (Fig. 6(a)) and kinetic decays at specific wavelengths (Fig.

6(b)).
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Figure 6: A generalized schematic of temporally delayed (At) pump and probe pulses converging
in a liquid sample. Both (a) excited state spectra at various time delays and (b) kinetic decay
traces taken at specific probe wavelengths can be extracted from TA measurements.

Multiple phenomena contribute to the pump-probe signal (Eq. 2). Three relevant

photophysical phenomena for this work are ground-state bleaching (GSB), stimulated emission
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(SE), and photoinduced absorption (PIA). Both GSB and SE increase the transmitted light
through the sample. As the fraction of excited states increases, the population of absorptive
ground states decreases. Therefore, the system’s ground state absorption decreases, which leads
to more transmitted light and a positive AT/T signal, which is referred to as the GSB. After the
pump pulse photoexcites the sample, the probe pulse may stimulate radiative relaxation to the
ground state. This process, referred to as SE, creates photons that are coherent and colinear with
the probe, allowing emitted light to travel with the probe beam to the detector, resulting in a
positive AT/T signal. The last phenomenon, PIA, decreases the transmitted light through the
sample as pump-induced excited states absorb a fraction of the probe beam. A scheme illustrating

these three optical phenomena is given in Fig. 7.4
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Figure 7: A scheme of how pump-probe (a) photoexcitation leads to three main transient
absorption signals, including (b) ground state bleach, (c) stimulated emission, and (d)
photoinduced absorption.
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The y-axis of the excited state spectra and kinetics vary throughout this work from AA,
AT/T, or AS/S, where A, T, and S are abbreviations for absorption, transmission, and signal,
respectively. AS/S represents the normalized pump-probe signal measured and does not clarify if
the probe signal results from reflection or transmission through the sample. However, AT/T
represents the change of the probe beam transmission through the sample. In this work, AT/T and
AS/S are used interchangeably and refer to the raw transmission signal collected during a TA
measurement. In microscopy, scattering and reflections contribute to the detected signal, making
qualitative absorption measurements difficult. However, scattering and reflection effects
negligibly impact the absorption of most molecular systems. Therefore, liquid-phase TA
spectroscopy can qualitatively measure the transient absorption of molecular systems. Raw
transmission data were converted to AA in Ch. 3 to make absorptivity comparisons more
intuitive. This conversion is outlined in Eqgs. 3-5. The TA measurement provides AT/T, which can
be defined as the transmission signal with the pump on minus the transmission signal of the
pump off, normalized by the pump off transmission signal (Eq. 3). The relationship between
absorption and transmission is given in Eq. 4 where T is the transmission through the sample and
To is the transmission through the optical system in the absence of the sample. The change in

absorption (Eq. 5) can be written relative to pump on and off measurements using Eq. 4.

AT Ton—T T,
Bq.3: =2 =_on_1
T Tofs Tofr

Eq.4: A= —log (Tlo)

Eq.5: 84 = —log (%22) + log (<2£) = —log (;7)
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The ability to transiently and spectrally resolve excited states through TA spectroscopy is an

exceptionally useful tool for resolving photophysical pathways in OFM.

Onptical Design

The liquid phase-TA spectrometer has undergone several design iterations, aimed at
improving stability and simplifying alignment. Simplified schemes of the three main optical
design iterations are shown in Fig. 8. The data presented in Ch. 3 was collected using Setup #1.

The data presented in Ch. 4 was collected using Setup #2. The data for Ch. 5 was taken using

Setup #2 and #3.
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Figure 8: Three liquid phase TA table designs used. The acronyms BBO, YAG, and AOM stand
for beta-barium borate, yttrium aluminum garnet, and acousto-optic modulator, respectively.
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Regardless of the setup, similar optics were employed in each optical design. The pump
and probe pulses were derived using a commercial ultrafast fiber laser (Coherent Monoco 1035,
40 Watt, IMHz rep. rate, 272 fs pulse duration, 1035(£5) nm). The probe beam was generated by
focusing a fraction of the 1035 nm beam into an yttrium aluminum garnet (YAG) crystal,
collimating using reflective optics, beam shaping using a spatial filter, and focusing onto the
sample using a 250 mm focal length spherical mirror. The other fraction of the 1035 nm
fundamental was used to generate the pump beam. The pump beam was amplitude modulated
using an acousto-optic modulator (AOM) at 16.125 kHz and coupled onto a 600 mm mechanical
delay stage. The delay stage is used to control the delay time, At, between the arrival of the pump
and probe beams at the sample. The AOM and delay stage configuration is modified between
Setup #2 and #3 to reduce the power fluctuations measured at the sample as a function of the
stage delay. The fundamental 1035 nm pulse was frequency tripled or doubled using type-I beta-
barium borate (BBO) crystals. The polarization of the resultant 345 nm or 515 nm pump beam,
respectively, was set to the magic angle using a broadband half-waveplate before focusing onto
the sample. The intensities of the probe and pump beams were attenuated using a neutral density
filter and the RF control on the AOM, respectively. The broadband probe was filtered before the
sample using a 1000 nm short pass (SP) to remove the fundamental beam. After the sample, the
probe was filtered using a 420 nm long pass (LP) or a 520 nm LP to remove pump scatter. The
pump beam was filtered with dichroic mirrors and SP filters to remove residual 1035 nm light
before exciting the sample. If third harmonic generation was used to generate a 345 nm pump
beam, a wave plate was placed to change the phase of the fundamental light by 90° before

recombining with the 515 nm second harmonic beam before the second BBO crystal. Using the
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three systems shown above, we could tailor our measurements of specific material systems using

various excitation wavelengths (515 nm and 343 nm) and spectral ranges (~500 nm to ~800 nm).

Time-Correlated Single Photon Counting Spectroscopy

Theory

Time-resolving fluorescence decay kinetics provides valuable insight into excited-state
relaxation processes. Instead of monitoring the emissive decay of many excited states at various
time delays like TA spectroscopy, TCSPC spectroscopy builds decay statistics from thousands of
single-photon events over many cycles. A single pulsed beam is used to photoexcite the sample.
The beam is kept at low enough powers that only 1 in 20 to 100 pulses result in a count at the
detector. If a light pulse leads to a count on the detector, a series of electronic devices correlates
the temporal change of the detector’s voltage to the timing of the pulsed beam. This correlation
extracts the time between photoexcitation and detected emissions (see Fig. 9). The high-
repetition rate pulsed laser and electronics allow thousands of detected emission events to be
measured within minutes to hours. The emission times are plotted as a histogram, and the
histogram can be fitted for fractional amplitudes and fluorescent lifetimes (see Appendix A). It
should be noted that emission events are random and determined by the probability of emissive
decay from the excited states. Therefore, the measured histograms and calculated fits describe

the probability of the system to emit.*!
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Figure 9: An (a) illustration of multiple excitation pulses (blue) leading to emission of a photon

(px) at various times or no emission. After thousands of single-photon events, a (b) histogram of
emission times is formed.

Optical Design

Samples were prepared with an optical density of ~0.1 at the highest absorption (1 cm
quartz cuvette). The excitation beam was derived from a commercial Ti:sapphire oscillator
(Coherent Chameleon, 80 MHz rep. rate, 85 fs pulse duration, 680-1040 nm wavelength range).
The fundamental beam is then directed into a Coherent Harmonics Generator and frequency
doubled or tripled using a BBO crystal to tune the excitation frequency (230 nm to 520 nm). The
repetition rate of the beam was then reduced to 4 MHz using a Conoptics model 350-10 electro-
optic modulator and directed onto the sample. Long pass filters were placed directly before the
detector to remove excitation scatter. Collected emission travels through adjustable slits before
entering a monochromator where an emission wavelength is isolated and sent to the detector.
Picoquant PicoHarp 300 and FluoTime 200 software were used to control data collection. The
highly tunable experimental design of our TCSPC spectrometer allows for robust time-resolved

photoluminescence measurements that can help elucidate branching ratios in emissive systems.
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Abstract

The tunable structural and chemical properties of graphitic carbon nitride (gCN) provide
a promising route toward tailored activity in photocatalytic applications. A primary challenge in
optimizing gCN toward this end is its intrinsically heterogeneous structure, due in part to the
many schemes and parameters employed in its synthesis. Varying defect types, defect densities,
extent of polymerization, and degree of interplanar stacking change the catalytic, electronic, and
optical properties of gCN, making robust and mechanistic interpretations of photocatalytic
activity difficult with standard characterization techniques. Here we elucidate the complicated
structure-function relationship of gCN by correlating photochemical activity to numerous
structural, chemical, and spectroscopic characterization techniques. We find that transient
absorption spectroscopy lifetimes were the only physical observable that trended with
photochemical activity. These results suggest that much of the challenge to photocatalytic
material optimization stems from material properties that are simultaneously perturbed when
material preparation conditions are changed. In some cases, these covariant material properties
have competitive influences on photocatalytic activity, making the determination of a systematic

structure-function relationship challenging.

Introduction

Carbon nitrides have intrigued researchers for decades*?, with current research focused on
exploring and implementing the optical and electronic properties of polymeric carbon
nitrides.**** In particular, graphitic carbon nitride (gCN) has gained significant attention due

to its absorptivity of solar light and high redox potentials capable of driving photochemical
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reactions, including water splitting,*> 47 CO» reduction,*® *° and dye degradation.>® !
Unfortunately, unmodified gCN has not demonstrated sufficient photocatalytic activity to justify
wide-scale, industrial implementation.*® Like many other organic semiconductors, gCN is
affected by strong vibronic coupling, material heterogeneity, and low quantum efficiencies,

23,52 rapid charge recombination,?? and complicated trapping

resulting in low charge mobility,
mechanisms.!” These photophysical processes tend to immobilize or destroy redox-active excited
states and limit the photocatalytic activity of gCN.®

To improve the photocatalytic performance of gCN, a myriad of synthetic schemes have

50, 53, 54

been implemented, including varying precursor components, changing polymerization

20.22.58 and optimizing

conditions, ' *+3 doping gCN,*% %" functionalizing with co-catalysts,
exfoliation techniques.!®>! While these modifications often improve catalytic performance,
consistently predicting how such alterations affect catalytic performance remains challenging.
For example, three recent studies compared the photocatalytic performance of gCN synthesized
with urea, melamine, and dicyandiamide. A 2018 study photodegraded tylosin and found that
melamine-derived gCN showed the highest catalytic performance, with a first-order rate constant
of 0.0485 s™! compared to dicyandiamide- and urea-derived gCN, which had rate constants of
0.0476 s and 0.0185 s!, respectively.>* The same year Yang et. al. photodegraded methylene
blue and found that urea-derived gCN could degrade approximately 60% of the methylene blue,
while melamine- and dicyandiamide-derived gCN only degraded ~30%.°! A third study

published in 2020 showed no significant difference between gCN synthesized using melamine,

urea, or dicyandiamide when photodegrading rhodamine B (Rhd B) under natural sunlight.*



25
While these studies were not performed under identical conditions, the unpredictability within
presumably similar material systems is striking.
Defect engineering is another strategy for enhancing the photocatalytic activity of gCN.
Work by the Schlenker group found that exfoliated gCN with a higher number of edge sites
exhibited lower H-production rates than a bulk/exfoliated sheet mixture. This photocatalytic
improvement was attributed to improved electron transfer from the bulk gCN to exfoliated,

defect-ridden gCN.!® Other defect-focused studies have shown that defects can both improve>® >

%9 and reduce’!> 0

photocatalytic performance, although the mechanism by which the defects
influence activity is often unclear. For example, studies have detected complicated trapping
processes in gCN, but surprisingly, these trapping mechanisms are attributed to both
improvement and inhibition of photocatalytic performance. '% 44 48.57. 61. 62

Typically, improved catalytic activities are correlated to changes in defect density (or
type), morphology, or interfacial characteristics and supported by, for example, band gap
calculations, photocurrent response, steady-state photoluminescence (PL), and (or) time-resolved
photoluminescence (TRPL). However, even with careful structure-function correlations,
mechanistic relationships between specific morphologies or defect types and catalytic activity
remain difficult to generalize. A recent review by Mitchell et. al. compared photoactivity in gCN
heterojunctions to photoluminescence and transient absorption lifetimes. The observed
photocatalytic improvement was generally linked to two photophysical changes: decreased rapid
charge recombination and improved charge transfer mechanisms. However, these photophysical

changes sometimes present differently in presumably similar materials.'® For example, two

studies examined the emissive decay of photoinduced states at carbon dot/gCN heterojunctions
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in urea-derived gCN. Both studies saw increased H> production and correlated improved
photoactivity with enhanced charge separation. However, one study correlated enhanced charge
transport rates to longer PL lifetimes®® while the other correlated improved charge separation to
shorter PL lifetimes.®* A 2020 photocatalytic study showed that morphologically and
photocatalytically distinct gCN materials have fairly comparable PL lifetimes>® while other
photocatalytic studies observe clear PL differences between materials.>’

The link between disparate and sometimes contradictory physical observables to
improved photocatalytic performance speaks to three intrinsic challenges of studying
photocatalysts: 1) the complexity of the material itself, 2) the confounding effect of correlated
material properties, and 3) the incomplete information provided by standard characterization
techniques. For example, the effect of these three challenges can be seen when time-resolved and
steady-state PL measurements are used to elucidate excited-state branching ratios. While PL
spectroscopies are powerful techniques for resolving photophysical processes in quasi two-level
emissive systems, these techniques provide only limited insight into low quantum yield (QY),
heterogeneous materials like gCN. Additionally, defects in gCN create complicated manifolds of
states below the band edge of the material.'® % Varying experimental parameters like excitation
energies, power densities, and power fluences can affect the branching ratios of resultant excited
electronic states, which could profoundly affect the physical observables measured. Given these
three considerations, the difficulty in elucidating general photocatalytic trends on specific
physical observables is understandable.

To provided a systematic and robust correlation between photochemical activity and

commonly available spectroscopic and structural probes, we measure the rate constants of three
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gCN samples in the prototypical photochemical degradation of Rhd B. The three gCN samples
are produced via thermal polymerization of melamine, urea, and a stoichiometric mixture of the
two precursors. We then correlate the determined rate constants to material properties as
determined by a series of common characterization techniques. Structural properties like
crystallinity, interplanar spacing, and interplanar conjugation were analyzed using X-ray
diffraction (XRD) and thermal gravimetric analysis (TGA). Chemical properties were evaluated
using Fourier Transform-Infrared (FT-IR) spectroscopy, Time of Flight Secondary Ion Mass
Spectrometry (ToF-SIMs), and elemental combustion analysis. Optical properties were
determined using steady-state absorption, steady-state PL, TRPL spectroscopy, and transient
absorption (TA) spectroscopy.

Surprisingly, we found that TA lifetimes were the only physical observable that
qualitatively agreed with the measured trend in photodegradation rates; however, even here, the
relationship is complex. Analysis of 22 individual physical observables strongly suggests that TA
lifetimes and fractional oxygen content most strongly correlate to variance in catalytic activity.
PL QY is weakly anticorrelated to activity, and many commonly attributed characteristics
(absorption onset) show little impact on measured reaction rates. These results highlight the
complex interplay between structure and excited-state branching ratio, deactivation, and
reactivity in heterogeneous materials like gCN and illustrate the importance of statistical analysis

tools for elucidating coupled variables.

Experimental Methods

Materials: urea (Sigma-Aldrich, >98%), melamine (Sigma Aldrich, 99%), methanol

(Fisher Chemical, HPLC grade, 0.2 microns filtered), rhodamine-B (Signal Aldrich, analytical
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standard), sodium chloride (Sigma Aldrich, >99%), corundum (Sigma Aldrich), and coumarin
440 (Exciton).

XgCN Synthesis: Precursors were weighed out and placed into a mortar. Both urea-
derived gCN (UgCN) and melamine-derived gCN (MgCN) used approximately 12.8 g of
precursor. The composite material (CgCN) used approximately 7.51g of urea and 5.26g of
melamine. The precursor was ground using a mortar and pestle until homogeneous and the
consistency of powdered sugar. The fine powder was then added to a ceramic crucible, covered
with a flat ceramic lid, and placed in a tube furnace. The furnace was heated to 600°C using a
ramp rate of 2°C/min, held at temperature for 2 hours, and then cooled to room temperature
naturally. The resulting yellow product was wetted with methanol to reduce static charge before
being homogenized with a mortar and pestle. The fine product was transferred to a scintillation
vial, and excess methanol was evaporated using compressed air before the product was dried
overnight in a 75°C oven.

Photodegradation of Rhd B: Approximately 30 mg of photocatalyst was added to 10 mL
of 18 MQ water and sonicated for 3 hours. After sonication, the photocatalyst slurry was added
to 15 mL of 18 MQ water and 50 mL of 9 uM Rhd B solution. The catalytic solution was stirred
for 1 hour in the dark to prevent adsorption/desorption processes contributing to the measured
photodegradation rates. After the dark time, a light source (385 nm LUXEON Z Ultraviolet LED,
3.4 mW-cm™) was turned on, and 1.2 mL aliquots of the photocatalytic solution were taken every
0, 10, 20, 30, 60, 90, 120, 150, and 180 minutes from the start of irradiation. These aliquots were
centrifuged for 4 minutes at 11,000 RPM to remove gCN particulates before the supernatant

absorption was collected and used to calculate the photoreduction rates. The supernatant spectra
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were background-corrected to remove scatter-related signal. Appendix A further details the
baseline corrections and gives an example of non-corrected data vs corrected data (Fig. A1). This
procedure was based on several previously reported studies. %% ¢

Material Characterization: A Bruker D8 Advanced Power X-ray Diffractometer with a Cu
Ka(1.54059A) X-ray source and a LYNXEYE XE-T detector were used to collect XRD patterns.
To ensure that the detected changes in 20 resulted from crystallite differences, not variations in
sample preparation, all samples were standardized with a 1:1 mass ratio of corundum (ICDD#
04-014-1368). The TGA data was collected using a commercially available thermal analyzer
from TA Instruments (TGA 5500) and a high-temperature Pt sample boat. Samples were heated
to 30°C (10°C/min), held for 15 min, heated to 800°C (5°C/min), held for 30 min, and cooled to
30°C (10°C/min) under a steady flow of inert gas (N2). The FT-IR spectra were collected using a
Thermo Scientific iD7 Diamond ATR in a Thermo Scientific NICOLET iS5 FT-IR spectrometer.
Elemental CHNS combustion analysis was performed by Atlantic Microlab Inc. Samples were
dried under vacuum at 120°C for 12-24 hours before being tested with detection limits of 0.3%
and an error limit of £0.3%; all three materials were tested in triplicate. The measured mass
percent from C, N, and H were summed and subtracted from 100 to approximate the “other,”
unaccounted-for mass. The ToF-SIMs measurements utilized an IONTOF GmbH model IV
Time-of-Flight Secondary Mass Spectrometer to detect positively and negatively charged mass
fragments created from a primary beam of Bi2+ ions. The m/z peaks were assigned to specific

chemical species using IONTOF SurfaceLab 7.
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Optical Sample Preparation: Approximately 2 mg of the sample was added to 5 mL of 18
MQ water and sonicated for 3 hours. The resulting colloidal suspension was centrifuged at 1,500
RPM for 2 minutes. The final supernatant was collected and sonicated for 30 additional minutes
before diluting to the needed optical density. The optical samples were either made fresh on the
day or sonicated until the absorbance profile on the experimental day matched the absorbance
profile initially collected during sample preparation. Aqueous samples typically lasted 4-8 days.

UV-Vis absorption spectra were collected using a commercially available UV-Vis
instrument (Shimadzu UV-3101PC, 0.2 nm step size, 200 nm-800nm collection range, 1 cm
quartz cuvette) and a home-built diffuse reflection spectrometer. Diffuse reflectance
measurements utilized a xenon arc lamp (Shutter Instrument Company, Model LB-LS/17) to
create the broadband probe beam. The incident probe and the diffuse reflectance were incident
on and collected from the sample using a fiber bundle backscatter probe (Thorlabs RP22). The
collected scattered light was measured using an OceanOptics USB2000+ spectrometer. Before
measurement, approximately 20 mg of sample was ground with approximately 470 mg of KCl
and packed in ~1 cm deep sample holder, with special care taken to smooth the powdered
surface. Steady-state PL spectra were collected using a Horiba Fluorolog-3 on samples with
optical densities near or below 0.1 (1 cm quartz cuvette) at their peak absorption wavelength.
Time-correlated single photon counting (TCSPC) spectroscopy was used to measure the PL
lifetimes of the samples prepared with an optical density of ~0.1 (1 cm quartz cuvette). The
excitation beam was derived from a commercial Ti:sapphire oscillator (Coherent Chameleon, 80
MHz, 85 fs pulse duration, 680-1040 nm wavelength range). The initial beam frequency was

doubled or tripled using a beta barium borate (BBO) crystal to tune the excitation frequency of
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the beam. The repetition rate of the beam was then reduced to 4 MHz using a Conoptics model
350-10 electro-optic modulator. Long pass filters were placed directly before the detector to
remove excitation scatter. Picoquant PicoHarp 300 and FluoTime 200 software were used for
data collection, and PL lifetimes were calculated using FluoFit software.

A homebuilt broadband TA instrument was used to collect liquid-phase femtosecond TA
spectra. A commercial ultrafast fiber laser (Coherent Monoco 1035, 40 Watt, IMHz, 272 fs pulse
duration, 1035(+5) nm) was used to generate pump and probe pulses. The probe beam was
generated by focusing a fraction of the 1035 nm beam into an yttrium aluminum garnet (YAQG)
crystal, collimating using reflective optics, and focusing onto the sample using a 250 mm FL
spherical mirror. The other fraction of the 1035 nm fundamental was modulated using an
acousto-optic modulator (AOM) at 16.125 kHz, coupling onto a 600 mm delay stage, and
frequency tripling the fundamental through a pair of type-I BBO crystals. The polarization of the
resultant 345 nm pump beam was set to the magic angle using a broadband waveplate before
focusing on the sample using a 300 mm FL lens. The intensity of the probe and pump beams
was attenuated using a neutral density filter and the RF control on the AOM, respectively. The
optical density of the colloidal suspensions ranged from 0.25 to 0.5 in a 0.2 cm quartz cuvette.
Fluences were varied from 6.4 pJ-cm™ — 32.9 uJ-cm™ to ensure that TA kinetics were power

independent.

Results and Discussion

Photocatalytic Performance

To compare the photocatalytic performance of the three carbon nitride materials, we

monitored Rhd B photodegradation kinetics using a 385 nm LED excitation source with a flux of
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3.40 mW/cm? at the surface of the reaction solution. Figure 10 shows the photoreaction results,
with error bars indicating standard error over three individual runs for MgCN, UgCN, and
CgCN. For all three gCN materials, the degradation rate appears to be constant, indicating the
degradation kinetics are Oth order, as expected from the low light flux on the reaction vessel. Fits
to the kinetics with a Oth-order model show that UgCN and MgCN performed similarly with rate
constants of -5.3(£0.2)-10® mol'min™-g™! and -4.9(£0.2)-10"® mol'min™!-g!, respectively.
However, the photodegradation rate almost doubled to -9.0(0.3)-10"® mol-min!-g"! when using
CgCN as the photocatalyst.

The inset of Fig. 10 illustrates the approximate orbital alignment between gCN and Rhd
B. The reduction and oxidation potentials of aqueous Rhd B at a pH of 7 are -0.76 eV and 0.74
eV (NHE), respectively.®® The reported reduction and oxidation potentials (vs. NHE) of gCNs
range from -0.18 to -1.2 eV and 1.5 to 2.0 eV, respectively.*’,>7 #6626 While the reported
bandgap for gCN varies as a function of structural phase and defect density, the bandgap of the
bulk material is ~2.7 eV.*® 52 Based on these potentials, photoexcited gCN has sufficient
chemical potential to reduce and oxidize Rhd B. However, while either path toward degradation
is possible, low hole mobility may decrease the likelihood of oxidation reactions.*% %2 In keeping
with previous publications studying Rhd B degradation with gCN, we attribute the observed Rhd

B degradation to photoreduction driven by gCN.>? ¢



33

_ 12 T T T H

o

ntjlfh 1 0 "II! - ! I i x _

‘o e

2 = I A

o E 08 hd - 5 -

Z = osk ) 4

B g 06 I ] :

N @ —_— v

T ‘E!' 04 = _— - -

ES [+ —| 1

(Zj @ 0.2 2CN Rhd B I I =
00 1 1 | -+

0 50 100 150 200
Time (min)

Figure 10: Plot showing the normalized change in the mol-g™! during the photodegradation of
rhodamine B catalyzed by MgCN (yellow), CgCN (green), UgCN (blue), and in the absence of
catalyst (gray). The normalized values shown in the gray trace have not been normalized to the
mass of the catalyst. The inset shows the approximate frontier orbital alignment between gCN
and Rhd B.

Structural Characterization

To elucidate the origin of the observed difference in activity, we first turned to structural
characterization of the three materials using XRD and TGA. Both XRD patterns and differential
thermogravimetric plots can be found in Fig. 11. The XRD samples included a corundum (Al,03)
standard, which has a well-defined diffraction peak at 25.6° 20.7° Diffraction patterns from all
three bulk materials show peaks near 13.1° and 27.5° 26, corresponding to the (100) and the
(002) planes of orthorhombic gCN, respectively. These peaks relate to the inter-pore distance
between the tri-s-triazine subunits and the interplanar spacing between the gCN sheets,
respectively (ICDD# 00-066-0813).%* 62 The peak positions and the full width at half maximums
(FWHMs) were calculated by fitting baseline-corrected diffraction patterns to pseudo-Voigt
profiles. The differences in the intensity, FWHM, and peak position between samples are
especially noticeable in the (002) diffraction peak. The fitted (002) peak positions were

27.44(+0.01)°, 27.37(x0.01)°, and 26.95(%0.03)° for MgCN, CgCN, and UgCN respectively. The
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fitted FWHM of the (002) peaks were 1.54(+0.01)°, 2.16(x0.03)°, and 3.9(%0.1)° for MgCN,
CgCN, and UgCN respectively. Analysis of the peak widths using the Scherrer equation indicates
that peak broadening results from lattice parameter heterogeneity and not from particle size.”!
The increasing FWHMs and the lower angle (002) peak positions indicate that interplanar order
decreases and interplanar spacing increases from MgCN to CgCN to UgCN. Similar effects are
seen for the intraplanar peak (100), although weak signals and large backgrounds made
quantitative analysis difficult. Nevertheless, the visibly more pronounced (100) peak in the
MgCN and CgCN patterns is consistent with a more highly ordered MgCN and CgCN relative to

UgCN in the intraplanar direction.
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Figure 11: The (a) XRD patterns of MgCN (yellow), CgCN (green), and UgCN (blue). The red
and black lines correspond to corundum (ICDD# 04-014-1368) and orthorhombic gCN (ICDD#
00-066-0813) references from the International Centre for Diffraction Data. The full XRD
patterns are shown in Fig. A2. The (b) TGA plots comparing the change in mass as a function of
temperature in MgCN (yellow), CgCN (green), and UgCN (blue).

The trend of increasing disorder across the series of gCNs is further supported by TGA.
Panel B of Fig. 11 shows differential mass loss as a function of temperature for the three

materials. Mass loss peaks at 600°C, 610°C, and 640°C for UgCN, CgCN, and MgCN,

respectively. While these temperatures are broadly consistent with the decomposition of the
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polymeric gCN network,’? the mass loss at higher temperatures observed for CgCN and MgCN

is indicative of materials with fewer impurities and a higher degree of polymerization.” 74

Chemical Characterization

Chemical characterization of the three materials was performed using combustion
analysis, FT-IR spectroscopy, and TOF-SIMs. Table 1 shows weight percentages of C, H, and N
in UgCN, CgCN, and MgCN determined from combustion analysis. At first glance, the C, N, and
H mass percentages do not appear vastly different between samples. However, the small
percentage variations compound noticeably. This cumulative effect is seen in the “other” mass
percent, calculated by subtracting the summed C, N, and H weight percentages from 100. We
assume the unassigned mass primarily results from oxygen-containing defects introduced during
the synthesis of the materials, an assignment confirmed by both FT-IR and ToF-SIMs. Under this
assumption, UgCN contains the highest mass percentage of oxygen (6.9(+0.1)%), followed by
CgCN (3.34(+0.07)%) and MgCN (1.77(%£0.08)%). While melamine (C3H¢Ng) does not contain
oxygen, side reactions commonly include oxygen into the gCN material.® "> 7> Urea (CH4N,O)
contains oxygen and must polymerize more than melamine to form gCN.”* Therefore, UgCN
unsurprisingly contains the highest mass percentage of oxygen compared to MgCN, with CgCN

falling in between.
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Table 1: The average mass percentages measured using elemental analysis and calculated
average atomic percents.
Avg. Mass Percentages (+ St. Dev.) Avg. Atomic Percentages (+ St. Dev.)
Sample C N H Other C N H o* C/N**
M  35.07(0.07) 61.56(0.01) 1.61(0.02) 1.77(0.08) |32.37(0.06) 48.73(0.01) 17.67(0.06) 1.22(0.05)  0.664
C  34.43(0.06) 60.54(0.02) 1.70(0.02) 3.34(0.07) |31.57(0.06) 47.60(0.02) 18.5(0.2) 2.30(0.05)  0.663
U 33.20(0.03) 57.90(0.03)  2.0(0.1) 6.9(0.1) |29.57(0.02) 44.22(0.08) 21.6(0.3) 4.59(0.07)  0.669

*Assuming “other” mass is from O
**ideal C/N ratio for melem (CgN;gH;) and gCN (C;5N,) is 0.60 and 0.75 respectively.

The right columns of Table 1 show the calculated atomic percentages for each sample and
the calculated C/N ratio. For a pristine gCN crystal, the C/N ratio is 0.75. All three samples have
similar C/N ratios of 0.664, 0.663, and 0.669 for MgCN, CgCN, and UgCN, respectively. The
measured XRD patterns and Scherrer analysis show that these samples consist of heterogeneous
crystals with short-range order. While many local chemical structures are possible, we
approximate that the shorter-range crystals are primarily comprised of melem (CsHgN1o), the
immediate precursor to gCN. Melem, or tri-s-triazine, has a C/N ratio of 0.60. All three C/N
ratios range between the ideal C/N ratios of gCN and melem, suggesting all three materials
consist of melem or melem-like constitutional isomers with some degree of conjugation. The
atomic percentages of H and O are highest in UgCN compared to MgCN and CgCN. Oxygen is
calculated to make up 1.22(+0.05), 2.30(+0.08), and 4.59(x0.07) atomic percent, and hydrogen
makes up 17.67(£0.06), 18.5(£0.2), and 21.6(+0.3) atomic percent in MgCN, CgCN, and UgCN,
respectively. While these percentages do not describe local chemical structures, they indicate
various amounts of oxygen and hydrogen (UgCN > CgCN > MgCN) in all samples. The
increasing hydrogen percentages in UgCN and CgCN indicate less intraplanar conjugation in
UgCN and CgCN compared to MgCN, corroborating the previously discussed structural

characterization.
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Figure 12(a) shows normalized attenuated total reflectance FT-IR spectra of all three
samples. All samples exhibit a sharp peak at 807 cm™ assigned to the breathing mode of
heptazine units and multiple peaks around 1600-1100 cm™ from the C-N stretching modes of CN
heterocycles.’” All samples exhibit a broad absorption between 2900-3600 cm™ associated with
primary/secondary amides and O-H stretching modes.*’ Although quantitatively resolving
differences between MgCN, CgCN, and UgCN is difficult, the FT-IR spectra are comparable to
previously thermally derived gCN samples and confirm the presence of amides and hydroxyl

groups, as expected.
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Figure 12: The (a) attenuated total reflectance FT-IR spectra of UgCN (blue), CgCN (green), and
MgCN (yellow). The spectra are normalized and vertically offset to help distinguish features. A
comparison of negatively charged oxygen-containing (b) and non-oxygen-containing (c) mass
fragments measured using ToF-SIMs and their percentage contribution to the overall measured

m/z area in UgCN (blue), CgCN (green), and MgCN (yellow). Additional fragmentation
information is provided in Fig. A3 and Table Al.

Panels B and C of Fig. 12 show fragment analysis from ToF-SIMs performed on each of
the three materials. While ToF-SIMs fragments do not necessarily directly reflect the
composition of the bulk material, the fragmentation data can be used to understand chemical
stability and composition.’® Both positively and negatively charged fragments were measured

and the full ToF-SIMs spectra are displayed in Fig. A3. We identified fragments with small m/z
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ratios (<200 m/z). Species with larger m/z (>200 m/z) were not characterized due to the
difficulty of meaningfully identifying larger species. All considered fragments fit well as N, C,
H, and O-containing species, further justifying that oxygen accounts for the missing combustion
analysis mass. Identified peaks account for 40.7%, 42.3%, and 45.2% of the total measured m/z
area in the MgCN, CgCN, and UgCN spectra, respectively. This trend indicates that
fragmentation of MgCN with a primary ion beam results in more fragments with higher m/z
values, supporting the interpretation of XRD and TGA data that MgCN is characterized by
greater intraplanar order. The eight highest contributing oxygen-containing and non-oxygen-
containing species are compared in Fig. 12, panels b and c¢. While a clear trend is not apparent,
these 16 species account for a small percentage of the total observed fragmentation area.
Considering all fragments, approximately 22.3% of the detected negative fragments came from
oxygen-containing species in MgCN, 23.4% in CgCN, and 24.0% in UgCN. This trend mirrors
the atomic percentages of oxygen calculated from the elemental combustion analysis. Specific

percent contributions from charged mass fragments are given in Table Al.

Steady-State Spectroscopic Characterization

We next turn to steady-state optical characterization techniques. Absorption spectra were
collected using diffuse reflectance spectroscopy (DRS). The spectra for each material, plotted in
Kubelka-Munk units, are shown in Fig. 13(a). Comparison of the spectra shows that MgCN and
CgCN spectra both show a redshifted absorption onset relative to UgCN. MgCN and CgCN
spectra also exhibit a subtle absorption peak near 420 nm, likely due to a more well-resolved
band edge n-m* transition.! In UgCN, no obvious absorption peak near 420 is present, likely

reflecting increased inhomogeneous broadening relative to CgCN and MgCN.
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While DRS is an effective approach for measuring the absorption onset of the bulk
materials, photocatalytic reactions were performed with mechanically exfoliated gCN samples.
Therefore, we also measured UV-Vis absorption spectra of exfoliated, colloidally suspended
particles. These spectra are shown in Fig. 13(b). All samples show unique spectral behavior at A<
270 nm. Melamine and urea, the gCN precursors used in this work, absorb at A< 270 nm and A<
240 nm, respectively (Fig. A4), but are not spectrally similar to the features seen in the gCN
spectra of Fig. 13(b).”” Peak absorption features for MgCN and CgCN occur near 315 nm,
whereas for UgCN, the maximum absorption occurs at 332 nm. This feature has been assigned to
the m-n* transitions within tri-s-triazine subunits.”® ** In contrast to the DRS data, all three
spectra exhibit a distinct absorption peak near 400 nm, which we assign to the band-edge n-m*
transition, which is blueshifted (relative to DRS) likely due to size exclusion of larger particles in
the suspension. All three spectra show trailing absorptivity at A > 400 nm, which is most
prominent in UgCN. We assign this spectral region to a convolution of scattering effects, n-m*
transitions, and absorptive mid-gap states'® " ® due to chemical defects. Interestingly, relative to
MgCN and CgCN, sonicated UgCN suspensions easily crash out during preparation of optical
samples, indicating that the UgCN suspensions are not as effectively exfoliated as MgCN or
CgCN. As a result, larger particles are present in the optical samples, which cause enhanced

scattering observed even out to 800 nm.
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Figure 13: The steady-state absorption of MgCN (solid yellow), CgCN (solid green), and UgCN
(solid blue) collected using (a) DRS and (b) transmission spectroscopy. The steady-state PL
spectra of MgCN (dotted yellow), CgCN (dotted green), and UgCN (dotted blue) when samples
are excited at 315 nm are overlayed with the solution-phase absorption in panel b. A (c)
comparison between the oxidation and reduction potentials in gCN and Rhd B near pH 7. The
boxes represent the various band edges calculated in this work, assuming indirect (orange) or
direct (blue) transitions.

In keeping with common practice, Tauc plots, which assume parabolic valence and
conduction bands and either direct or indirect transitions, were calculated to determine the
absorption onset. Some studies suggest gCN has a direct bandgap of 1.6 to 2.0 eV,** 37 while
other studies have shown gCN acts as an indirect bandgap semiconductor in highly condensed
domains.?’ A 2019 study by Li et. al. showed that the electronic structure of gCN can be
modified from a direct to an indirect bandgap through strain.®! For this work, the absorption
onsets were fit assuming both indirect and direct transitions and are shown in Table 2 for both
DRS and transmissive UV-Vis measurements. The onset energy trends are noticeably different
between the two collection methods. The DRS spectra indicate that MgCN has the lowest
absorption onset, followed by CgCN and UgCN, respectively. However, the transmission data
predict the opposite trend, with UgCN having the lowest absorption onset, followed by CgCN

and MgCN, respectively. This contradiction likely stems from the differences in the measured
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gCN phases. The DRS measurements are performed on the bulk, while transmission samples
have been mechanically exfoliated. Indeed, the spectra shown in Fig. 13(b) were collected after
120 seconds of centrifugation; however, for all three materials, the absorption spectra
systematically blueshift with increasing centrifugation time (See Fig. A5). This behavior
highlights the importance of size selection in determining the apparent bandgap. We observed
shifts of up to 800 meV in the Tauc-plot bandgap as centrifugation time was increased from 30 s
to 480 s. Fig. A5 shows Tauc plots of the MgCN, CgCN, and UgCN samples for centrifugation
times between 30 and 480 seconds, and Table A2 summarizes the absorption onsets from these

spectra.

Table 2: The calculated absorption onsets from absorption data assuming indirect and direct
transitions.

Direct, allowed (eV) Indirect, allowed (eV)
DRS Transmission™ DRS Transmission™
M 297+0.04 3.58+0.04 2.6=0.1 2.95+0.08

C 299+0.03 3.558+0.008 2.74 £ 0.06 2.95+0.01
U 3.04+0.02 3.30+0.04 2.83+0.04 23=x0.2

*Samples prepared with 120 seconds centrifugation time.

Normalized steady-state PL spectra, collected after 315 nm excitation, are shown in Fig.
13(b). The emission bands peak near 435 nm, 440 nm, and 455 nm for MgCN, CgCN, and
UgCN, respectively. The red-edge emission noticeably red-shifts between samples and trends
accordingly: MgCN < CgCN < UgCN. This shift may correlate to a change in the optical band
gap of the material or emission from lower-energy crystallite domains and defects. The PL

quantum yield (®pr) at 315 nm is 2.10% (MgCN), 1.47% (UgCN), and 1.05% (UgCN). The ®pr
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was also calculated at several lower-energy excitations (330 nm, 380 nm, and 400 nm). All the
calculated ®pr. are shown in Table 3 and given as percentages. Regardless of the sample, the ®pr
monotonically decreases as the excitation wavelength is redshifted, suggesting that lower energy
excitation increasingly excites defect sites that rapidly quench photoluminescence. Time-
resolved PL, shown below, is consistent with this quenching mechanism.

The photoreduction QY (®pr) of Rhd B, also referred to as apparent QY's, for MgCN,
CgCN, and UgCN, are 0.49(£0.01)%, 0.80(x0.07)%, and 0.5(%0.1)%, respectively (see Table 3).
The ®pr. computes the ratio of absorbed photons vs. emitted photons at particular frequencies.
The ®pr computes the ratio of absorbed photons vs. the concentration of photodegraded Rhd B.
When comparing the ®pr to the ®pr near the photoreduction energy used in this work (380nm),
the Opr:@pr. ratios are 0.33, 0.85, and 0.65 for MgCN, CgCN, and UgCN, respectively. In all
cases, the @pr is lower than the measured ®pr, strongly suggesting that radiative excited states
are not predominantly responsible for photocatalytic activity. Further details of the ®pr and ®pr

calculations are given in Appendix A (Eq. Al and Eq. A2, respectively).

Table 3: The photoluminescence percent quantum yields of gCN samples as a function of
excitation wavelength and the photocatalytic quantum yield calculated from the
photodegradation of Rhd B.

Sample  %®p 3150m) %Ppizzonm) %Ppizsonm) %Ppraoonm) % Ppr(zssnm)
MgCN 2.10 1.91 1.48 0.74 0.49+0.01
CgCN 1.47 1.24 0.94 0.52 0.80+0.07
UgCN 1.05 0.98 0.77 0.50 0.50+0.1
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Time-Resolved Optical Characterization

Figure 14 summarizes TRPL measurements performed on aqueous MgCN, CgCN, and
UgCN suspensions. Regardless of excitation or emission wavelength, all PL decays showed
multiexponential behavior, confirming that relaxation occurs heterogeneously through a
manifold of relaxation pathways. Figure 14(a) shows representative PL decay traces at 460 nm
after exciting at 315 nm.

Figures 14 (b-d) compare PL amplitude-averaged lifetimes ({t)) after fitting decay
kinetics for the three materials with a multi-exponential model. Panel B shows (t) after 315 nm
excitation, with panels C and D presenting (t) for 360 nm and 400 nm, respectively. Note that
we use a multiexponential fit as a convenient means to calculate an average lifetime for
comparative purposes and not necessarily to describe any underlying distribution of lifetimes.

Fits to kinetic data using models that explicitly account for underlying densities of states'® 23

or
sub-populations'® can provide meaningful physical insight into the heterogeneous excited state
decay pathways relevant to this complex system. Here, we use the kinetics as a comparative tool
for quantifying average PL lifetime differences only. When excited at 315 nm or 360 nm, MgCN
has the longest amplitude-averaged PL lifetime, and UgCN has the shortest amplitude-averaged
PL lifetime, regardless of the monitored emission wavelength (Fig. 14(b,c)). Although PL
lifetimes are generally shorter for lower redder excitation wavelengths, no outstanding PL

lifetimes trends (Fig. 14(d)) that correlate to observed catalytic yield emerge from the single-

method comparison.
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Figure 14: The (a) PL decay of MgCN (yellow), CgCN (green), and UgCN (blue) measured
using TCSPC spectroscopy and the corresponding tri-exponential fits (black) calculated using
FluoFit software after exciting at 315 nm and detecting at 460 nm. A comparison between the
amplitude-averaged PL lifetimes as a function of emission wavelength using a (b) 315 nm, (c)
360 nm, and (d) 400 nm excitation.

Figure 15 summarizes broadband transient absorption data collected on the aqueous
suspensions of MgCN, CgCN, and UgCN. Directly after photoexcitation (Panel A) with a 345
nm pump beam (28.3 uJ-cm), the excited-state spectra of all samples show a broad
photoinduced bleach (PIB) and a lower energy photoinduced absorption (PIA), which persist
over the 2 ns scan duration. Figure 15(b) shows wavelength-averaged kinetics of the PTA
between 860 nm and 880 nm, a spectral region previously assigned to photogenerated electrons
and holes.!® 198283 The kinetics decay with a fast lifetime of 73.19(£9.78) ps, 78.40(£6.19) ps,
and 75.21(£7.83) ps while the longer lifetimes component fitted to 747.6(+59.2) ps, 1083(£104)
ps, and 720.4(x=81.3) in UgCN, CgCN, and MgCN respectively. Although the longer lifetime
component suggests a small difference between samples in the longer lifetime component,
qualitative comparison of the kinetics in panel B shows no clear difference within error.

On the blue side of the spectrum, the PIB signal likely stems from a combination of stimulated
emission, ground-state bleaching, and photoinduced reduction in scattering. Averaged kinetic

traces from 550 nm to 570 nm are shown in Fig. 15(c). Here, clear differences between the three
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samples are evident, particularly at early times. The decays were fit with a double exponential
with an X offset and used to calculate amplitude-averaged lifetimes. The average lifetimes of
UgCN, CgCN, and MgCN are 1508 (£238) ps, 1703 (£730) ps, and 492 (+78) ps, respectively.

Table A3 summarizes fit-determined parameters for the kinetics shown in Fig. 15(b) and (c).
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Figure 15: Excited state (a) spectra directly after excitation and excited state kinetic traces of the
(b) absorptive feature from 860 nm-880 nm and the (c) transmissive feature between 550 nm-570
nm, respectively. The fits of the decay traces are shown in black, and data from MgCN, CgCN,
and UgCN are shown in yellow, green, and blue, respectively.
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Figure 16: A comparison of the derivation from the normalized mean for all 22 physical
observables measured.
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The correlation of physical characterization methods to the photocatalytic performance of
gCN is essential for developing a mechanistic understanding of the catalytic process, as well as
providing a rational strategy toward material optimization. Figure 16 summarizes the correlation
of 22 individual physical observables with the measured catalytic rate. A key finding is that the
only method that provides a similar qualitative trend to the observed photocatalytic rate is TA
PIB lifetimes. Below, we discuss catalytic activity within the context of the various

characterization methods.

Structural Correlation

XRD and TGA results indicate that MgCN has the fewest structural defects and the
highest degree of polymerization, followed by CgCN and then UgCN. How might structural
(dis)order affect photocatalysis? One important structure-determined process relevant to
photocatalysis is charge transport. Charges (or excitons) must migrate from the site of generation
to the site of reaction, where the substrate is adsorbed. In gCN, smaller interplanar distances are
hypothesized to improve the electronic overlap of w-orbitals between adjacent sheets, increase
the mobility of excited states, and promote photocatalytic activity as more active species reach
the catalyst surface. For example, Merschjann et. al. fit TRPL and TA data to rate equations to
elucidate hopping rates, random walk lattice dimensions, mobility, and absorption coefficients.
By comparing modeled results with experimental data, these authors showed that electronic
transport in gCN 1s dominated by 1D interplanar transport with small contributions from
intraplanar or intrachain transport.>* Huda et. al. found that electrons and holes are highly
localized on C and N atoms and that excitons are spatially confined, suggesting that intraplanar

mobility of excited states is slow.>>
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Based purely on the argument that more ordered materials will exhibit faster transport,
we would expect that MgCN should show the highest photocatalytic ability compared to CgCN
and UgCN. This trend in activity is not observed (Fig. 16), reflecting the challenge in
interpreting photocatalytic rates within the context of highly correlated material properties. For
example, while intraplanar order might be weakly correlated to activity because intraplanar
transport in gCN is slow, greater intraplanar order also implies that fewer edge sites (per mass)
are available. Edge sites may be detrimental to activity because edge-localized trapping could
result in low mobility and rapid charge recombination.?* 3% 84 Edge sites could also plausibly be
advantageous, as both substrate adsorption and electron transfer are likely to be more favorable

in regions where the electronic structure has large gradients.

Chemical Correlation

In principle, chemical analyses can provide important insight into the active site
concentration in gCN. Both N- and O-defect densities in gCN have been correlated to improved
photocatalytic performances.”” > 60 62.65.85 Defects cause red-shifted optical absorption onsets,
slow recombination processes, and provide local sites of enhanced reactivity. Katsumata et. al.
suggest that photogenerated electrons delocalize at N-defects and O-replacement sites,
preventing rapid charge recombination and increasing catalytic activity. They also suggest that
cyano groups effectively separate and transfer photogenerated charge carriers to the surface of
the catalyst, where photochemistry normally occurs.®’ Using density function theory, Tu et. al.
found that N-vacancies form mid-gap states under the conduction band, broadening the optical
absorption onset to lower energies. At intermediate defect concentrations, N-vacancies were

found to improve H: evolution and CO; reduction due to extended visible light absorption,
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increased trapping processes within the mid-gap states, reduced rapid-charge recombination
rates, and enhanced electron transfer from gCN onto Pt nanoparticles.*

The three chemical characterization techniques employed here show that MgCN is the
most conjugated of the three materials with the lowest concentration of O-containing defects,
while UgCN is the most structurally disordered with the most O-containing defects. On this
comparison alone, UgCN would be predicted to photocatalytically outperform both CgCN and
MgCN due to the inclusion of more oxygen and edge defects. In contrast (Fig. 16), we find that
CgCN, with intermediate characteristics of the three materials, is the highest performing

photocatalyst.

Steady State Optical Correlation

Although generally considered a straightforward measurement, acquiring an accurate
absorption spectrum is a surprisingly difficult endeavor for heterogeneous materials like gCN.
Our results illustrate this challenge. For DRS, the absorption onset of the bulk material was
found to increase in energy from MgCN to CgCN to UgCN. UV-Vis measurements performed on
suspensions of the materials showed just the opposite trend. These results highlight why
quantifying the “bandgap energy” of heterogeneous materials like gCN is exceptionally
challenging.

Despite these challenges, lowering the absorption onset of gCN is often attributed to
increased photocatalytic behavior.** >’ From the perspective of solar absorption, this strategy
makes sense - lower absorption onsets may result in more electronic excited states poised to
react. However, introducing optically active defects via doping or strain may not increase activity

because the states are highly localized and never result in “free” charge carriers. Thus, while
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ground state absorption measurements are an important characterization tool for confirming the
optical properties of a material, absorption spectroscopy provides little predictive power in
determining photocatalytic performance. In the case of the three materials studied here, the
optical absorption onsets from DRS and UV-Vis measurements show no correlation to
photocatalytic performance (Fig. 16).

Structural and chemical defects have been shown to strongly perturb the PL behavior and
photocatalytic activity of gCN.>% 15785 However, general trends between PL behavior and the
photocatalytic activity of gCN are not well established. For example, Nui et. al. saw that the gCN
samples with the lowest QY had higher H, production rates.®® Yang et. al. measured the highest
% degradation of methylene blue in gCN samples with higher QY.’! However, Xavier et. al.
observed no correlation between photocatalytic activity and QY.>° In this work, we also observe
no correlation between QY and photocatalytic activity. Unfortunately, there is a discontinuity
between photocatalytic performance and physical observables like QY's. Therefore, we continue

to look for optical trends correlating to observed photocatalytic degradation.

Time-resolved Spectroscopy Correlation

Because time-resolved spectroscopies directly create and probe the excited states
responsible for photocatalysis, both TRPL and transient absorption spectroscopy have the
potential for providing strongly correlated data to photocatalytic activity.

TRPL spectroscopy is often used to elucidate differences in excited-state dynamics in
gCN photocatalytic systems. While TRPL techniques provide a facile means to directly probe
the dynamics of excited states, the complicated trapping processes in mid-gap states® '? ¢° lead

to low PL QY. Because the emissive states are only a small fraction of the overall photogenerated



50
population, the use of TRPL as a predictive tool of photocatalytic activity is broadly inconsistent.
Both longer®® and shorter’” > PL lifetimes have been correlated to improved photocatalytic
activity. Others report no strong correlation between PL lifetimes and photocatalytic activity.’%
The poor correlation between TRPL and photocatalytic activity in gCN heterojunctions has been
recently reviewed by Godin et. al. While comparing 23 metal-free gCN PL studies, Godin et. al.
found that 20 studies reported larger catalytic activity compared to a gCN reference. Of those 20
studies, 12 reported longer PL lifetimes in more catalytically active gCN materials, 5 reported
shorter lifetimes, and 3 saw no significant change. '8

We found no outstanding correlation between average PL lifetimes and photocatalytic
activity at any probed excitations or emission wavelengths. While one set of PL lifetimes (400
nm exc. 480 nm em.— Fig. 14(d)) qualitatively matches the trend in photocatalytic activity, we
believe this agreement is spurious. If the 480 nm emission band reports on a subset of
catalytically active states, similar trends in PL lifetime wouldn’t be observed for 315 nm (Fig.
14(b)) or 360 nm (Fig. 14(d)) excitation wavelengths. Indeed, it would be surprising if a PL trend
seen at a singular excitation with a low QY strongly predicted all the photophysical and
photochemical processes occurring under broadband illumination.

Generally, three main excited state processes occur in gCN after photoexcitation: exciton
dissociation to free charge carriers (~200 fs)**, rapid recombination (<240 ps)*, and excited state
trapping (ns-s).!”> ®® The observed PIA is likely a convolution of absorbing free electrons and
holes.!¢ All three materials have similar PIA decay lifetimes (See Table A3). However, the longer
lifetimes component of CgCN is ~ 300 ps greater than in MgCN and UgCN. If the PIA decay is

indicative of a changing population of free charge carriers, longer PIA lifetimes suggest that
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charge carriers are trapped. While trapping events mitigate rapid charge recombination and
facilitate photocatalytic activity, trapping can also significantly lower the reduction potential of
gCN by ~1 eV, hindering photocatalytic activity.'

The PIB feature is likely a convolution of ground-state bleach, stimulated emission, and
photoinduced reduction in scattering. Free charge carriers may reunite and form singlet or triplet
states, leading to nonradiative decay back to the ground state.?* 3% Additionally, excitonic or
charge-separated states can decay both radiatively and nonradiatively.!® 85 238 Therefore, singlet
and triplet exciton recombination, charge carrier recombination, and emissive trap states'®- #°
could all be contributing to the observed PIB signal. Regardless of the source of the PIB signal,
the longer CgCN lifetime indicates slower excited-state decay. The combined effects of
interplanar distance, intraplanar conjugation, and defect density on radiative and nonradiative
processes may be creating a “Goldilocks” zone where rapid charge recombination is surpassed
via excited state trapping, but photocatalytic activity is preserved as the excited states are only in
“shallow” traps. Interestingly, a clear photophysical difference is seen in the PIB, while the PIA
decay traces are almost indistinguishable. If the PIA is mainly comprised of absorbative free
charge carrier states, the evolution of free charge carriers (ie. charge carrier trapping and
recombination) only represents a portion of the photocatalytically important processes. More
mechanistic studies are needed to help establish relationships between specific excited-state
species and photochemical processes.

The transmissive TA lifetimes trend with observed photochemical behavior, suggesting
the PIB feature represents photophysical processes that have a profound, measurable impact on

Rhd B photodegradation rates, reinforcing the connectivity of photophysical properties, chemical
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characteristics, and structural characteristics collectively affecting the observed photocatalytic

activity.

Conclusion

Resolving the structure-function relationships in organic functional materials, like gCN,
is paramount for optimizing photocatalytic and optoelectronic properties. In this study, we
observed the complicated interplay of chemical, structural, and optical characteristics with
photocatalytic activity by measuring physical observables. These observables included the
degree of crystallinity, interplanar spacing, intraplanar conjugation, percent oxygen, optical
absorption onsets, QYs, PL lifetimes, and TA lifetimes. We found no correlation between
photocatalytic performance and the measured structural, chemical, optical steady-state, or TRPL
observables. However, PIB TA lifetimes predicted the high catalytic performance of CgCN
compared to UgCN and MgCN. While there are reported correlations between photocatalytic
activity and certain material properties like chemical defects, polymeric structure, QY's, and PL
lifetimes, this work suggests that these physical observables are not routinely reliable, stand-
alone measurements for predicting certain photophysical processes like charge separation and
recombination in gCN.

Weak correlations between photocatalytic activity and many chemical, structural, and
optical properties likely result from many confounding factors. Observed photocatalytic behavior
is affected by a myriad of catalytic, material, and optical properties. Disentangling the effects of
one property from another is difficult and requires corroborating findings through
complementary techniques. We suggest more studies that focus on amassing the excited state

dynamics in well-characterized gCN. Photocatalytic gCN models may also benefit from
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characterizing specific excited-state dynamics in controlled systems mimicking popular
photocatalytic schemes. Elucidating excited-state dynamics in systems resembling “real-world”

reaction environments may unmask critical photocatalytic variables and considerations.
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Abstract

Graphitic carbon nitride (gCN) is a promising organic platform for driving light-activated
charge transfer reactions in a number of valuable photocatalytic cycles. A primary limitation of
gCN as a photocatalyst is its short excited state lifetime, which is mediated by a high density of
trap and defect sites that result in rapid excited state decay and low photocatalytic efficiency. To
enhance catalytic activity, gCN is often functionalized with a metal co-catalyst, however, the
mechanism by which metal cocatalysts enhance reactivity has not been clearly established. In
this work, excited state dynamics of gCN and silver modified gCN are compared using ultrafast
transient absorption and time-resolved photoluminescence spectroscopies. In silver modified
gCN, an ultrafast spectral shift in the silver plasmon resonance provides direct spectral evidence
of electron transfer from gCN to the silver nanoparticles. The electron transfer rate is competitive
with other non-radiative relaxation pathways, with electron transfer yields approaching 50%,

thus providing an effective strategy for mitigating losses associated with defects and trap sites.

Introduction

Photoactive organic semiconductors are increasingly important frameworks for
photocatalytically activated chemical reclamation, organic synthesis, and energy production due
to their high degree of tunability and abundant precursors.'* 3% 8 One particularly promising
photocatalytic material is graphitic carbon nitride (gCN), with its tunable electronic structure,
activity under visible light, and low toxicity.>® ¥-3 Despite these advantages, gCN’s
65,94, 95

photocatalytic activity is limited by short excited state lifetimes and low charge mobility.

To address these limitations, significant efforts has been directed toward optimization of the
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chemical and structural characteristics of gCN through, for example, leveraging different

5174 or via tuning of synthetic and exfoliation approaches. '* %% Another widely

precursors
utilized strategy functionalizes gCN with metal nanoparticle co-catalysts, including Zn, Pt, Fe,
Co, and Ag.2% 93 94.97-101 The observed activity enhancement observed in these hybrid materials is
typically attributed to charge separation across the gCN/metal interface, which is believed to
mitigate charge recombination and yield long-lived redox active exited states.!?2-105

Despite the widespread assumption that electron transfer (eT) from gCN to a metal co-
catalyst is competitive with other catalytically-inactive excited state relaxation pathways, there is
little direct and unambiguous experimental evidence that supports this picture. Numerous studies
have employed time-resolved photoluminescence (TRPL) to elucidate interfacial charge transfer
in gCN. However, as comprehensively reviewed by Godin et al., TRPL kinetics provide an
incomplete probe of eT processes.'® Indeed, relative to pristine gCN, gCN functionalized with a
cocatalyst is just as likely to exhibit a shorter PL lifetime as a longer one.'® This conflicting
behavior in PL lifetime likely stems from rapid relaxation to non-radiative states, intrinsic
material heterogeneity, and the introduction of new interfacial states upon functionalization.

An alternative technique for studying €T in gCN/metal systems is transient absorption
(TA) spectroscopy. Because of the technique’s sensitivity to non-emissive states and its
exceptional time resolution, TA is a clear choice for elucidating possible ultrafast eT
mechanisms. Surprisingly, only a few authors have reported TA studies of metal/gCN systems.!*:
22,16 Godin and coworkers compared pristine gCN with Pt/gCN using TA and concluded from

broadband spectral comparisons that eT likely occurs on the ns timescale.!® Khan et. al.

concluded from a kinetic analysis of a broad photoinduced absorption (PIA) that eT occurs on
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the 10 ps timescale, although metal-semiconductor interfacial trapping was not ruled out.??
Recently, Tong and coworkers, also comparing Pt/gCN to gCN via TA spectroscopy, monitored
the kinetics of the same PIA as Ref. 28 and attributed a short lifetime component in Pt/gCN (t ~
1 ps) to eT.!0%6

While these works are consistent with an eT mechanism, they do not provide direct
evidence that the metal acts as an electron sync. Instead, the kinetics of broad gCN-derived
transient spectral features are monitored, and any observed decrease in the lifetime in Pt/gCN
(relative to unmodified gCN) is ascribed to the eT process. A challenge with such kinetic
analyses is the co-evolving electron trapping, transport, and relaxation dynamics which are
convolved together with the eT dynamics occurring on the same timescales. These kinetic
challenges, together with the fact that there are no clear spectral signatures of the charge
separated state in Pt/gCN, perhaps explains why reported timescales for eT in Pt/gCN span three
orders of magnitude (1 ps — 1 ns).!%2% 106

To overcome these limitations, this work utilizes time-resolved emission and absorption
spectroscopies to elucidate €T in silver functionalized gCN (Ag/gCN). The use of silver
nanoparticles, instead of the commonly used Pt or Pd cocatalysts, provides an unambiguous
spectral handle with which to monitor the eT dynamics: by time resolving spectral shifts in the
Ag nanoparticle surface plasmon resonance after gCN photoexcitation, we directly monitor eT
from photogenerated gCN states.!?” Comparisons of broadband TA spectra from gCN and
Ag/gCN show that eT occurs on sub picosecond timescales, providing direct evidence that metal
nanoparticle cocatalysts provide a pathway to a charge-separated state that is competitive with

other catalytically inactive relaxation pathways.
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Steady State Spectroscopy

A comparison of the ground state absorption spectra from gCN and Ag/gCN suspensions
are shown in Fig. 17A. The water suspensions are prepared by mechanical exfoliation of bulk
gCN powders polymerized from a urea precursor as detailed in supporting information. The
exfoliation procedure employed for the two samples and their absorption spectra are consistent
with few-layer gCN particles, sometimes referred to as gCN “nanosheets” in previous reports.!%®
199 Both spectra have similar profiles at wavelengths shorter than 320 nm, with Ag/gCN
exhibiting a significant absorption from 350 — 400 nm, attributed to the surface plasmon
resonance (SPR) of the photo-deposited silver nanoparticles.!!!'? Figure 17B shows a
comparison of the difference spectrum, obtained by subtracting the two absorption spectra in
panel A. Also plotted in Fig. 17B is a modeled surface plasmon resonance (SPR) spectrum for
silver nanoparticles. The modeled SPR spectrum is calculated by combining the experimentally

13 of silver to account for interband transitions and the off-

measured dielectric function
resonance Drude response to account for the particle size dependent SPR linewidth (see
Appendix B).!!!- 12114 The good agreement between the two spectra, particularly at wavelengths
red of the silver interband transitions, confirms that the prominent shoulder from 350-400 nm, as
well as the low amplitude tail that extends beyond 650 nm results from the SPR of the deposited
silver nanoparticles. Note however, that the good agreement between the two spectra is obtained
only when a 1 nm diameter particle size is assumed in the model. When the Ag particle diameter
is parameterized as 30 nm, which reflects the average diameter obtained from transmission

electron microscopy images (Fig. B1), the modeled SPR is far narrower than what is obtained

experimentally, likely indicating that the Ag nanoparticles are polycrystalline, or that the
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suspended Ag/gCN particles used for optical studies tend to have smaller Ag particle size than
those imaged with TEM.

Figure 17C shows steady state photoluminescence (PL) spectra collected from
absorption-matched (at 315 nm) suspensions of gCN (black) and Ag/gCN (blue). Integration of
the PL spectra for both samples shows that the quantum yield for Ag/gCN is quenched by 56%
relative to gCN (Table B1). While lower intensity, the Ag/gCN PL spectrum is nearly identical in
shape to that of gCN, suggesting that although functionalization of gCN with silver nanoparticles
does lead to a lower overall PL quantum, it does not appear to significantly perturb the
unquenched radiative states of the gCN system. Corresponding excitation spectra, collected by
monitoring PL at 475 nm are shown in Fig. 17D. Comparison of the gCN excitation spectrum
(black) with its ground state absorption spectrum (light grey) shows qualitative agreement, which
suggests that for excitation at wavelengths, Aex > 300 nm, the photogenerated states follow
similar relaxation pathways and produce the same fraction of emissive states. On the other hand,
for Aex < 300 nm, the excitation spectrum and the absorption spectrum diftfer, consistent with a
higher relative PL quantum yield for higher energy excited states.

Comparison of the excitation spectra of Ag/gCN (blue) to that of gCN shows they are
qualitatively different in their shape. For Aex <375 nm, PL is quenched upon Ag
functionalization — at 340 nm, the PL from Ag/gCN is quenched by 20% and at 300 nm, by
nearly 50% (Appendix B). This decrease in PL intensity at higher energies is consistent with an
eT process from the photoexcited gCN to the Ag nanoparticles. In contrast, at excitation
wavelengths, Aex > 375 nm, the emission intensity for the Ag/gCN is higher than for gCN

(Appendix B). While signal to noise is low in this spectral region due to weak absorption, the
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inversion in the quantum yield for Ag/gCN suggests that plasmonic energy transfer leading to

excited gCN states may be a minor excitation pathway in these hybrid systems.
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Figure 17: A) Ground state absorption spectra of gCN (black) and Ag/gCN (blue). B) Difference
spectrum (black) obtained by subtracting absorption spectra in panel A. The red trace shows a
modeled SPR spectrum. C) Emission spectra of gCN (black) and Ag/gCN (blue) collected after
315 nm excitation D) Excitation spectra monitoring the emission wavelength, Aem = 475 nm, for
gCN (black) and Ag/gCN (blue). Also shown is the ground state absorption spectrum of gCN
(gray), reproduced from panel A.

Time-Resolved Spectroscopy

To evaluate whether electron transfer is responsible for the observed steady state PL
quenching of Ag/gCN, we next turned to time-correlated single photon counting (TCSPC). Time-
resolved PL kinetics were collected from suspensions of gCN and Ag/gCN at two emission
wavelengths (Aem: 440 nm, 530 nm) using two excitation wavelengths (Aex: 315 nm, 360 nm).
Previous work has suggested that gCN PL arises primarily from excitonic states, and the PL

kinetics reflect an equilibrium with a manifold of midgap trap states which undergo non-radiative
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recombination.!” The time-resolved PL traces along with fits to a modified stretched exponential
model are shown in Fig. 18. Fit-determined parameters and associated errors are presented in
Table B2. Note that previous authors have demonstrated power-law decay in the TRPL traces,
particularly at timescales longer than 10 ns.!* 2 However, log-log plots of the TRPL traces
shown in Fig. 18 are nonlinear, indicating that for this set of materials, a power law model is not
appropriate. Although in all cases, the kinetics are well fit with a triple exponential model, we
instead fit the TRPL kinetics in Fig. 18 to a stretched exponential function (convolved with the
instrument IRF) as it has fewer parameters (three instead of six) and is based on a physically
plausible model in which a continuous distribution of decay rates contributes to the observed
kinetics.** 115

For gCN, the PL decay kinetics at the peak (Aem = 440 nm, Fig. 18A) and red edge (Aem =
530 nm, Fig. 18B) of the emission band are nearly independent of excitation wavelength. This
behavior suggests that regardless of the excitation wavelength, the manifold of states through
which the initially generated excited states relax is the same, at least on timescales longer than
the instrument response (~100 ps). This result is consistent with the close match between the
excitation spectrum and ground state absorption spectrum shown in Fig. 17D, which shows that
the PL quantum yield at 440 nm is independent of excitation wavelength. In Ag/gCN, similar
excitation energy-independent kinetics are observed at Aem = 530 nm (Fig. 18D). In contrast, at
hem = 440 nm, the kinetic decay observed after 315 nm excitation is qualitatively slower than that
at 360 nm excitation, suggesting that the energy of the initially populated states strongly impacts

the branching ratio of excited state relaxation.



63

A quantitative comparison of the TRPL traces for gCN (Figs. 18A,B) and Ag/gCN (Figs.
18C,D) reveals other important differences. In all cases, the fit-determined ensemble average
time constant, (), decreases upon silver functionalization (see SI for calculation of (7)). For
example, at Aem = 530 nm after 315 nm excitation, () = 0.95 + 0.03 ns for Ag/gCN (Fig. 18D)
and (t) = 2.02 £ 0.14 ns (Fig. 18B) for gCN. This difference in (t) primarily arises from early
time dynamics (< 2 ns), suggesting that additional non-radiative pathways compete with those
available in the unmodified gCN system. While it is possible that the competitive pathway is
electron transfer, it is challenging to ascribe the faster kinetics, by themselves, to eT. Relaxation
via other non-radiative pathways like those that might occur through, for example, Ag/gCN
interfacial defect states, would similarly lead to faster decaying TRPL kinetics.

The excitation energy dependence of the Ag/gCN PL kinetics at Aem = 440 nm (Fig. 18C)
poses a further challenge to interpretation. Based on the steady-state excitation spectra shown in
Fig. 17D (and Fig. B2(B)), it is known that PL in Ag/gCN is more strongly quenched for 315 nm
photoexcitation than for 360 nm photoexcitation, suggesting that higher energy excitation yields
a greater fraction of eT states. Given the discussion of the preceding paragraph, a higher eT yield
and qualitatively s/lower TRPL kinetics for Aex = 315 nm (relative to Aex = 360 nm) appear to be
contradictory. We suspect this apparent contradiction derives from two causes. First, as we
describe in detail below, electron transfer to the Ag nanoparticles occurs on ultrafast (< 1 ps)
timescales, far below the time resolution of the TCSPC instrument employed for these
measurements and certainly much faster than the natural radiative lifetime of gCN. Therefore, at
short times, kinetic evidence of (ultrafast) electron transfer will be convolved with the IRF of the

TCSPC instrument, yielding a kinetic decay that is only sensitive to slower (~ ns) timescale
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dynamics. Indeed, fits to the kinetics in panel C to the stretched exponential model recovers time
constants significantly below the instrument response (1315 = 7.6 ps and 1375 = 7.5 ps), strongly
suggesting ultrafast excited state dynamics are occurring which are not resolved by TRPL
measurements.

Although the instrument time resolution explains why the two kinetics traces in panel C
appear similar at early times, it does not explain why the Aex = 315 nm decay is slower for times
>~ 1 ns. One possible explanation for the difference in behavior is back electron transfer (beT)
from the Ag nanoparticles to re-form emissive states in gCN. Although beT would be expected
for both excitation wavelengths, the larger population of charge transfer states produced for Aex =
315 (Fig. 17D) would yield a greater contribution to PL from beT at long times. A beT process
would also help explain the relatively poor fit of the stretched exponential model to the Aex =315
TRPL trace at long times (Fig. 18C, black solid line), when the observed population would have
both sink (nonradiative relaxation) and source (beT) terms. On the other hand, if the slower
kinetics for 315 nm excitation are a result of beT, it raises the question of why the kinetics on the
red edge of the emission band (Aem = 530 nm, Fig. 18D) are (nearly) independent of excitation
energy. One possibility is that the beT rate is smaller for the lower energy gCN sites that emit at
530 nm, perhaps due to energetic mismatch or fast hole transport away from those sites.

The above discussion highlights the difficulty of interpreting the TRPL kinetics in gCN
and the hybrid Ag/gCN system. In the case of the materials studied in this manuscript, an
unambiguous assignment of one particular kinetic parameter (i.e. lifetime) to eT is impossible

without other spectroscopic probes. This task is made even more difficult by the highly
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heterogenous nature of these systems and by excited state transport, both of which result in non-

exponential decay kinetics.*
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Figure 18: TRPL traces collected at emission wavelengths 440 nm and 530 nm for gCN (A, B)
and Ag/gCN (C, D). In each panel, the different color traces correspond to 315 nm (black) and
360 nm (green) excitation wavelengths.

Therefore, to further elucidate the difference in excited state dynamics between gCN and
Ag/gCN, we next turned to broadband transient absorption spectroscopy. Both samples were
photoexcited using a 343 nm pump pulse produced through third harmonic generation of the

1035 nm fundamental. The photoexcited samples were probed with a broadband continuum
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spanning 490 — 800 nm generated in a yttrium aluminum garnet (YAG) crystal. For both
samples, decay kinetics were confirmed to be power independent at the excitation fluence of 32
nl/cm?. Figure 19 A compares chirp-corrected transient spectra obtained at At = 0 ps. For both
systems, the spectra are dominated by a broad photoinduced absorption (PIA) that extends
beyond the 750 nm edge of our detection range. Previous authors have assigned this PTA
primarily to electrons which form upon ultrafast (~ 200 fs) charge separation after
photoexcitation. !¢ 1% 23

Although at the earliest temporal delays, gCN and Ag/gCN have nearly identical transient
spectra, the spectra evolve to be dramatically different by At =0 ps. As shown in panel B of
Fig.19, the PIA that characterizes the charge separated state continues to grow for gCN,
particularly at wavelengths red of 600 nm. In contrast, for Ag/gCN, the PIA rapidly decays, and
we observe an evolution of the PIA into a bleach at wavelengths shorter than 575 nm. Panel C
compares spectrally integrated kinetics from 510 nm — 560 nm for both systems. While the
kinetics from gCN rise within the instrument response and remain nearly unchanged, the initial
PIA rapidly evolves into a bleach for Ag/gCN. Fits to the kinetics show that the growth of the
bleach occurs in 1/k =390 + 80 fs.

Given the results described above from steady state and TRPL spectroscopies, we
hypothesized that the ultrafast spectral evolution that occurs in Ag/gCN was due to electron
transfer (eT) from gCN to the Ag nanoparticles. This eT would be expected to produce two
effects on the observed spectra. First, the broad photoinduced absorption stemming from charge
separated electrons should decay as they are transferred from gCN to the Ag nanoparticles.

Second, as electron density is increased in the Ag nanoparticles, their surface plasmon resonance
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(SPR) should blueshift, since the plasma frequency scales w,, ~+/n, where n is the free electron
density. '°7- 16 Both effects would lead to a net decrease in photoinduced absorption in the

spectral region probed, as observed in Fig.19.
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Figure 19: Comparison of transient absorption spectra from gCN (black) and Ag/gCN (blue) at
A) At =0 ps and B) t =2 ps after the arrival of the pump. Arrows added to highlight the decay of
the PIA and growth of the bleach between 500 and 550 nm. C) Kinetics averaged from 510-560
nm for gCN (black) and Ag/gCN (blue). A fit to the Ag/gCN kinetics with a biexponential model
convolved with the instrument response is shown in red. The fit-determined bleach growth
occurs in 1/k =390 £ 80 fs. D) Difference between absorption spectra for both Ag/gCN (blue)
and gCN (black) obtained post- and pre- chemical reduction. Plotted in red is a calculated
difference spectrum of the SPR after a 0.3% increase in electron density (red).

To confirm that eT from gCN to the Ag nanoparticles was responsible for the observed
spectral evolution, we chemically reduced gCN and Ag/gCN using NaBH4. The differential
spectra, calculated by subtracting the pre-reduced spectrum from that collected after addition of
the NaBH4, are shown in Fig.19D. For gCN, the addition of 0.1 equivalents of NaBH4 produced
little difference in the absorption spectrum (black trace). On the other hand, addition of NaBHj4 to

Ag/gCN results in the derivative-like feature in the differential spectrum (blue). The proximity of
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this derivative-like feature to the Ag SPR (Fig. 17B) suggests that it arises from a blueshift of the
Ag SPR upon chemical reduction. A comparison of the differential spectrum from pre- and post-
NaBHj4 addition with the calculated differential spectrum obtained by shifting and subtracting the
modeled SPR mode shown in Fig. 17B qualitatively reproduces the lineshape, particularly at
wavelengths longer than 380 nm where interband transitions (of Ag or gCN) are not expected to
significantly contribute.

Due to the blue-edge cutoff of the probe continuum, we are unable to probe in the
spectral region where changes associated with the plasmon shift would be most apparent (< 450
nm). However, the transient spectra do probe the broad tails of the SPR (extending to ~ 750 nm,
Fig. 19D), which would be expected to bleach upon photoreduction. It is this ultrafast blue-
shifting of the SPR to which we attribute the rapid spectral evolution seen in Figs. 19B,C for the
Ag/gCN system. Given that exciton mobility is known to be low in gCN (10 to 10 cm? V! s7)
22,23 the ultrafast (1/k ~ 390 fs) plasmon shift observed suggests that eT occurs only for those
excited states that are in close proximity to the Ag nanoparticles. While eT from states initially
photogenerated far from an Ag nanoparticle is possible, those states would require transport to a
proximal site. It may be that the decrease in PL lifetime (on timescales less than ~ 2 ns) observed
for Ag/gCN (Fig. 19) derive from such a “transport-limited” eT process.

On longer timescales, the broad PIA characteristic of excited electrons in gCN decays
over the 3.2 ns time window accessible on our instrument. Figure 20A compares kinetics from
gCN (black) and Ag/gCN (blue) integrated from 710-750 nm. Also shown in Fig. 20A are fits to
the data with a biexponential model. For delay times up to 500 ps, the kinetics traces are similar,

with Ag/gCN decaying with a time constant, t; = 166 +/- 3 ps and gCN decaying with 11 = 142
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+/- 3 ps. At longer times, the two traces diverge, with Ag/gCN decaying more slowly (12 = 4.47
+/- 0.07 ns) than gCN (12 = 2.23 +/- 0.02 ns). We attribute the slower decay in Ag/gCN to back

electron transfer from the charge separated state to reform an emissive gCN state.
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Figure 20: A) TA kinetic traces (dots) and biexponential fits (line) averaged from 710-750 nm for
gCN (black) and Ag/gCN (blue). B) Simplified scheme outlining relaxation pathways for
photoexcited gCN in contact with an Ag nanoparticle. Larger arrow widths illustrate fast
processes, narrow arrow widths, slow processes.

Figure 20B shows a simplified scheme that summarizes the spectroscopic findings of this
work. Photoexcitation of gCN produces excited states that undergo both radiative and
nonradiative decay. Consistent with previous authors, our TRPL results indicate that the
nonradiative decay is best described by a distribution of relaxation rates,'” ** likely reflecting the
chemically and structurally heterogeneous nature of gCN suspensions. In the presence of an Ag

cocatalyst, ultrafast (< 1 ps) electron transfer to the silver nanoparticles competes with rapid
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excited state relaxation/trapping intrinsic to gCN. Our results suggest that the €T process is
sufficiently rapid that ~ 50% of initially photogenerated states undergo electron transfer (for Aex
~ 300 nm). Whether this eT yield is limited by intrinsic material properties (i.e.
immobilized/trapped excited states), or whether it reflects a subpopulation of gCN nanosheets
that remain unfunctionalized remains uncertain. There is some evidence from TRPL that eT
continues to occur on the nanosecond timescale, perhaps limited by charge transport in gCN, but
it is difficult to disentangle these slower eT dynamics from other excited state relaxation
processes occurring on similar timescales, one of which may be back electron transfer.
Conclusion:

Dispersed suspensions of pristine gCN and Ag/gCN were compared using a suite of
steady state and time-resolved spectroscopic techniques. Time-resolved photoluminescence
kinetics provide some indirect evidence for eT from gCN to Ag nanoparticles, however
interpretation is complicated by limited time resolution and unrelated dynamics (beT, non-
radiative relaxation) occurring on similar timescales. Transient absorption spectroscopy, with its
improved time resolution and sensitivity to non-emissive states, provided an unambiguous probe
of the eT process. By monitoring the SPR spectral blueshift associated with increased electron
density on the Ag nanoparticles, eT from gCN was found to occur on sub picosecond timescales.
The rapid eT process is competitive with other (presumably non-photocatalytic) relaxation
processes, resulting in a large fraction of charge separated states primed for interfacial redox
chemistry. In sum, these results provide a direct, quantitative description of how metal

functionalization enhances catalytic activity of gCN. They also suggest that very high quantum



71
yields of photochemically active states can be produced in metal/gCN systems with appropriate

material design.
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CHAPTER FIVE

PORPHYRIN-DERIVED SUPRAMOLECULAR ASSEMBLIES:
EXCITED STATE DYNAMICS IN SOLUTION PHASE AND

THE SOLID STATE

Introduction

Porphyrin systems have historically captured scientific attention due to their prevalence
in nature and versatile applications for medical, photocatalytic, optical, and optoelectronic
fields.!!7"120:27 The optical tunability and efficient energy transfer of porphyrins enable many
industrial applications.!!® Like other organic functional materials, fabricating well-ordered
porphyrin aggregates is difficult due to weak noncovalent interactions between monomers.
Heterogeneous aggregation pathways can result in structurally disordered materials with
complicated electronic coupling, unfavorable excited-state dynamics, and sub-optimal device
properties.

In this chapter, we study the optical properties of a novel zinc porphyrin (ZnP) monomer
(See Fig. 21(a)). This large monomer was designed to have hydrophobic, hydrophilic, and
aromatic groups with reactive hydroxyl species to facilitate anti-solvation techniques,
monomeric tethering, and enhanced optical properties. Large oligomeric substituents, poly(p-
phenyleneethynylenes) (PPE), are bonded directly to the meso positions of the ZnP macrocycle.
The optical effect of adding these side chains to the ZnP is unclear. A 2016 study monitored the
steady-state absorption of porphyrins with 0-4 meso phenyl group substituents and observed that

all Q-band absorptions were red-shifted, and strictly excitonic Q-band peaks decreased in
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intensity.%¢ If relatively small phenyl substituents noticeably change the optical properties of a
porphyrin macrocycle, one could hypothesize that large oligomeric PPE side chains, like the ones
shown in Fig. 21(a), could drastically affect the optical properties of the macrocycle.

The chemical and structural characteristics of PPE oligomers lead to unique properties,
including quadratic coupling,'?! dynamic excited state lifetimes,'?> symmetry swapping,'?* and
vibrational strong coupling.!?* These properties lead to a wide range of physical observables.
Quadratic coupling between the ground and excited states can result in photoinduced structural
rearrangements, which is evident in weak Stokes shifts.!*! PPE oligomers have dynamic excited-
state lifetimes that nearly double as PPE conjugation lengths decrease'?? and quantum yields that
vary vastly (0.94-0.19) as a function of structure and symmetry.'?* Due to the varying optical
properties of a stand-alone PPE oligomer, elucidating the optical properties of our PPE
functionalized ZnP monomer is a formidable task.

Self-assembly is a naturally occurring process in porphyrins and is driven by n-stacking
and other noncovalent interactions such as hydrogen bonding and electrostatic interactions.
Previous porphyrin aggregation studies have shown that aggregation in porphyrins results in J-

15.128.129 a5 local aggregation, dipole-

coupling,'*"12” H-coupling,'?® and rapid energy transfer
dipole interactions, and strong excitonic coupling affect the optical properties of the material.
These three photophysical phenomena can lead to drastically different physical observables.'**
130 For example, H-coupling leads to forbidden optical transitions, and consequently, excited
state lifetimes are longer in the H-coupled aggregates compared to J-coupled aggregates. '’

Porphyrins show promise as solid-state sensors; however, there is a lack of research

comparing how optical properties, like fluorescence and excited-state dynamics, change between
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solution and solid states.!3!"!3* While there are studies evaluating the optical properties of
polymer thin films, these studies do not compare the optical properties between the solution and
solid state.?> ** 13 In solution, the dipole-dipole interactions between the solute and solvent can
play a significant role in the excited-state decay of a monomer.'*® In the solid state, excited state
dynamics are driven by monomer-monomer interactions, where nanoscale defects can have
macroscopic consequences on structural characteristics and excited state transport.!3” Therefore,

the photophysical properties and electronic structure of porphyrin thin films are difficult to

predict from liquid measurements.

Figure 21: The (a) chemical structure of the novel ZnP derivative studied in this work. Pictures
of the solution phase monomer (b) and (c) aggregate samples. Bright-field microscope images of
the thin film (d) aggregate (AF) and (e) monomer (MF) samples.

This chapter describes optical measurements made on four ZnP samples (Fig. 21(b-¢)),
aimed at elucidating the interplay of chemical and intermolecular structure on excited state

functionality from isolated monomers to condensed phase materials. First, we study the ZnP
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monomer in solution (Fig. 22(left)) to investigate the effects of the PPE side chain coupling to
the primary electronic structure of the porphyritic core. We then induce self-aggregation to form
well-ordered molecular aggregates to investigate how intermolecular coupling affects excited
state decay (Fig. 22(middle)). Finally, we form solid-state thin films (Fig. 22(right)) from both
the solvated monomer and from the pre-assembled aggregate to understand the role of pre-
aggregation on material structure and functionality. To do so, we employ both time-resolved and
steady-state spectroscopic techniques to measure ground-state absorption, steady-state emission,
photoluminescent (PL) lifetimes, and transient absorption (TA) spectra. The results presented
here illustrate our current understanding of this complicated ZnP system and inform future

works.

Monomer Aggregate Thin Film

Figure 22: A representation of the changing systems between (left) solution-phase ZnP monomer,
the (middle) solution-phase ZnP aggregate, and the (right) thin films of the monomer and
aggregate. See the Sample Preparation section for more details.

Sample preparation:

Liquid-phase monomer samples were prepared by dissolving ~1 mg of the monomer
(Fig. 21(a)) in 2 mL of tetrahydrofuran to achieve a nominal molarity of 191 pM. To prepare the

liquid phase aggregate samples, 1 mg of the monomer was dissolved in a 3:7 ratio of
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tetrahydrofuran:methylcyclohexane and allowed to sit for 4-7 days before optical measurements
were performed. The solutions prepared here are referred to as the “monomer” (Fig. 21(b)) and
“aggregate” (Fig. 21(c)), respectively.

The solid-state samples were created by drop casting a solvated monomer and self-
assembled aggregate solution. To prepare the thin films, approximately 40 uL of the solution was
drop-cast onto a glass slide and allowed to evaporate under ambient conditions for 30 minutes.
These steps resulted in thin films with a coffee ring-like deposition pattern. To mitigate damage
to the thin films during optical measurements, the samples were spin coated (3000 rpm) with 20
uL of a 10% wt/wt of styrene-ethylene-butylene-styrene polymer in toluene. The slide was then
placed on a 40°C hotplate for 1 hour to evaporate any solvent. The thin film from the aggregate
solution (Fig. 21(d)) and the thin film from the monomer solution (Fig. 21(e)) are referred to as

the “TM” and “TA”, respectively.

Results

Monomer Steady-State Characterization

The ground-state absorption spectrum of the monomer is shown in Fig. 23(a). The near
UV absorption at A<400 nm matches previously reported PPE ground state absorption spectra.'?!"
122 A strong absorption feature at 467 nm results from Soret band transitions. Finer absorption
features around 570, 618, 637, and 675 nm are attributed to Q-band transitions. The blue arrows
shown in Fig. 23(a) point to the transitions mentioned above. Due to the asymmetric spectral
profile of the Soret band absorption, PL measurements were taken at several excitation energies.
The samples were excited with 450 nm and 470 nm light, respectively, and PL spectra were

collected. The normalized emission spectra are plotted in Fig. 23(b). In the 450 nm emission
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spectra, there are clearly visible peaks at 641 nm and 680 nm, with a smaller signal at 748 nm.
Near 700 nm there appears to be signal intensity that does not scale similarly to the 680 nm peak
at varying excitation wavelength, suggesting another emissive state is contributing to the overall
signal. Interestingly, the relative intensities of the five emission peaks change drastically with
varying excitation wavelengths, especially when the two excitation wavelengths are relatively
similar in energy (87 meV). The five blue arrows in Fig. 23(b) indicate the four previously
mentioned emission peaks and a fifth emission peak that becomes more apparent in PL spectra
with 470 nm to 520 nm excitation energies. The broad signal at A<600 qualitatively matches
previously reported optical studies of PPE oligomers.!2! 122

To further elucidate the cause of nonuniform changes in emission peak intensities, PL
measurements were taken to monitor changes to PL intensity of 640, 680, and 748 nm energy
radiative transitions at various excitation energies. The resulting excitation spectra are plotted in
Fig. 23(c) and compared to the normalized ground state absorption spectrum. The excitation
spectra of the PL experiment measuring 680 nm (green trace) and 745 nm (dotted green trace)
radiative decay matches the ground-state absorption spectrum (black trace) well with the max

peak intensity at 469 nm. However, the 640 nm excitation spectrum (blue) peaks noticeably bluer

at 453 nm. The energetic difference between the peak of the green and blue excitation spectra is

~753 cm’™.
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Figure 23: The (a) normalized ground state absorption spectrum of the monomer (black) with the
Q-band intensity scaled up by a factor of 4. The (b) emission spectra of the monomer after 450
nm (orange) and 470 nm (red) energy excitation. The (c) excitation spectra of the monomer
collecting 640 (blue), 680 (green), and 745 nm (dotted green) emitted light, respectively. The
monomer ground state absorption spectrum is shown in black for comparison. Blue arrows point
to transitions directly mentioned in the body of the text.

Monomer Time-Resolved Characterization

PL lifetimes were measured using Time-Correlated Single Photon Counting (TCSPC)
spectroscopy at various excitation and emission wavelengths. The excitation wavelengths used
were 375, 457, and 465 nm. These excitation energies were used to selectively excite the PPE
side chains, the higher energy Soret band transitions, and lower energy Soret band transitions,
respectively. Figure 24(a-c) compares 640 nm (a), 680 nm (b), and 745 nm (c) PL decay kinetics
after exciting the monomer at 375, 457, and 465 nm (black, blue, and red traces, respectively).
These same decay traces shown from panels a-c were rearranged to form panels d-f. While the
comparison in Fig. 24(a-c) helps visualize how excitation energies affect PL decay from a

particular state, Fig. 24(d-e) compares emissive decays at specific excitation energies.
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Figure 24: The PL decays of the monomer monitoring (a) 640, (b) 680, and (c) 745 nm radiative
decay after exciting the sample with 375 (black), 457 (blue), and 465 nm (red) light. The
monomer PL decays exciting at (d) 375, (e) 457, and (f) 465 nm measuring 440 (black), 490
(grey), 640 (blue), 680 (green), and 745 nm (orange) radiative decay.

The PL traces shown in Fig. 24 were fit using a double or a biexponential fitting model
(see Appendix A) and the resulting fits are given in Table 4. The PL decay fits from 465 nm
excitation experiments were removed from Table 4. for simplicity and because they generally fit
to similar lifetimes and fractional amplitudes as the PL traces from the 457 nm excitation
experiments. The 375 nm PL traces at all emission energies were able to fit to a double
exponential decay while the 457 nm PL traces would only fit using a triple exponential decay to
publishable standards (0.9xx < y2 > 1.1xx). The two PL lifetimes from 375 nm excitations

were approximately 0.8 ns and 2 ns while the three PL lifetimes from 457 nm excitation are
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approximately 0.5 ns, 1.0 ns, and 2.7 ns, though there are clear lifetime differences between PL
lifetimes at various emissions, especially between 640 nm PL decays and 680 nm PL decays. The
fitted PL lifetimes (tx) after exciting to 375 nm at all detected emission wavelengths are
approximately twice as long (ti~ 0.8 ns, T2~ 2 ns) compared the PL decays after exciting to 457
nm (t1~ 0.4 ns, T2~ 1 ns). The amplitude-averaged PL lifetimes at every detected emission
wavelength and excitation energy were calculated.'*® Surprisingly, the average PL lifetimes over
these dynamically ranging experimental parameters varies from 1.0 ns to 1.4 ns, and they appear
largely indistinguishable from one another within error. However, we believe this is a function of

the short lifetime component and not a reflection of photophysical similarities.

Table 4: Fitted PL lifetimes (1x), fractional amplitudes (ax), and average PL lifetimes (<tavg>) of
the monomer sample.

Em: 640 nm Em: 680 nm Em: 745 nm
Ex: 375 nm Ex: 457 nm  Ex:375nm  Ex:457nm  Ex:375nm  Ex: 457 nm
a, 0.56 (+0.02) 0.18(+0.09) [0.91 (+0.01) 0.24 (+0.04) |0.84 (+0.01) 0.1 (+0.2)
a, 0.444 (£0.008) 0.40 (+0.01) |0.09 (+0.03) 0.632 (+0.009)|0.16 (+0.02) 0.65 (+0.01)
as NA 0.416 (+0.007) NA 0.12 (£0.01) NA 0.278 (+0.009)
T, (ns) 0.78 (+0.01) 0.24 (+0.03) [0.87(+0.01) 0.54 (+0.02) [0.86(+0.01) 0.40 (+=0.08)
T, (ns) 2.07 (£0.01) 1.14(+£0.02) |2.03 (+0.03) 1.083 (+0.008)|2.12 (+0.02) 1.00 (+0.01)
15 (ns) NA 2.49 (+£0.01) NA 3.00 (+£0.03) NA 2.71(£0.03)
<o (ns)| 1.3(+0.2) 1.5(+0.2) 1.0(+0.2) 1.2 (+0.3) 1.1(+0.2) 1.4(+0.3)

Monomer steady-state emission spectra reveal a broad emission for wavelengths < 500

nm, which is qualitatively similar to published PPE oligomer PL spectra.'?!: 122 We hypothesized

that this broad emission originates from the PPE substituents. To test this hypothesis, we

measured 440 nm and 490nm PL decays by directly exciting monomer transitions with 375 nm

light. The 440 nm and the 490 nm PL decays have a high degree of overlap (Fig. 25(d), black and
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grey traces), indicating that these emissive states had similar origins and decays after originating
in the PPE sidechain.

The monomer was evaluated using broadband TA spectroscopy to directly monitor
radiative and nonradiative decay with high temporal resolution (~300 fs). All TA measurements
were collected exciting at 515 nm to ensure that the PPE sidechains were not directly excited.
However, the optical absorption coefficient of the monomer is extremely weak at 515 nm (see
Fig. 23(a)). The pathways we access at this excitation energy are unclear. We may be exciting
into the Soret band or the Q-bands. Figure 25(a) shows the emission spectrum collected after
exciting the sample with 520 nm light with two distinct emission peaks at 568 and 681 nm. The
excited state spectrum (At=1.5 ps), and the ground state absorbance spectrum of the monomer
are also shown. Shortly after photoexcitation, we observe a positive feature centered at 680.4 nm
overlapped with a broad photoinduced absorption (PIA) from 550 nm — 800 nm. There are fine
features in the PIA near 558, 604, and 753 nm. The 604 nm peak originates from the Ramen C-H
stretch of the DMF solvent. The 753 nm feature energetically matches with previously observed
red Q-band emission (see Fig. 23(b)). The transmissive feature around 680 nm is likely a
convolution of ground state bleaching, spontaneous emission, and stimulated emission. For
convenience, we will refer to the 680 nm feature as the “transmissive peak”.

Excited state spectra before, during photoexcitation, and at various time delays relative to
photoexcitation are shown in Fig. 25(b). There appears to be little relaxation in any absorptive or
transmissive feature. Averaged kinetic traces were taken from the transmissive peak (681 nm -
691 nm), blue PIA (640 nm - 650 nm) feature, and red PIA (767 nm - 777 nm) feature and are

shown in Fig. 25(c). The transmissive and red PIA kinetics were fit with a single exponential
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with an X offset. A y-offset, fractional amplitude, and single lifetime component of the
transmissive peak decay were 0.942(£0.001), 0.063(+0.003), and 146(+17) ps, respectively. The
small fractional amplitude coefficient indicates that a large portion of the excited states
contributing to the long-lived transmissive feature have long lifetimes (>1 ns) that cannot be
resolve in the presented kinetic decays. The strong pre t0 signal (Fig 25(b), black trace) suggests
that these transmissive states still exist 1 us after photoexcitation. A y-offset, fractional
amplitude, and single lifetime component of 0.780(+0.001), 0.171(£0.004), and 53(£3) ps,
respectively, were found to fit the red PIA decay kinetics. Attempts were made to fit the red PIA
decay to a double exponential decay (with a y-offset) using a positive and negative fractional
amplitude coefficient to model both the initial signal decay at shorter times (<100 ps) and the
small signal growth at longer times (>200 ps), respectively. However, the best fit using this
model resulted in a y-offset of 0.80(%0.03), a positive fractional amplitude and corresponding
lifetime of 0.120(+0.007) and 71(%3) ps, and a negative fractional amplitude and corresponding
lifetime of 0.05(0.01) and 700(x1100) ps. The large error of the 700 ps lifetime component and
the small fractional amplitude of this fit indicate that this model is not appropriate for the decay
processes occurring in this specific wavelength region. The blue PIA was fit to a double
exponential with a y-offset. The resulting fit coefficients were 0.34(+0.01) for the y-offset,
0.120(x0.007) and 23(£3) ps for the initial fractional amplitude and decay lifetime, and

0.53(%0.01) and 577(%£35) ps for the second fractional amplitude and decay lifetime.
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Figure 25: An (a) overlay of the monomer ground state absorption (solid black trace), 520 nm
emission spectrum (green trace), and excited state spectra (At=1.5 ps, dotted black trace).
Monomer (b) excited state spectra at various time delays: pre t0 (black), t0 (red), 0.5 (orange),
1.5 (yellow), 5 (green), 100 (blue), and 1000 (purple) ps. Averaged monomer TA (c) kinetics
from the red PIA (red), blue PIA (blue), and transmissive peak (black) features with the fits
shown in grey.

Agoregate Steady-State Characterization

The ground-state absorption spectrum of the aggregate is shown in Fig. 26(a), which blue
arrows indicating specific features reported in the text. There is a noticeable absorption peak
around 460 nm, corresponding to Soret band transitions. There is a slight feature near 586 nm
and a broad absorption feature centered around 662 nm with noticeable fine features around 654
and 678 nm.

To simplify the PL comparison between the monomer and aggregate, we used identical
PL parameters catered to the monomer sample. The aggregate steady-state emission spectra are
shown in Fig. 26(b) after exciting with 450 nm (orange) and 470 nm (red) excitations. The
emission spectra have three noticeable emission peaks near 563, 647, and 669 nm. The blue
arrows point to the transitions mentioned above. Excitation spectra are shown in Fig. 26(c). The
640 nm excitation spectrum peaks near 455 nm, while the 680 and 745 nm emission spectra peak

near 462 nm. The energetic difference between the peak excitations when detecting 640 nm and
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680 nm emission wavelengths (green vs blue peaks, Fig. 26) is approximately 333 cm!, which is

approximately 420 cm™ less than the split seen in the monomer sample.
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Figure 26: The (a) ground state absorption of the aggregate (black trace) and the (b) emission
spectra from 450 nm (orange trace) and 470 nm (red trace) energy excitations with blue arrows
pointing to the transitions mentioned above. The (c¢) excitation spectra resulting from 640 nm
(blue trace), 680 nm (solid green trace), and 745 nm (dotted green trace) emission with the
overlayed ground state absorption spectra (black trace). Blue arrows indicate the features
discussed in the text.

Aggregate Time-Resolved Characterization

The time-resolved PL decays of the aggregate were taken using the same experimental
parameters used for the monomer and are shown in Fig. 27. Panels a-c compare PL decays from
various excitation energies at a particular detected emission. Due to the relatively low quantum
yield of the aggregate, collecting PL decays using a 465 nm photoexcitation was only feasible
when detecting 680 nm emission wavelengths, which is why there is only a red decay trace in
panel b. The PL decays were fit using an exponential decay and the instrument response
function. The amplitude-average PL lifetimes were calculated from these fits and are given in
Table 5. The amplitude average lifetimes, regardless of the excitation energy or detected
emission, fall between 0.9 ns to 1.3 ns and appear relatively similar within the calculated error of

~0.25 ns. While the traces are not identical, the PL decays appear more homogenous compared to
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the PL traces seen after exciting the monomer with 375 nm and 457 nm light.
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Figure 27: The PL decays of the aggregate samples monitoring (a) 640, (b) 680, and (c) 745 nm
emission wavelengths after 375 (black), 457 (blue), and 465 nm (red) energy photoexcitation.

Table 5: The amplitude average PL lifetimes of the aggregate sample after photoexciting the side
chain (375 nm) and the higher energy Q-band (457 nm).

Excitation (nm) Ts40 nn(11S) Tss0 nn(11S) T745 n(11S)
375 1.3 (+0.3) 1.0 (+0.3) 1.2 (+0.3)
457 1.1 (x0.2) 0.8 (+£0.2) 0.9 (+0.2)

Although PL spectroscopy indicates that the aggregate is weakly emissive, the PL may
arise from the low concentration of monomers in equilibrium with the aggregates. Therefore, to
directly probe the excited-state dynamics of the aggregate, we next turned to TA spectroscopy.
Figure 28(a) compares the aggregate emission spectrum at 520 nm excitation (green), the ground
state absorption (black), and the excited-state (dashed black) spectra of the aggregate. Like the
monomer, there appears to be a broad PIA feature with a transmissive peak near 670 nm. The
520 nm emission spectrum indicates that spontaneous and stimulated aggregate emission should
not contribute to the transmissive pump-probe signal. Therefore, the transmissive peak is likely a

convolution of aggregate GSA and monomer emission, though we predict the signal contribution
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from emissive monomer decay to be negligible due to the weak signal seen in the 520 nm
emission spectra. The evolution of the excited state spectra is shown in Fig. 28(b). Besides the
noticeable C-H Raman stretch of the DMF solvent around 610 nm, the excited state spectra are
relatively smooth. The decays fit to a double exponential with an X offset, and the amplitude
average lifetimes were calculated for the blue PIA, red PIA, and the transmissive peak to be
13(£3) ps, 25(=8) ps, and 8(%3) ps, respectively. The calculated y-offsets of the blue and red PIA
decays were 0.014(x0.003) ps and 0.038(£0.008) ps, respectively. However, the calculated y-
offset of the transmissive decay is 0.107(£0.002) ps. Considering the fitted traces were first
background corrected and normalized, a 0.1 offset is significant and indicates that a long-lived
excited state process is contributing to the transmissive pump-probe signal. Similar behavior was
seen in the monomer, suggesting this signal may be monomer GSA. The kinetic decays of the
transmissive peak and the blue PIA are relatively similar. However, the average lifetime of the

red PIA is twice as long as the other decays.
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Figure 28: An (a) overlay of the aggregate ground state absorption (solid black trace), 520 nm
emission spectrum (green trace), and excited state spectra (At=1.5 ps, dotted black trace).
Aggregate (b) excited state spectra at various time delays: pre t0 (black), t0 (red), 0.5 (orange),
1.5 (yellow), 5 (green), 100 (blue), and 1000 (purple) ps. Averaged aggregate TA (c) kinetics
from the red PIA (red), blue PIA (blue), and transmissive peak (black) features with the fits
shown in grey.

Thin Film Monomer and Aggregate Characterization
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The ground state absorption spectra of the MF and AF are shown in Fig. 29(a). The peak
of the Soret band absorption is at 458.2 nm and 464.3 nm in the AF and MF, respectively, an
energy difference of ~286 cm™!. Both the thin film samples were found to be non-emissive when
tested with a commercial Fluorimeter. Pump-probe measurements were taken on both films. The
excited state spectra taken from 9 separate locations on the AF and MF, respectively, were
normalized relative to the highest signal of the transmissive peak 0.5 of after photoexcitation and
are shown in Fig. 29 (b). While some variation occurs, qualitatively, these excited-state spectra
have the same spectral profiles. The normalized transmissive and blue PIA decays from four
locations on the MF and AF, respectively, were averaged and plotted against the standard
deviations of the averaged trace (See Fig. 29(c,d)). The average kinetic traces were then fit with a
double exponential with an X offset. The blue PIA average lifetimes are 22(£5) ps and 19(+4) ps
for the AF and the MF, respectively. The transmissive peak average lifetimes are 33(x6) ps and
30(%6) ps for the AF and the MF, respectively. The average lifetimes and the decay traces both
suggest that the excited state dynamics in the thin films are identical, despite the difference in the

absorption properties of the material.
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Figure 29: The (a) ground state absorption spectra, (b) pump-probe spectra at At=0.5 ps, (¢)
kinetic blue PIA decay, and the (d) kinetic transmissive decay of the MF (black traces) and AF
(yellow traces).

Discussion

Monomer in Solution

Metalated porphyrins have higher symmetry (D4n) than free-base porphyrins (D2n),
which can be seen in the chemical structures of metalated and free-base porphyrins shown in Fig.
30(a). This molecular symmetry preserves degeneracy between electronic bands. Metalated
porphyrins have three main bands in the optical absorption spectrum, shown in Fig. 30(c). An
intense peak from the ground state to Soret band (Eo—E>) transitions, and two lower energy

peaks that arise from the v = 0 - 1 and v = 0 — 2 bands of the ground state to Q-band
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(Eo—E1) transitions. Soret band absorptions appear at higher energy wavelengths (<500 nm), and
Q-band absorptions appear at lower energy wavelengths (500 nm<A>750 nm).!?* 13% In free-base
porphyrins, the electronic bands are not degenerate. The Soret bands and Q-bands split (Fig.
30(b)), and the absorption spectrum of a free-base porphyrin has five peaks: one high-energy
absorption relating to the Soret bands and four Q-bands absorptions. The Soret band split like the

Q-bands, but the broad lineshape and energetically similar transitions make the two optical

transitions indiscernible (see Fig. 30(d)).!7,*
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Figure 30: The macrocycle and energy level diagram of a (a) metalated porphyrin and (b) free-
base porphyrin with arrows indicating absorption peaks. Representative absorption plots for
metalated and free-base porphyrins are given in panels (c) and (d), respectively.

Intensity

The center of the monomer is a rigid planar ZnP core consisting of four pyrrole rings
connected through methine bridges. There are 26 electrons in the planar core with 18 n-electrons
within the aromatic ring system called the macrocycle.?* Light absorption in porphyrins arises

from 7t-7 transitions in the macrocycle.!3® The substituents of interest in this work are PPE
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substituents with para hydroxyethyl groups and meta amide-linked decyl chains because they are
linked to the porphyrin core through triple bonds

The ZnP monomer studied in this work is metalated, and thus, we would predict the
electronic structure to consist of degenerate Soret and Q-bands.?* However, we observe five
absorption peaks in the ground state absorption spectrum. It should be noted that the ground state
monomer absorption spectrum is significantly broadened relative to the energy level illustration
in Fig. 30, making spectral interpretation difficult. However, the appearance of >3 ground-state
absorption peaks (Fig.23(a)) in the monomer and the energetically offset peaks in the excitation
spectra (Fig. 23(c)) detected at various emission wavelengths indicates that w-orbital
hybridization between the PPE side chains and the porphyrin macrocycle breaks the symmetry of
the Soret and Q-bands.

The steady-state monomer measurements were used to construct an energy level diagram,
shown in Fig. 31. The vibrational energies of the Q-bands and ground state were determined
using the ground-state absorption and emission spectra. The excitation spectra confirmed Soret
bands splitting and assigned radiative transitions. For the rest of this chapter, transitions assigned
on the left of the band diagram in Fig. 24 will be referenced as “higher energy” transitions from
the “higher energy” Soret and Q-bands. Transitions and bands assigned on the right of the band
diagram in Fig. 31 will be referenced using the phrase “lower energy.” These titles refer to the

energetic effect splitting had on the original energy of the degenerate state.
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Figure 31: The proposed band diagram for the ZnP monomer. Blue lines represent optical
absorptions, and the orange lines represent radiative relaxations. The ground states (Eo), Q-bands
(E1), and Soret bands (E>2) on the left and right sides are referred to as the “higher-energy bands”
and “lower-energy bands” throughout Chapter 5.

By formulating a band energy diagram from steady-state absorption and PL
measurements, the relationships between the nondegenerate transitions in the porphyrin
macrocycle and PPE side chains are easier to visualize. The nuclear rearrangement energy of the
higher energy Q-bands is lower than the nuclear rearrangement energy of the lower energy Q-
band (51.4 cm™! vs 108.9 cm™!, respectively) and the PL amplitude average lifetimes from higher
energy Q-bands decays are larger compared to the lower energy Q-band transitions (457 nm Ex.:
1.5 (£0.2) ps vs 1.2 (£0.3) ps, respectively), which suggesting that the lower energy Q-bands
states and ground states are more strongly coupled together. The energetic differences between vo
and v; in lower energy ground states and Q-band are 1366 cm™ and 1337 cm™!, respectively. The

energetic difference between vo and v in blue Q-band is 1221 cm™!, which was used to predict
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the vo and v energy difference in the higher energy ground state. Using this assignment, we
predict that the high-intensity, asymmetric feature in the PL monomer spectrum is a convolution
of two transitions: a weak, higher-energy Q-band vibronic relaxation and a strong, lower-energy
Q-band electronic relaxation. The energy differences between vibrational states are on the same
order of magnitude observed in other porphyrin systems.?”> 127 The splitting energies between the
higher energy and lower energy Soret and Q-bands are approximately 750 cm™ and 880 cm,
respectively. The smaller splitting energy between the Soret bands indicates improved electronic
overlap between the higher-energy and lower-energy Soret bands which would promote internal
conversion between the two Soret bands.

While the band diagram is useful for visualizing the origin of electronic transitions, time-
resolved spectroscopies help determine rates and branching ratios using decay lifetimes and
fractional amplitudes. In the absence of a quencher, the lowest singlet excited state in porphyrins
mainly decays through three pathways: fluorescence (f), internal conversion (ic), and intersystem
crossing (isc). The lifetime of the singlet excited state (ts) decreases as the rates of any of these

three processes increase, as shown in Eq. 6.2

1
kf+kic+kisc

Eq. 6: 15 =
Regardless of excitation or probed emission, the PL decays are similar for ~1 ns before
diverging (Fig. 24). Referring to Eq. 6, similar PL decays suggest that the combined
fluorescence, intersystem crossing, and internal conversion rates stay consistent between the
probed systems. Additionally, higher and lower energy bands must be coupled because exciting

the lower energy Soret band transitions (465 nm) results in a higher energy Q-band PL decay

(640 nm), and exciting higher energy Soret band transitions (457 nm) results in lower energy Q-
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band PL decay (680 nm/745 nm), which corroborate the excitation spectra shown in Fig. 23(c¢).
However, the coupling between the side chains and higher and lower energy ZnP bands appears
disproportional. The similarity between the black and red PL traces (Fig. 24(a-c)) suggests a
stronger coupling between the PPE bands and the lower energy Q-bands. Overall, the observed
PL lifetimes corroborate the proposed monomer band diagram and suggest that there is electronic
coupling between the macrocycle and the PPE side chains and nondegenerate Soret and Q-bands.

To monitor how the excited states evolve on a fs-timescale, pump-probe spectra and
kinetics were measured and provided evidence of GSB, SE, and PIA. The red PIA and the blue
PIA have noticeably dissimilar relaxations. We hypothesized that energy transfer from higher
energy Q bands to the lower energy Q bands leads to the measured decay of the blue side of the
PIA and the additional lifetime component observed, and the growth of the red side of the PIA
signal at later decay times (>200 ps). To test this hypothesis, we fit the red PIA kinetics with a
double exponential decay (with a y-offset) using a positive and negative fractional amplitude
coefficient. While the best fit from this decay model did not yield physically meaningful fitting
components, we hypothesize that wavelength averaging in regions where GSA is present
convolutes the detected signal with contributions for two physical processes. The fitted y-offset
of ~0.94 and the small fractional amplitude (~0.06) of the fitted 146 nm lifetime component of
the transmissive peak decay indicate that there is a long-lived excited state process relating to the
GSA of the Q-bands.

A seminal paper by Martin Gouterman outlined the origin of electronic transitions in
porphyrins using group theory. In brief, he outlines how the spectra of porphyrins can be

discussed using a four-orbital model where the properties of the two highest-filled and two



94
empty 7 orbitals can explain the properties of a porphyrin absorption spectrum.'*® Both steady-
state and time-resolved optical measurements show that the ZnP macrocycle is hybridized with ©
PPE orbitals. Referencing Gouterman’s model, the orbital energy of the lowest unoccupied PPE
7 orbital must be similar in energy to the empty & orbitals of the Zn P macrocycle, allowing

hybridization to occur.

Solution Phases Monomer vs Aggregate

Aggregating porphyrins dramatically affects the observed optical properties of the
materials.'?% 127 140The aggregates in solution are chemically identical to the monomers.
Therefore, any optical differences should be a consequence of aggregation. While the aggregate
sample aged for >4 days, the resulting sample is in equilibrium with concentrations of both the
monomer and aggregate. While unavoidable, the presence of monomer in the aggregate sample
makes determining the photophysical properties of the aggregate extremely difficult, especially
for PL spectroscopies. The relatively high quantum yield of the monomer means even small
concentrations of monomer in the sample could drastically affect the measured aggregate
emission and excitation spectra.

Figure 32(a) compares the normalized ground-state absorption of both the aggregate and
the monomer. The aggregate Soret and Q-band absorptions appear broader and blue-shifted
compared to the monomer absorptions. The blue spectral shift between the Soret bands of the
monomer and aggregate is approximately 303 cm™! indicating the H-like coupling of the ZnP
monomer transition dipoles upon aggregation. Figure 32(b) compares the monomer and
aggregate emission spectra at 460 nm (solid) and 470 nm (dashed). The observed counts were

normalized to the lamp profile during measurements and the optical density of the sample at the
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excitation wavelength. Therefore, the relative emission counts are qualitatively indicative of the
quantum yield of the material at a particular excitation. When H-aggregation occurs, radiative
relaxations become forbidden. Regardless of the excitation energy employed, the aggregate
sample exhibits a lower quantum yield compared to the monomer sample, congruent with H-
aggregation. The observed emission from the aggregate could arise from residual monomer in
the sample or imperfect H-aggregation. Due to the similar behavior and spectral profile of the
640 nm emission spectra in both samples, we hypothesize that this blue Q-band emission is

nominally unperturbed by aggregation.
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Figure 32: Normalized (a) ground state absorption spectra of the monomer and aggregate.
Optical density corrected (b) emission spectra from exciting the samples using 460 nm (solid)
and 470 nm (detteddashed) light. Excitation spectra detecting (c) 640 nm and (d) 680 nm (solid)
and 745 nm (dashed) emitted light. All data from the monomer and aggregate are shown in black
and yellow, respectively.

The PL decay kinetics of the monomer are compared to those of the aggregate in Fig. 33.
When excited at 375 nm, the PL decays at 640 nm and 745 nm are almost identical (Fig. 33(a)
and (c)). In Eq. 6, the single lifetime is a product of nonradiative intersystem crossing and
internal conversion, along with radiative fluorescence processes. Similar PL lifetimes indicate
that similar excited-state processes are occurring. Because the quantum yield of the H-
aggregated monomers is relatively small (Fig. 32(b)), the PL decay in the aggregate sample is

likely from monomer emission. However, the PL lifetimes of the monomer and aggregate
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samples do not always match, indicating that the electronic structure of the monomer is affected
by H-aggregated particles in solution. We also previously observed in Fig. 27 that the PL decays
of the aggregate at particular emission energies look relatively similar, a characteristic that was
not observed in the monomer (Fig. 24). While the traces are not identical, the increased overlap
between PL traces suggests, referring back to Eq. 6, that the sum of the excited state rates are
more homogeneous, regardless of what transitions are being excited or what radiative
transmissions are being detected. The homogenized excited state behavior may be indicative of
improved long-range electronic order in the supramolecular assemblies.!*! Weak noncovalent
interactions and dipole-dipole interactions lead to poorly aggregated monomers, which leads to
heterogeneous excited state behavior due to local, heterogeneous electronic structures. Improved
long-range electronic ordering would lead to more structurally uniform aggregates, fewer local

electronic perturbations, and homogenized excited-state behavior as we observed.

Em: 640nm Em: 680nm Em: 745nm
1R * T 1T & 4K T 1@ - 17 1 A 1@ 1T 34

01

0.01

EX: 375nm
Normalized Counts

0.001

0.1

0.01

EX: 457nm
Normalized Counts

0.001 & . ]
8

Time (ns) Time (ns) Time (ns)



97

Figure 33: A comparison of the monomer (black) and the aggregate (yellow) PL decays at
various emission wavelengths.

The solution-phase TA kinetics monitoring the transient signal change of the transmissive
peak, blue PIA, and red PIA are overlayed in Fig. 34. The calculated average lifetimes for all the
decay traces are given in the previous monomer and aggregate characterization sections. While
each decay trace reflects complicated photophysics and branching ratios, there is one unanimous
trend. The excited-state lifetimes of the aggregated ZnP aggregate are always faster compared to
the monomeric sample, a characteristic of stronger intermolecular coupling in organic

supramolecular assemblies.!'!> 13 142
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Figure 34: Kinetic TA decays of the monomer (black) and the aggregate (yellow) taken from blue
PIA, red PIA, and transmissive pump-probe features.

Solution Phase Aggregate vs Thin Film Monomer

We predicted that the aggregate and the MF materials would have the most similar
electronic structure. When preparing the MF, monomers in solution are initially drop-cast onto a
substrate. However, evaporating solvent forces the monomers to interact as ZnP crystallites form.

Figure 35 monitors the blue shift of the transient pump-probe feature from the monomer sample
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(688.1 nm), to the aggregate sample (672.5 nm), to the thin film samples (650.5 nm). Overall,
there was a 841 cm™ (104 meV) change in energy, indicating that H-aggregates continue forming

as ZnP monomers aggregate and crash out of solution to form thin films.
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Figure 35: The pump-probe spectra of the liquid phase (dotted) and thin film (solid) monomer
(black) and aggregate (yellow) samples. The line direction highlights the spectral blue shift
between samples, which is indicative of H-aggregation. The pump-probe spectra were taken ~ 1
ps after photoexcitation.

Thin Film Monomer vs Aggregate

We hypothesized that pre-aggregating the ZnP monomers before solid-state deposition
would lead to more structurally homogenous ZnP supramolecular assemblies with improved n-n
ordering. However, based on the identical pump-probe decays (~650.5 nm) and spectral decay
(average transmissive peak lifetimes: 30(£6) ps and 33(%6) ps, respectively) of the MF and AF
(Fig. 29), pre-aggregating the ZnP monomer prior to thin-film drop casting had no apparent

effect on the excited state properties of the thin film samples.

Future Work
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While great strides have been made in understanding the structure-function relationship
between the PPE substituent, aggregation, and thin film formation, several excited-state
processes remain ambiguous. I propose the following work to address two questions regarding
excited-state dynamics in ZnP.

Question 1: How do the branching ratios of radiative and nonradiative processes change at
different excitation energies?

Work 1: I propose measuring the PL decay from higher-energy and lower-energy Q-bands
after exciting the monomer and aggregate samples using a 500 nm excitation beam. Exciting
samples at 515 nm in TA measurements affect the branching ratios of the decaying excited states,
which is seen in this work as additional lifetime components appear in 457 nm excitation PL
decays (higher-energy Soret band transitions) compared to the two lifetime components
measured in the 375 nm excitation decays (PPE side chain transitions), highlighting the strong
coupling effects between electronic states in ZnP-PPE systems. I hypothesize that exciting into
the very edge of the Soret band will lead to rapid internal conversion to Q-band states, which will
appear as shorter PL lifetimes, particularly from lower energy Q-band transitions due to stronger
electronic coupling.

Work 2: I propose measuring pump-probe spectra and kinetics on the monomer,
aggregate, TM, and TA samples using a 343 nm pump pulse. We observed that exciting the
monomer with 375 nm light results in PL decay from Q-band states. Therefore, exciting into the
side chains directly should result in pump-probe spectra with additional spectral features and
lifetime components specific to PPE-related excited state dynamics. As mentioned in the

introduction, photoexciting PPE oligomers has led to structural and optical changes of the
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oligomeric chains, specifically quadratic coupling where photoinduction reduces the torsion of
the PPE oligomer, making it more planar.!?! I hypothesize that photoinduction will lead to more
planer PPE side chains, transiently improving the electronic overlap between adjacent
monomers, which will increase the electronic coupling between the monomers and result in more
homogenous excited state decay. When comparing pump-probe data between the 515 nm and
343 nm pump excitations, I predict that the transient electronic will be stronger in the aggregate
sample compared to the thin film samples due to the reduced structural confinement of the
aggregated monomer in the solution phase compared to the solid state.
Question 2: Are the monomer and aggregate thin films emissive?

Work 3: It was unclear if the lack of detected emission in the MF and AF is a
consequence of the sample or instrumental limitations. We predict that PL in the thin film
samples is suppressed by H-aggregation, and I propose testing this hypothesis by attempting to
measure PL on a newly home-built diffuse reflectance spectrometer. This system was able to
collect emissions from graphitic carbon nitride powders, which have low quantum yields (0.5% -

3%, see Ch. 3 and 4).

Conclusions

In summary, the relationship between chemical and intermolecular structure on excited
state functionality plays a critical role in applying porphyrins to real-world systems. However,
the structure-function relationship between excited-state dynamics and electronic configurations
changes from isolated monomers in solution to condensed phase materials. This change is not
well understood. In this work, we identified 1) how the sidechains affect the optical properties of

a ZnP monomer, 2) how aggregation affects solution phase photophysics, and 3) how the
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photophysical properties of the monomer and the aggregate evolve from the solution phase to the
solid state using steady-state and time-resolved spectroscopies. First, the optical properties of the
solution phase ZnP monomer were compared to traditional porphyrin models to understand the
effect of the aromatic PPE side chains on the porphyrin macrocycle. We observed = orbital
hybridization between the PPE and porphyrin macrocycle, and that the Soret and Q-band
transitions of the ZnP monomer were not degenerate, as predicted for a metalated porphyrin.
Second, the optical properties of the ZnP monomer and aggregate in solution were compared.
Ground state and excited state absorption spectra of the aggregate showed blue-shifted Soret and
Q-band peaks relative to the monomer spectra, suggesting H-aggregation. Finally, the optical
properties of the solid film aggregate and monomers (AF and MF) were compared. Signs of H-
aggregation can be seen in the pump-probe spectra of both the AF and MF. However, optical
comparisons between the AF and MF suggest that pre-aggregating the ZnP monomers before
casting thin films has a negligible effect on the observed optical properties.

While there are still significant gaps in understanding the photophysical processes and
complicated coupling mechanisms in aggregated porphyrin assemblies, this work is a critical
checkpoint to consolidate current findings, challenge initial hypotheses, and inform future

directions.
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CHAPTER SIX

CONCLUSION

Understanding the effect of electronic perturbations on the structure-function relationship
in OFMs is challenging due to strong nuclear coupling and structural heterogeneity. Strong
electron-nuclear interactions lead to unfavorable photophysical properties, including rapid charge
recombination, low excited-state mobility, and heterogeneous decay. The excited state processes
in OFMs can be measured using a combination of steady-state and time-resolved optical
measurements, which can inform specific modifications designed to hinder unfavorable
photophysical decay. The theory and optical designs of the two time-resolved spectroscopies
most commonly employed in this work, liquid-phase transient absorption (TA) spectroscopy and
time-correlated single photon counting (TCSPC) spectroscopy, were outlined in Ch. 2.

To better understand the intrinsic photophysical processes in OFM, we elucidated
complicated structure-function relationships of graphitic carbon nitride (gCN), an organic
photocatalyst, by correlating 22 chemical, structural, and optical properties to the measured
photoreduction of Rhd B in Ch. 3. We found that TA lifetimes were the only physical observable
that correlated with photochemical activity. Therefore, caution is warranted when reporting
photophysical pathways in the context of photochemical reactions if direct photophysical
measurements are unavailable.

Due to the intrinsic photophysical limitations of OMFs, works addressed in Ch. 4 and Ch.
5 were designed to mitigate the effects of strong nuclear coupling on the structure-function
relationships in gCN and a ZnP monomer assembly. In Ch. 4, we resolved a charge transfer

process between the photoexcited gCN and an Ag co-catalyst by employing both steady-state
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spectroscopy and liquid-phase TA spectroscopy. This charge transfer process facilitates charge
separation, reduces rapid charge recombination rates, and improves photocatalytic behavior. In
Ch. 5, anovel ZnP monomer was engineered through the addition of large meta poly(p-
phenyleneethynylenes) (PPE) substituents to increase the m-orbital coupling between ZnP
monomers. We found that the PPE side chains coupled to the aromatic ZnP macrocycle, breaking
the symmetry of the system and leading to nondegenerate optical transitions. Observed blue
shifts between the Soret and Q-band absorptions of the monomer vs. the aggregate samples in
solution suggest that monomers form H-aggregates, where the transition dipole moments of
monomers align parallel to each other. We predicted that pre-aggregating the monomer in
solution would lead to more heterogeneous excited-state decays. However, our findings show
that pre-aggregation before solid-state deposition does not enhance long-range electronic
structure in ZnP thin films.

In conclusion, strong nuclear coupling in OFMs leads to unfavorable, heterogeneous
photophysical decay processes that can be mitigated through robust chemical and structural
modification. The photophysical effect of modifications can be fundamentally understood by

carefully utilizing both steady-state and time-resolved spectroscopies.
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CORRELATING PHOTOCHEMICAL BEHAVIOR WITH
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CARBON NITRIDE
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Calculations and Corrections

Photocatalytic study- background corrections

The absorbance spectra taken during the photodegradation measurements were
background-subtracted to remove absorbance losses from light scattering off the catalysts. To do
this, the absorbance spectrum of the catalyst is matched to the baseline of a “raw” supernatant
spectrum by multiplying the catalyst spectrum by a scaler and subtracting a y-offset (Fig. A1(a)).
The rescaled catalyst spectrum is then subtracted from the raw supernatant spectrum to generate
a baseline-corrected spectrum (Fig. A1(b)). It should be noted that the samples used to collect a
representative catalyst spectrum were prepared using the same sonication and centrifuge

conditions as the supernatant solutions.
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Figure A1: Comparisons of the a) baseline agreement between the raw supernatant spectrum
(blue) and the rescaled catalyst spectrum (dashed red) and b) the baseline-corrected spectrum
(purple) compared to a blank measurement (grey).

Photoluminescence Quantum Yield (®PL) Calculation

The of ®PL of the samples were calculated using the following Eq. A1!%:

2
®p, = B, = P, ST Eq. Al

IrAgn?
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where @ is the fluorescence quantum yield, I is the integrated area under an emission curve, A is
the absorption at the excitation wavelength, and n is the index of refraction. The values
corresponding to the sample and the reference are differentiated using s and r subscripts,
respectively. Coumarin 151 was used as the reference.!** The emission spectra used in these
calculations have been normalized to a reference silicon diode profile to account for the lamp
profile and temporal fluctuation. It should be noted that the ®PL calculated at 400 nm does not
account for the entire emission area due to the experimental constraints of detecting fluorescence

near the excitation energy.

Photoreduction Quantum Yield (®PR) Calculation

The ®PR, or apparent quantum yield, was calculated using the following Eq. 2:

#reacted Rhd B molecules 1
¢PR = k
#photons absorped MmxgcN

Eq. A2

where the total number of reacted Rhodamine B (Rhd B) molecules is divided by the total
number of photons absorbed by the reaction over the entire 180-minute photocatalytic cycle. The
number of reacted Rhd B molecules was calculated using Beer’s law and the absorption change
between the initial and final absorption spectra from the photocatalytic study. The number of
photons was calculated using the power density of the 385 nm LED, and the circumference of
the reaction beaker. We assumed that all photons would eventually be absorbed due to the
thickness of our reaction (~3in). This assumption may decrease the calculated ®PR; however, we
anticipate this difference to affect each sample measurement similarly and not perturb our ability

to compare ®PR between samples. The ®PR was normalized to the mass of catalyst (mXgCN) in

the reaction in mg.
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Additional Figures
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Figure A2: The full XRD patterns of MgCN (yellow), CgCN (green), and UgCN (blue). The red
and black lines represent diffraction peaks of corundum (ICDD# 04-014-1368) and orthorhombic
gCN (ICDD# 00-066-0813) references from the International Centre for Diffraction Data.
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Figure A3: The full (a) negative and (b) positive ToF-SIM spectra of MgCN (yellow), CgCN
(green), and UgCN (blue). Two vertical axes are used to exaggerate peaks at higher m/z values
(>300 m/z).
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Figure A4: The normalized steady-state absorption of melamine (gray) and urea (black). Both
optical samples were prepared by briefly sonicating ~1 mg of powder in 5 mL of 18 pQ water
and diluted with 18 uQ water to OD ~0.1 in a 1 cm quartz cuvette.
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Figure A5: Normalized Tauc plots of MgCN (left), CgCN (middle), and UgCN (right) taken at
various centrifugation times (30, 60, 120, 240, and 480 seconds) assuming direct, allowed
transitions.
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Additional Tables

Table A1: The fifteen top oxygen and non-oxygen-containing species (m/z < 200) with the
highest percent contributions. Percent contributions were calculated by dividing the corrected
area of each peak by the total corrected area of the entire scan.

Oxygen species  UgCN CgCN MgCN Non-Oxygen UgCN CgCN MgCN
species
C4H,0- 7.38 6.89 6.51 CN- 7.44 6.84 6.49
CgH,N,0- 4.74 4.48 4.29 H- 4.00 321 321
C3HNO- 3.62 339 331 CHN,- 301 357 3.47
Cy5HgOs- 1.90 271 2.35 CN,- 3.72 338 3.26
CgH,0- 1.62 1.58 1.63 C,H- 0.46 0.33 0.38
CsH4N,0- 1.49 1.88 1.78 CH- 0.40 033 0.36
CNO- 1.26 0.62 0.52 C- 0.27 0.29 0.27
O- 053 0.45 0.42 C;HN,- 0.25 0.25 0.26
CgH,NO- 0.53 0.53 0.56 C5- 0.24 0.20 0.22
C4H,NO- 0.28 0.28 0.27 C;N- 0.14 0.11 0.12
OH- 0.27 0.20 0.21 CygHpiN- 0.07 0.11 0.13
C;Hq0s- 0.25 0.28 0.26 CH,- 0.06 0.04 0.05
CHNO- 0.08 0.05 0.06 NH- 0.05 0.05 0.05
CHO;- 0.05 0.05 0.06 C;HN- 0.04 0.04 0.04
C,H30,- 0.03 0.04 0.05 C;N,- 0.04 0.04 0.04

Table A2: The calculated absorption onsets using ground-state transmission spectra assuming
both indirect, allowed and direct, allowed transitions. The experiment was run in triplicate. The
average and standard deviations of measurements are given at all centrifugation times (30, 60,
120, 240, and 480 seconds) and across all data sets.

480 seconds 240 seconds 120 seconds 60 seconds 30 seconds ALL
Avg. STDEV  Avg STDEV  Avg STDEV  Avg STDEV  Avg STDEV | Avg  STDEV A
ndirect, Y 33 01 3.26 0.07 3.30 0.04 3.20 0.08 3.10 0.06 3.23 0.10 0.2
C 3673 0004 3.619 0009 3.558 0008 3.489  0.004  3.46 0.04 3.56 0.08 0.2
allowed ) 3.69 0.03 3.64 0.04 3.58 0.04 3.50 0.03 3.42 0.06 3.56 0.10 0.3
) U 23 06 2.20 0.29 226 0.15 1.94 0.31 1.70 0.18 2.07 038 0.6
Direct, c 3231 0010 3115 0019 2946 0010 2738 0029 241 0.22 2.89 0.31 0.8
allowed 3.22 0.08 3.12 0.07 2.95 0.08 271 0.09 244 0.11 2.89 0.30 0.8

Table A3: The fit-determined parameters of the TA kinetic traces fit using a double exponential
with an X offset.

Al +A1 A2 +A2 Tl +11 T2 +12 X TAvg +TAvg
MgCN | 0.43671 0.0231 0.36786 0.0152 75.207 7.83 720.39 81.3 8.003 370 90
PIA  CgCN 0.40535 0.0157 0.47708 0.00967 78.398 6.19 1083.8 104 3.84778 622 113

UgCN | 0.30862 0.0207 048173 0.0128 73.189 9.78 74761 59.2 7.85945 484 112

MgCN 0.2112 0.0106 0.54435 0.00354 29.027 273 67156 13.7 8.003 492 78
PIB  CgCN 0.51127 0.0380.091558 0.0286 1965.4 533  240.99 7111.8711 1703 730
UgCN | 0.59835 0.0127 0.21731 0.00378 2028.2 87.1 76.359 2.73 7.85937 1508 238
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Materials

Urea (Sigma-Aldrich, >98%), Methanol (Fisher chemical, HPLC grade, 0.2 micron
filtered), AgNO3 (Alfa Division, 99.9%) were used as supplied.
Material Synthesis:
gCN preparation

To synthesize bulk gCN, 10 g of ground urea was added to a ceramic crucible and placed
in a tube furnace. The furnace was heated to 550 °C using a ramp rate of 5 °C/min and held at
temperature for 3 hours. The product was cooled to room temperature and the resulting yellow-
colored powder was ground using a mortar and pestle before storage. All heating and cooling
processes occurred under an ambient atmosphere. This method was adopted from previously

reported methods.!'#

Ag/gCN preparation

Silver metal nanoparticles were deposited onto gCN via photoreduction. 4% 147 50 mL of
millipore water (18.2 MQ) was added to 50 mg of the above-synthesized gCN in a 100 mL round
bottom flask and ultrasonically treated for 3 hrs. To achieve 12.7 wt% Ag/gCN, 10 mg of AgNO3
and 5 mL methanol were added to the suspension and sonicated for an additional 15 minutes.

The round-bottom flask was then sealed with a rubber septum and a stir bar. The suspension was
stirred and purged with N2 gas for 1 hour. The mixture was then placed in a UV photoreactor and
irradiated for 2 hours with continuous stirring. After photoreduction, the reaction mixture was
centrifuged at 3900 rpm for 8 minutes and the collected Ag/gCN precipitate was washed 4 times

with millipore water (18.2 MQ) and once with methanol. The washed Ag/gCN was then
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dispersed in methanol and set under a gentle nitrogen stream. The remaining light purple
Ag/gCN power was dried in a 60 °C oven overnight, transferred to a scintillation vial, and stored

in an inert atmosphere when not in use.

Sample Preparation for Optical Measurements

Approximately 2.5 mg of photocatalyst and roughly 5 mL of millipore water were added
to a disposable scintillation vial and sonicated for 3 hours. The sonicated mixture was
centrifuged at 3500 rpm for 3 minutes and the supernatant was collected. This process was
repeated until no visible precipitation was present after centrifuging. The transparent yellow and
light purple supernatant of the gCN and Ag-gCN respectively was diluted to the desired optical

density using millipore water.

Instrumentation

UV-Vis absorption was measured with a Shimadzu UV-3101PC in a 1 cm quartz cuvette.
Spectra were collected every 0.2 nm from 200 nm-800nm.

Steady-state photoluminescence spectra were collected using a Horiba Fluorolog-3 on samples
with optical densities near or below 0.1 (1 cm quartz cuvette) at their peak absorption
wavelength.

Time-correlated single photon counting (TCSPC) spectroscopy was used to measure the
photoluminescence lifetimes of the samples prepared with an optical density of ~0.1 (1 cm
quartz cuvette). The excitation beam was derived from a Ti:sapphire oscillator (Coherent
Chameleon, 80 MHz, 85 fs pulse duration, 680-1040 nm wavelength range). To generate higher

energy excitation wavelengths, the frequency of the initial beam was doubled (345-520 nm
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excitations) or tripled (230-346 nm excitations) in a nonlinear crystal. The repetition rate of beam
was then reduced to 4 MHz using a Conoptics model 350-10 electro-optic modulator. Long pass
filters were placed directly before the detector to prevent detection of scattered excitation
photons. Picoquant PicoHarp 300 and FluoTime 200 software were used for data collection. A
least squares fitting routine written in Mathematica was used to fit the TCSPC kinetics to a
discrete convolution of the measured instrument response function with a modified stretched

exponential function, Eq. B1.!*°

I(t) =Aexp [1 - (1 + %)ﬁ] Eq.B1

Here A, 7, B are fitting parameters. The ensemble average lifetime, (7) is calculated according

to,

(¥) =T (% 1)1, Eq. B2

where ['(x, b) is the incomplete gamma function. !>

Liquid phase femtosecond transient absorption (TA) spectra were collected on a home
built transient absorption instrument. Pump and probe pulses were derived from a commercial
ultrafast fiber laser (Coherent Monaco 1035, 40 Watt, 1 MHz, 272 fs pulse duration, 1035+5
nm). The pump beam was modulated with an acousto-optic modulator at 16.125 kHz, coupled
onto a 600 mm delay stage, and frequency tripled in a pair of type-1 BBO crystals. The resultant
345 nm light was attenuated using neutral density filters and focused onto the sample using a
spherical 500 mm focal length aluminum mirror.

The probe was generated by focusing a portion of the 1035 fundamental into an yttrium
aluminum garnet (YAG) crystal and collimated using reflective optics. Magic angle polarization

was set with a broadband waveplate, and the probe was focused and overlapped with the pump
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using a 250 mm FL spherical mirror. Transmitted probe light was coupled into a homebuilt
spectrograph based on camera lenses (Nikon, 35 mm FL, F1.8) and imaged onto a high speed
line camera synched to collect lines at 62.5 kHz, four times the frequency of the pump
modulation, to collect both “pump on” and “pump off” lines (on, on, off, off). The
unconventional modulation scheme was used to eliminate systematic noise introduced by the line

camera’s dual ADCs when subsequent lines are subtracted.

Chemical Reduction

Samples were prepared with an optical density of approximately 0.5 (1 cm quartz
cuvette) at peak absorption. A 11 mM sodium borohydride solution (SBH) was prepared directly
before use with millipore water (18.2 MQ). Under continual stirring, 50 pL aliquots of SBH were
added to the sample solution and an absorbance spectrum was taken (~3 min collection time)
before the addition of the next aliquot. A total of 250 uL of SBH was added, however little

spectral change was detected after addition of the first aliquot of SBH.

Calculations and Modeling

Quantum yield calculation: The quantum yields of the samples were calculated using ale
using UV-Vis-IR Spectral Software 1.2 by FluorTools.'*® The software calculates the QY yield of

a sample using the following Eq. B3 14 145

2
LAy Eq. B3

IrAgny

b, = P,

where @ is the fluorescence quantum yield, I is the integrated area under an emission curve, A is

the absorption at the excitation wavelength, and n is the index of refraction. The values
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corresponding to the sample and the reference are differentiated using s and r subscripts,
respectively. Coumarin 151 was used as the reference.!** The emission spectra used in these
calculations have been normalized to a reference silicon diode profile to account for the lamp

profile and temporal fluctuation.

Surface Plasmon model

Under the dipole approximation, the nanoparticle extinction coefficient depends on the dielectric
function of both the nanoparticle and the surrounding medium, as given by Eq. B4. '!1: 112,114
Here &, is the dielectric constant of the medium surrounding the sphere, A is the light
wavelength, and the real and imaginary parts of the dielectric function of the metal are given by
€' and €" respectively.

3/2 11
1 €m €

Coxt X TErzeier Eq. B4
At wavelengths far from the interband resonances, the Drude model provides an accurate
description of the wavelength dependent dielectric function, however near resonance, it is
necessary to account for contributions from interband transitions. To do so, we use a dielectric
function in Eq. B4 that is defined by a linear combination of the experimentally-measured bulk
Ag dielectric function and a Drude model that allows for parameterization of particle size
dependent scattering, Eq. BS.

e=¢" +ie" = ey — Epruage(r = bulk) + epyyge(r = 1nm) Eq. B5
Here &% is the measured bulk Ag dielectric function'', £p,,4¢ is the theoretical Drude

dielectric function, which has particle size (r) dependence in the dephasing term, as per Egs.

S6a,b:
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! wz
€pruae(W; T) = €opt — —w2+1f(r)2 Eq. B6a
" wj I(r)
Epruae(W;T) = ——E—— ro?  Eq Béb

In Egs. B6a and B6b, ¢, is the high optical dielectric constant (&,,; = 3 was used as a best fit to
Epuik at A > 500nm), w,, is the plasma frequency, and I'(r) = Ty + 3vp/4r'®, with vy the

Fermi velocity and I}, = 1/(18 f5)!13.

Additional Figures and Tables
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Figure B1: a) TEM images of gCN and b)Ag/gCN and c) Ag particle size distribution.
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Figure B2: A) Excitation spectra reproduced from Fig. 17. B) Quantum yield ratio at Aem = 475
nm (black), obtained by dividing the Ag/gCN excitation spectrum in panel A (blue) by that of
gCN (black, panel A). The green trace in panel B shows analogous data for Aem = 425 nm.

Table B1: Quantum yields calculated for gCN and Ag/gCN at 315 nm using a coumarin 151
reference.

As Is Ar Ir QY %

Quenched

gCN | 0.10 2.7E+08 0.034 1.6E+08 0.0057

Ag/gCN | 0.10 1.2E+08 0.034 1.6E+08 0.0025 56.1
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Table B2: Best-fit parameters from stretched exponential fitting of TCSPC data.
Excitation wavelength (nm)

315 nm 360 nm
gCN Ag/gCN gCN Ag/gCN
A 0.125 £ 0.200 + 0.114 £ 0.188 +
440 0.001 0.002 0.001 0.002
nm t(ns) |0.263+ 0.0076 £ 0.222 + 0.0075 +
Emission 0.003 0.0003 0.007 0.0003
Wavelength B 0.436 + 0.223 £+ 0.400 + 0.254 +
(nm) 0.002 0.001 0.004 0.002
A 0.117 £ 0.148 + 0.110 £ 0.130
530 0.001 0.001 0.001 0.001
nm T 0.75+£0.02 0.075+ 0.443 £+ 0.068 +
0.001 0.009 0.002
B (ns) |0.589= 0.348 + 0.474 + 0.342 +
0.007 0.002 0.004 0.002
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