SURFACE AND INTERFACE EFFECTS ON THE PHOTOEXCITED PROCESS OF SILVER

NANOCLUSTERS, AND LEAD & CADMIUM CHALCOGENIDE NANOCRYSTALS

A Dissertation
Submitted to the Graduate Faculty
of the
North Dakota State University
of Agriculture and Applied Science

By
Mohammed Abu Jabed

In Partial Fulfillment of the Requirements
for the Degree of
DOCTOR OF PHILOSOPHY

Major Department:
Chemistry and Biochemistry

September 2020

Fargo, North Dakota



North Dakota State University
Graduate School

Title

SURFACE AND INTERFACE EFFECTS ON THE PHOTOEXCITED
PROCESS OF SILVER NANOCLUSTERS, AND LEAD & CADMIUM
CHALCOGENIDE NANOCRYSTALS

By

Mohammed Abu Jabed

The Supervisory Committee certifies that this disquisition complies with North Dakota

State University’s regulations and meets the accepted standards for the degree of

DOCTOR OF PHILOSOPHY

SUPERVISORY COMMITTEE:

Dr. Svetlana V. Kilina

Chair

Dr. Wenfang Sun

Dr. Erik K. Hobbie

Dr. Dmitri S. Kilin

Approved:

November 16, 2020 Dr. Gregory Cook

Date Department Chair



ABSTRACT

The surface and interface of the metal nanoclusters and semiconducting nanomaterials
play a key role in determining the electronic structure and overall photophysical properties. A
single strand DNA stabilizes the metal nanoclusters, but it also influences the structural change,
solvation free energy, and photophysical properties. On the other hand, surface and interface
states in Pb and Cd chalcogenide nanomaterials affect the phonon mediated hot carrier
relaxation. We applied DFT and DFT based non-adiabatic dynamics methods to study the
surface and interface’s effects on the photoexcited processes. In the first part, we have studied
the Ag nanoclusters' photophysical properties that are affected by the structural isomers, redox
potential, nucleobase passivation, and cluster size. Ag nanoclusters are shown alternative
reduction potential, which makes nanoclusters of singlet spin multiplicity thermodynamically
favorable. Besides, the optically bright transition in the range of 2.5-3.5 eV is shown metal to
ligand charge transfer. It is modulated by the s+p+d orbital mixing in the hole and electron
states. We also simulate the charge transfer from the photoexcited PbS QD to organic dye (PDI)
attached to the QD surface. Depending on the linker group and the dipole moment of
neighboring passivating ligands, the PDI-QD conformations are varies. In response to structural
change, the total dipole moment is modulated, changing its electronic structure and hence the
photoexcited electron transfer rate from the PbS QD to PDI. We also investigate the inorganic-
inorganic interactions in the PbCl, bridged PbSe NPL and PbSe|CdSe Janus heterostructure. The
energy dissipation rate of hot electrons is slower in NPL than the hot hole, while hot e-h relaxed
to the band-edge by ~1.0ps in the QD. The slower relaxation rate is rationalized by a large
average intraband energy difference and smaller coupling term. Besides, the hot carriers in the

NPL are spatially separated by ~1.00 ps, which is a favorable condition for the carrier



multiplication process. In Janus QD, (100) interfacial layer creates a structural mismatch in the
CdSe part. Besides, the energy offset between the valance localized on PbSe and CdSe part is

minimum in the PbSe Janus QD of an interface of (111) facet.



ACKNOWLEDGMENTS

First and foremost, | would like to thank my graduate research supervisor Dr. Svetlana
Kilina for her help throughout my graduate school life. The first year in graduate school was
challenging for me due to the culture shock and track change. Your support, guidelines,
instructions, and teaching help me to accomplish my goal. You spend many hours of group
meetings and one-to-one discussions on my research and related theory. Your feedback helped
me to obtained results and to get a strong background in computational chemistry.

| want to thank Dr. Dmitri Kilin for your feedback on research-related problems and
advice, ranging from complex quantum chemistry theory to improving facial expression. | also
thank one of my graduate committee member and collaborator, Dr. Wenfang Sun. Collaborating
with you was an excellent experience, and | hope our collaboration will continue in the future. |
also thank Dr. Erik Hobbie for serving in my graduate committee, your support, and feedback.

| am also grateful to current and former members of the Kilina group, Kilin group, and
Sun group of the Chemistry department, and Krejevski group of the physics department. Dr.
Gifford, Dr. Dandu, Dr. Lystrom, and Braden- thanks for the frequent discussion about
programming, computational method, and all other topics, which made my graduate school days
fruitful. 1 am also thankful to Dr. Han, Aaron, David, Rebecca, and Steven, for feedback on my
research during this time.

Outside of graduate school, | am wholeheartedly grateful to Atif. I got you beside me in
every travail during my Ph.D., even during your worst time. You had to spend many lonely days
at home; you understood sometimes, sometimes you burst with anger. Nevertheless, at the end of

the day, I got your help and support.



| have dedicated this achievement to my parents. We live in the distance for a long time,
but I am lucky enough to get their support in every step in my life so far. Growing up in a
middle-class family and achieving my goal would not be possible without their selfless help and
sacrifices. | think the completion of this degree is the sign that your life-long struggle to give us a
better life had not gone in vain. Hearing your proud voice over the phone on the day of my Ph.D.
defense is one of the happiest moments in my life. Many thanks to both of you for everything
you have done for me.

| have dedicated this dissertation to Late Xulhaz Mannan too. Xulhaz vaia, you are not
with us today, but | am sure that you would be very happy and proud of my achievement. | got
courage and guidance from you when | was struggling in my life. | have learned so many things
from you, and that helped me to keep myself on track. Thank you very much for showing me
how to live a life.

| know that completion of the Ph.D. will be considered as my achievement. However, |
made it possible by getting help from many people throughout this journey. I started loving
science and maths in primary school. Tough but supportive Fajlun Nahar mam’s explanation of
science with relatable scenarios created the interest of science in me. Her math problem-solving
techniques made it fun and rewarding for me. Thank you mam, for shaping my first impression
of science. Mohammad Hossain sir, | still remember the day when you asked me to stand up in
front of the class. Then you and the whole class had convinced me to join the school competition
on general knowledge. Yes! I finished the second position in that competition. Your such
confidence in me became an everlasting inspiration to an introvert-shy high school student.
Kamrul Islam sir, | decided to make my career in science when | was in high school, and mostly

by your influence. Thank you very much for your appreciation of my curiosity in math and

Vi



science and for helping me to get a better understanding of science. | am also thankful to Late
Tofayel Ahmed sir, for making math enjoyable and fun to me. I still remember how we used to
prove the geometry theorem. Every approach was different from the previous one. That reminds
me of the famous Feynman quote - “Take the world from another point of view.” I was lucky to
get Dr. Bijan Kumar Shill as a physics professor in my college days. How you taught physics
helped me to get a strong base on physics. Maybe you do not remember the day that you asked
me to join your physics problem-solving tutoring class rather than wandering on the campus.
That meant a lot to me and indicated how dedicated you are as a physics educator. Thank you.
Finally, I want to thank all my family, relatives, and friends who helped me throughout this

journey in many ways.

vii



DEDICATION

To

My beloved parents

For their endless support and love
And

In memory of Xulhaz Mannan

Taught me how to live a life

(74T Y (OTNITHA 1T,

OId el (R (I FY ([UeATfe
O PI6 (A (I FY QA1

viii



TABLE OF CONTENTS

A B ST R A CT ettt ettt et bt e h bt ke e R ettt nhe e bt e aRe e enne e nheeanbeenree s i
ACKNOWLEDGMENTS ... ot %
DEDICATION ...ttt e ekttt e s be e e a e e b e e et e e sbeeanbeesbeeennee e viil
LIST OF TABLES. ... oottt r e ne e e Xiv
LIST OF FIGURES ... .ottt ettt b e et e snee s XVi
LIST OF SCHEMES. ... XXV
LIST OF ABBREVIATIONS ... .ottt nnee s XXVI
LIST OF SYMBOLS ...t re e XXX
1. INTRODUCGCTION ..ttt ettt bt ettt be et e et e e et e e saeeabeenaeas 1
1.1. Common Properties of the Metal and Semiconductor Nanoparticles...........c.ccccccevvverieenene. 1
1.1.1. Electronic Properties of the Confined Nanomaterials..............ccocovviiieiiniincncnenn 5
1.1.2. Structural Variation of NanOCIUSTErS .........cccuiiiiiiiiiee e 6
1.2. The Key Role of Surface and Interface in the Application of Nanomaterials ..................... 8
1.2.1. Effects of Surface Passivation of Metal Nanoclusters Electronic Properties................ 8
1.2.2. Effect of Surface Passivation OF NC..........cccciiiiiiiiiiieeee s 9
1.2.3. Properties Governed by an Interface in Semiconductor NC ............ccccoevveveiieinennne 10
1.3. Role of Intraband Relaxation in Application of Nanocrystals ...........ccccccooeveniniiieninnninns 11
1.3.1. Effects of Phonon Mediated Hot Carrier Relaxation ............c.ccocooevieneiiincncincnns 11
1.3.2. Effect of Hot Carrier Relaxation: Auger Recombination vs. Carrier
VU] LT o] FTor= 1A o] ISP SPR PRSP 12
1.3.3. Effects of Confinement and Spatial Separation of e-h on Carrier Relaxation ............ 14
1.4. Tuning the Photoluminescence of DNA Templated Ag CIUStersS ........coccovvvevieviecieevinnnn, 16
1.5. The Objectives Of thiS TRESIS .......ccoiiiiiiise e 17
1.6, RETEIBNCES ...t bbbttt b e bbb 19
2. THEORY AND METHODOLOGY ....ooitiiiiieiiieiieenie sttt sttt snaeesseesnnee 34



2.1. Ground State Optimization of a Many Electron System.........ccccccviveveiiinnieenn e 34

2.1.1. Solving a Many EIECtrons SYStEM.......ccoiiiiiiiiiiiiiee e 34
2.1.2. Hartree-FOCK MEhOT ..........ccoiiiiiiiiicc s 35
2.1.3. Hohenberg-Kohn THEOIEM .......cc.iiiiiieice e 36
2.1.4. Density Functional Theory (DFT): The Kohn-Sham Method..............cccooveviiiiiiennne 37
2.1.5. Local FUNCLIONAL: LDA. ..o 37
2.1.6. Semi-Local Functional and Beyond ............cccoeiieiieieiie e 38
2.1.7. BASIS S ...ttt bbb 39
2.2. Reduction Potential CalCulation............ccoiiiiiiiiiiisc s 40
2.2.1. Methodology to Calculate Redox Potential............ccccooeiiiiniiiiiiiiccc s 40
2.2.2. Calculation of Solvation Free ENergy ........ccccoeiieieiiiiie e 42
2.3. Analysis of Charge Transfer Character of Optical Transitions...........cccccvvvveriviiniverennnn 42
2.4. Excited State Calculations: Linear Response Time-Dependent DFT (TDDFT)................ 44
2.5. Simulation of Phonon-Mediated Relaxation ..............ccooeiiiiiiniiiiiiieecee s 46
2.5.1. Time-Dependent Kohn-Sham Theory (TDKS) ......ccccciiieiiiiiiicceece e 47
2.5.2. Hot Carrier Dynamics in Confined Semiconductor Nanomaterials..............cc.ccccovenene 48
2.6, RETEIBINCES ...t 49
3. SIMULATIONS PHOTOPHYSICAL PROPERTIES OF THE NUCLEOBASE

PASSIVATED AG CLUSTER ..ot 53
3.1. Computational Methodology DetailS ...........ccooiiiiiiiiiiie s 53
3.1.1. Ground State Geometry OptiMIZAtioN..........ccoeviiiiiiiiie i 53
3.1.2. Calculation of TranSition ENEIQY ........ccccuviiiiirieieie e 54
3.1.3. Reduction Potential CalCulatioNS ..............cooiiiiiiiiiieiese e 54
3.1.4. Binding Energy CalCUlations.............cccoiiiiiiiiiieee e 55

3.1.5. Principal Component Analysis (PCA) of the Structural Descriptor in Ags and



3.2. Structural Isomer and Solvent Polarity on Cytosine Passivated Ags and Age
NPT T ol U] (=] PSPPSRSO 56

3.2.1. Structural Conformation of Cytosine Passivated Ags and Ags Nanoclusters ............. 56

3.2.2. Dependence of Optical Properties on Conformations of Clusters Passivated by
(O3 (011 1SS RSPPS 64

3.3. Electrochemical Properties of the Ag NanOCIUSTENS...........ccceiiiiiiiiiiecec e 66

3.3.1. Oxidation and Size Dependent Structure of Cytosine Passivated Ag

NP LT ol U] (=] TSR 67
3.3.2. Reduction Potential of the Different Size Ag Nanoclusters..........c.ccccoveviveveiieieennns 68
3.3.3. Effects of Solvation Methods in Redox Potential Calculations .............ccccccoceiinnnnns 71
3.3.4. Redox Potential of an Ag Nanocluster Formation and Predicted Conformations....... 74

3.4. Tuning Charge Transfer Characters by Nucleobase Passivation in Optically Active

Transitions Of AQ NANOCIUSLEIS.........cciiiiiie et 76
3.4.1. Dependence of Base-Cluster Interactions on the Base TYPe.......ccoovvvierenincnennnnnns 77
3.4.2. Effect of Different Bases on Optical Response of CIUStErS ..........cccccvvvveiveveiieiiennne 80

3.4.3. Effects of Nucleotide Passivation on the Charge Transfer Characteristics of a
I ST o ORI 93

3.5. The Size and Charge Dependent Absorption Features of Cytosine Passivated Ag

INBNOCIUSTETS ...ttt bbb bbbttt bbbt ab s 97
3.5.1. Size Dependent Structural Change in Ground State GEOMELriesS .........cccvevevvrvervennns 98
3.5.2. Size Dependent Absorption of the Ag NanOCIUSEErS..........ccccveviiieieene e 100

3.6. Principal Component Analysis of Ags and Age CIUSEIS ........ccooveeriieiiiiie i 103
3.6.1. MEthOUOIOQY......cciviciiiiieie et re e 103
3.6.2. Data Collection and CategoriZing ..........cooerirerierierie et 103
3.6.3. Principal Component Analysis of the Structural Features .............cccovvveviiiiiicinnnn, 104
3.6.4. Correlation with the Volume of Ag CIUSTEIS........cooiiiiiiiiiiee e 107

R Y110 1 0= Y SRR UPRTRRN 109

3L RETEIBINCES ...ttt bbb bbbt nne s 111



4. SURFACE STATES AND TOTAL DIPOLE EFFECTS ON THE ELECTRON

TRANSFER IN PBS QD-PDI SYSTEMS ...t 117
g AV =7 1 g oo (o] [T | SUSS 118
4.2. Ligand and PDI Linker Group Effects on Electronic Properties of the PbS-PDI............. 120
4.3. Structural Isomers and its’ Effects on the Surface State of QD-2PDl ........c..cccceevvveneane. 124
A4 SUMIMANY ..ottt bbbttt h bt st b e e bt e bt e bt e st b e e bt e e nneens 129
4.5, RETEIEICES .....cviteeeieite et bbb bbb et b e 130

5. THE EFFECTS OF INTERFACE AND CONFINEMENT ON HOT CARRIER

DYNAMICS IN PBSE NPL AND QD ....ooiiiiiiiiiieiee e 132
5.1. NPL and QD Model and Methodology ..........ccouriiiiieiieiiie e 132

5.1.1. Preparation and Consideration of the NPL and QD Models..........c..ccccecvivevveiirnnnene. 132
5.1.2. Thermalization and Molecular DYNamICS .........cccooeiiiininininieieeee e 135
5.2. Ground State Electronic Structure of NPL and QD ........cccccoeiviiiieiie e 135
5.2.1. Consideration of the Band Structure and Initial Condition of the Simulation .......... 135
5.2.2. Absorption of the NPL and QD Characteristics of the Transitions..............c.cc....... 139
5.3. Relaxation Dynamics in NPL and QD .........cccooiiiiiiiiiiie e 141
5.3.1. INItIAl CONTITION.....c.eiiiiiiitiiiie et 141
5.3.2. Phonon Mediated Relaxation in NPL and QD ........ccccceivriiiieiecie e 142
5.3.3. Phonon Modes Coupled with Electron and Hole States............cccoccovvveveiececcieenenn, 147
5.4. The Spatial Separation of Electron and HOIES ..........ccccoeiiiiiiiiiii e 149
5.5, SUMIMANY . e bt e et e st e e e st e e snbe e e nnbeeennreeesreeans 152
5.6, RETEIBINCES ... ittt bbbttt n bbb nre s 153

6. INTERFACIAL PROPERTIES OF THE PBSE|CDSE JANUS QDS .......cccooiiiiiiiieieens 156
6. 1. MELNOUOIOGY ...eveeiieieie it bbbt bbb nne s 156
6.2. RESUIt AN DISCUSSION ...ttt bbb 158
6.3, SUMIMBIY ...ttt bbbttt e bt e bt b e e b e et e be e bt e et nseenbeanne s 164



6.4. References.

7. CONCLUSION

Xiii



Table

3.1

3.2:

3.3:

3.4

3.5:

3.6:

3.7:

3.8:

LIST OF TABLES

The most stable Ags and Ags clusters used as initial structures for related isomers
of 6C-Ags and 5C-Ags DNA-AgNCs optimized in vacuum and water with no
charge (neutral) and +1 charge. Zero energy is assigned to structures with the
lowest energy of their bare AQNC counterparts. The red font depicts the

optimized final structures with the lowest energies among considered isomers. ........

Structural parameters of neutral and charged 5C-Ags clusters. For the average Ag-
Ag bond length, (Ag-Ag), only Ag-Ag bonds with a length of less than 3 A are
considered. The cluster-based binding energies (Ebing) are calculated using Eq.
3.1, where L1 is the cytosine with either the shortest or the longest Ag-N bond
length and p=1. The values of the total energy, Ett, marked in red, highlight the

most stable isomers with the [OWESt BNErgy.........ccocviiiiiiiiiciec e

Structural parameters of the 6C-Ags cluster. For the average Ag-Ag bond length,
(Ag-Ag), only Ag-Ag bond lengths less than 3A are considered. For the average
Ag-N bond length between the cluster and the base (Ag-N), all six bonds are
considered. The bond between the oxygen and hydrogen of two adjacent cytosines
shorter than 2A is considered the hydrogen bond (H-bond). The cluster-base
binding energies (Ening) are calculated using Eq. 3.1, where L1 is the cytosine with

either the shortest or the longest Ag-N bond length and p=1. ..........cc.ccceveiiiininnn,

The relaxed geometry of (AgC)n; where n=4, 5, 6, and z=0, 1, 2, and -1, along
with average Ag-cytosine binding energy and shape of the core Ag cluster

Binding energy is calculated as the average binding of all ligands... .............ccccevne.

Redox potential of the two model reactions. Net positive redox potential would
indicate a spontaneous reaction, Agn, n indicates the number of Ag atom in Ag

ClUSTT . .ottt e e e e e e e e et e e e e e e

The difference between the total energies of the isomers obtained from the initial
Geom-1 and Geom-3 structures of neutral and charged Age clusters passivated by
various bases in water. The values are obtained using the formula: AEot =

Etot(Ge0M-1) - Etot(GEOM=3). ..uviiiieieieie ettt

Natural transition orbitals showing the contributions of the electron-hole pair to
the transitions with the lowest energy (S1) and with the largest oscillator strength
(Os. Str.) at the energy range of 2.5-3.5 eV of the neutral Age clusters passivated

by different bases in water with the most stable conformations. ................cccceovevnne.

NTOs showing the electron and hole contributions to the first optical transitions
of the neutral Ags and charged Age"* clusters passivated by different bases in
water (only C, G, and T). The structures were obtained either from the optimized

(€T To] o B Ao ] CT=To] 1 1 G FR TR

Xiv

..... o7

..... 59

..... 75

..... 78

..... 85

..... 86



3.9:

5.1:

5.2:

6.1:

NTOs showing the electron and hole contributions to the most optically intensive
transitions at the energy range of 2.70 - 3.50 eV, of the neutral Ags and charged
Ags" clusters passivated by different bases in water (C, G, and T). The structures

were optimized either from the Geom-1 0r GEOM-3. ........ccceririiiiieresie e

Nonadiabatic Coupling (NAC) constant, intra-band splitting, and e-h relaxation
rate constant of the NPL and QD. di+1 and di+2-n are the ensemble average NAC
constant between the nearest states and between all other states, respectively,
AEnN 1s the average energy difference between the states and average over the
ensemble. t is the hot carrier relaxation rate constant calculated by the exponential

Four examples of the charge density of PbCl, bridged NPL from the adiabatic
trajectories. All images are viewing from the Z-X plane (The vacuum in the unite
cell along Z-axis is omitted). In the following row, charge density is projected to
Z-axis (black line), and the projected wave function of Pb, Se, and Cl are

projected on Z-axis (green, red, and blue for Pb, Se, and Cl, respectively). ................

NTOs of the dominant transition of the two lowest absorption peaks in the
PbSe|CdSe Janus QD prepared from the CdSe Wurtzite lattice structure. NTOs

are calculated in Gaussian software and visualize inthe VMD.........ccccccccocciciiinin

XV

... 88

.. 150



Figure
1.1:

1.2:

2.1:

3.1

3.2

3.3:

3.4

LIST OF FIGURES

Page

Stained glass in Roman Cathedral and Lycurgus glass from the 4™ century AD
(o]0 E= T <] - PO P R PPRPRPTPPRTPR 1

(a) Evaluation and the Au nanoclusters' different properties with decreasing the
nanoparticle size. Au metal shows the plasmon emission as an organic molecule

like bright emission based on the clusters' size. (b) The original ruby color

nanoclusters of Au; synthesized by Michael Faraday in the 1850S. ............cccocveverveieennns 2

Two different potential cannot give an identical density of an electronic system
with identical ground State deNSItY. ........c.cceiieiieiiiie e 45

Initial and final structures used for calculations of the base-cluster binding energy

using equation 3.1. (a) Neutral 6C-Ags cluster optimized from the initial planar

Geom-1 structure in the vacuum. (b) One cytosine at the edge of the cluster is

removed from the Geom-1 6C-Age resulting in a 5C-Age cluster. (c) Optimized

geometry of the 5C-Ags cluster in a vacuum. After removal of cytosine, vacant

Ag atom is involved in the coordinated bond with oxygen from the adjacent

cytosine at the side, while this cytosine is much stronger coordinated to the side

Ag atom, compared to those in the 6C-Ags CIUSLET.. .......covveiiiiiiiicieee s 62

Absorption spectra of two isomers of 5C-Ags and 5C-Ags* clusters calculated in

vacuum and water. (a) and (b) Spectra of neutral clusters in vacuum and water,
respectively. (c) and (d) Spectra of charged clusters in vacuum and water,

respectively. Grey lines correspond to the absorption spectra averaged over both
conformations. The vertical arrows denote the energy of the fist optical transition

of Geom-1 (black lines) and Geom-2 (red lines) isomers. The spectra averaged

over both isomers (the grey line) follow the same shape and optical features as

those of Geom-1 (the black line) and Geom-2 (the red line) isomers in water for

both neutral 5C-Ags (b) and charged 5C-Ags” (d) CIUSEErS. .......covvvvviiiiiceee, 65

Absorption spectra of 6C-Age isomers. Neutral 6C-Ags in the vacuum (a) and

water (b). Charged 6C-Ags" in the vacuum (c) and water (d). The names of the

isomers correspond to those in Table 1. Absorption spectra averaged over three

isomers are represented by dashed magenta lines. Vertical arrows correspond to

the first optical transition with the lowest energy for each isomer. ..........c..ccccoovieiiiinnnns 66

Average binding energy of the cytosine in the Ag nanoclusters of the Agas to Agi7
atom size, calculated by using the equation (3.2). .....cccoceevieiie e 69

XVi



3.5:

3.6:

3.7:

3.8:

3.9:

3.10:

3.11:

3.12:

3.13:

Calculated reduction potential of the cytosine passivated Ag4-10 and Agl7
clusters (top) and bare Ag4-Ag10 cluster (bottom) in 3 different oxidation states.
the black, red, and blue represent reduction half reaction of 1+ to neutral, 2+ to 1+
and neutral to 1- oxidation state respectively. Solid and dash line represents the
Ag clusters of the even and odd number of the atom, respectively. Panel (a) is a

cytosine passivated Ag cluster system, and panel (b) is a bare Ag cluster system........

Reduction potential of the first oxidation (Agn**|Agn) of the all considered Ag NC,

calculated by four different calculation methods. ...,

Reduction potential of the first oxidation (Agn*?|Agn*?) of the all considered Ag

NC, calculated by four different calculation methods. ...........ccccocveiiiiiiiii e,

Reduction potential of the first oxidation (Agn*"3|Agn*?) of the all considered Ag

NC, calculated by four different calculation methods. .........ccccceeviieiiiniiesiee

Reduction potential of the first oxidation (Agn|Agn*') of the all considered Ag NC,

calculated by four different calculation methods............ccooovvriiiniiinicc e

Calculated reduction potential of the cytosine passivated Ag4-10 from the water
optimized geometry and using the CPCM and SMD solvation model. Orange,

blue and red represent the reduction half reaction of 1+ to neutral, 2+ to 1+, and
neutral to 1- oxidation state. Solid and dash line represents the Ag clusters of the

even and the odd number of atoms, respectively..........cccovveveiiciiiiiic s,

Chemical structures of three DNA bases: cytosine (C), guanine (G), and thymine
(T) and examples of optimized geometries of charged and neutral Ags clusters
passivated by a different number of C, G and T bases. The colored atoms in
schematic representation of bases indicate the atoms coordinated with silver

ALOMS 1N DINACAGNCS. ..ottt

The binding energies of the cytosine (black squares), guanine (red circles), and
thiamine (blue triangles) bases to Age cluster in water. The geometry of each
DNA-AgNC is optimized, starting with the Geom-1 (a) or Geom-3 (b)
conformations of 6C-Age in water with substituted C by T or G bases. Solid and

empty symbols correspond to neutral and +1 charged clusters, respectively................

The binding energy of cytosine, guanine, and thymine to Ags (a) and Ags (b)
clusters in water. The most stable isomer of each DNA-AgNC is chosen from the
optimized geometry started with either the Geom-3 or Geom-1 structures of
neutral and charged 6C-Ags and 5C-Ags in water with all or several C substituted
by T or G. Neutral cluster are depicted by solid symbols and charged clusters by
empty symbols. The X-axis indicates the number and types of bases passivating

TN CUSEET . oottt e et et et e e eeee e e e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeerereenees

xvii

.. 70

. 12

. 12

o 13

.. 76

.. 18

.. 19



3.14:

3.15:

3.16:

3.17:

3.18:

Absorption spectra of Ags and Age* clusters passivated by various bases in water.
For these spectra, the most stable isomer is chosen from the optimized geometry
started with either the Geom-3 or Geom-1 structures of 6C-Ags (a) and (b) and
6C-Ags* (c) and (d) in water with all (a) and (c) or several C (b) and (d)
substituted by T or G. Vertical arrows indicate the lowest energy optical
transition. The height of arrows represents the relative intensity of these

EFANSTEIONS. ...ttt ettt e e e e e e e e e et eee e e e e e e et eeeeeeeeeea e neteeeeeeeaaaneees

Absorption spectra of neutral Age clusters passivated by various bases in water
using the optimized geometry started with either the Geometry-1 (a) and (b) or
Geometry-3 (c) and (d) of 6C-Ages with all (a) and (c) or several C (b) and (d)
substituted by T or G. Vertical arrows indicate the lowest energy optical
transitions. The height of arrows represents the relative intensity of these
transitions. Green ovals indicate the structures with the lowest total energy,

ACCOIAING 10 TADIE 3.6t enes

Absorption spectra of charged Ags* clusters passivated by various bases in water
using the optimized geometry started with either the Geometry-1 (a) and (b) or
Geometry-3 (c) and (d) of 6C-Ags* with all (a) and (c) or several C (b) and (d)
substituted by T or G. Vertical arrows indicate the lowest energy optical

EFANSTEIONS. ...ttt e e et e e ettt e e e e e e e e et eeeeeeeeeee et eeeeeeeeaaeeees

Absorption spectra of neutral Ags (a) and (b) and charged Ags* (c) and (d) clusters
passivated by different bases in water using the optimized geometries started with
Geometry-1 of 5C-Ags or 5C-Ags* with all (a) and (c) or several C (b) and (d)
substituted by T or G. Vertical arrows indicate the lowest energy optical

EFANSITION. . eeeeeeeeeeeee et ettt ettt ettt ettt e e e ee e e e et e e eeee e e e e ee e e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees

Absorption spectra and percent of charge transfer in each optical transition of the
neutral Ags and charged Age* clusters passivated by different bases in water with
the most stable conformations. (a)-(d) The degree of charge transfer, Pe-Ph, for
each optical transition defined as a difference between projections of unoccupied
(electron) and occupied (hole) orbitals projected to the base C (grey), G (teal), or
T (green) and the Ag cluster (red). (e)-(h) Absorption spectra of the optimized
clusters passivated by bases (black lines) and the bare cluster with eliminated
bases but preserving the same geometry as it has in the passivated structures (red
line). Vertical black lines with triangle heads identify the oscillator strength of
each optical transition contributing to the absorption spectra of the passivated
clusters. The values of the oscillator strength are represented on the right Y-axis.
Red arrows indicate the lowest energy transition of the cluster of nucleobases

FEIMOVEU. ..o

Xviii

.. 81

.. 82

.. 82

... 83



3.19:

3.20:

3.21:

3.22:

3.23:

3.24:

3.25:

3.26:

Absorption spectra and percent of charge transfer in each optical transition of the
neutral Age clusters passivated by different bases with the most stable
conformations. Panels (a), (c), (e), (9), (i), and (k) show the degree of charge
transfer, Dm = Pe - Pn, for each optical transition projected to the base C (grey), or
T (green), or G (teal) and the Ag cluster (red). Panels (b), (d), (f), (h), (j), and (I)
show absorption spectra of the optimized Age clusters passivated by bases (black

lines) and the core Age cluster after removing the bases (red line). .........cccccocevvrenene

Absorption spectra and percent of charge transfer in each optical transition of the
neutral Ags" clusters passivated by different bases with the most stable
conformations. Panels (a), (c), (e), (9), (i), and (k) show the degree of charge
transfer, Dm = Pe - Pn, for each optical transition projected to the base C (grey), or
T (green), or G (teal) and the Ag cluster (red). Panels (b), (d), (f), (h), (j), and (1)
show absorption spectra of the optimized Ags clusters passivated by bases (black

lines) and the core Age cluster after removing the bases (red line). .........cccccocevvrienene.

Absorption spectra and Ag’s s, p, d angular momentum contribution to the excited
states (hole and electron) of the all transitions in the most stable nucleobases
ligated Ages and their bare clusters. All panels are labeled with the name of the
clusters. In each panel, a-c and e-g sub-panel are the contribution of Ag’s s, p, d
angular momentum in the ligated and bare clusters, respectively. Panel d and h
are the absorption spectra of the respective ligated and bare clusters, red vertical
line indicates the oscillation strength of the transitions. In case of nucleobase
passivated clusters, transitions of oscillator strength > 0.01 are plotted to reduce
the overlapping bar plot. The sum of s, p, and d of the Ag in the hole and electron

states indicates the total contribution of the Ag in the respective transition. ...............

The optimized neutral ground state structure of the Agz-Agio. All geometries were

optimized in water solvent using DFT ab initio method............cccocooiiiiiniiiiii,

The optimized neutral ground state structure of the Agi7-Agz1. All geometries

were optimized in water solvent using DFT ab initio method............cccccocoiiiiiiinnnnnn.

Absorption spectra of the neutral (panel a) and +1 charged (panel b) Ag clusters.
Even and odd number clusters are categorized as singlet spin. All calculation is

done in water solvent and Cam-B3LYP functional. ..........couemeeeeeeieiieeeeeeeeeee

Absorption spectra of the neutral (panel a) and +1 charged (panel b) Ag clusters.
Odd and even number clusters are categorized as doublet spin. All calculation is

done in water solvent and Cam-B3LYP functional. ..........cccococccccccicc

Absorption spectra of the neutral (panel a) and +1 charged (panel b) of the larger
Ag clusters (n>16). Odd and even number clusters are categorized as doublet spin.

All calculation is done in water solvent and Cam-B3LYP functional..........................

XiX

.91

w92

... 96

.. 101

. 101



3.27:

3.28:

3.29:

3.30:

3.31:

3.32:

3.33:

4.1:

4.2:

4.3:
4.4:

45:

4.6:

Energy and oscillator strength of the lowest energy transition in the all neutral and

+1 charged clusters (Ags — Ag21). The size of the marker represents the brightness

of the lowest energy transition. The color bar is also representing the same
information-0SCillator StreNGth...........c.ooiiiiiiii e 102

The correlation between the Ag-Ag bond and Ag-N bond. The data is categorized
based on the oscillator strength of the lowest energy transitions. In some clusters,
number of Ag-N bond are 3, so maximize the sample pool, three Ag-Ag and three
AG-N DONAS re PIOLEEA. ..o 105

The two-dimensional (2D) correlation between the Ag-Ag bond and relative
energy Of the optimIZed CIUSLENS. .........oiiiiie e 106

The two-dimensional (2D) correlation between the three shorted Ag-N bond and
relative energy of the optimized CIUSTENS. .........coiiiiiiiie s 107

The two-dimensional (2D) correlation of the three descriptors — the shortest Ag-
Ag and Ag-N bond- and the relative energy of the optimized clusters. Gaussian
distribution of all transitions shows a significant overlap between the distribution
OF all tArget AESCITPLOIS. ....eiueetit it 107

The number of Ag-Ag bonds in Ag4 nanoclusters based on the Ag nanocluster
GEOMELIY SNAPE. ...ttt r e e en 108

The two-dimensional (2D) correlation of the three descriptors — the shortest Ag-
Ag and Ag-N bond- and the relative energy of the optimized clusters. Gaussian
distribution of all transitions shows a significant overlap between the distribution
OF all tArget AESCITPLOIS. ... ettt 108

The PbS QD model what we used in this study. The axis angle is defined from the
center of the QDs and N in the top PDI @XIS.........ccccuriiiiiiiiieresieseseeee e 118

Cinnamic acid derivative and an oleic acid analog (propanoic acid) are used to
passivate the PbS QD surface. The short name we used to describe each of the
ligands are given in the parenthesis. ..o 119

PDI molecule and its derivatives of a different linker group. ..........ccccceveveneienciennnn 120

Molecular orbitals energies of three different ligands passivated and with the two
different PDI derivatives. The horizontal dotted line indicates the separation of
occupied and unoccupied OrbiItalS. .........c.oooiiiici 122

Projected density of State (PDOS) of the OA (propanoic acid) passivated PbS
QDs. Two other models are on OA substitute by 5SPDI and 2PDI. ........ccccccceeveeiieeinnns 123

Frontier orbitals of the OA passivated, and 5PDi and 2PDI substituted models............. 123

XX



4.7:

4.8:

4.9:

4.10:

4.11:

4.12:

5.1:

5.2:

5.3:

5.4:

5.5:

The optimized structure of the PbS-2PDI with different ligand passivated. The
structure features are correlated with the total dipole of the QD-PDI system................. 124

Projected density of states (PDOS) PbS-2PDI model with the different ligand
passivation on the surface. 2PDI is attached on the Pb rich (111) facet of the PbS

Intrinsic electron transfer rate from the PbS to PDI, PDI binding energy and PDI
axis angle (o) dependence on the total dipole of the Systems. ..........ccccecvvveieeiisie s, 125

The binding energy and intrinsic electron transfer rate relationship with the total
dipole of the ligand passivated PbS-2PDI systems. The total dipole of all
structural isomers shown a linear statistical relationship............ccccooeieieiniiinnen 127

The plot of the total dipole (D) and inverse alpha (a) as a function of the energy
offset between the LUMO and LUMO+1. All the isomers of the all different
ligand passivated PbS-2PDI are included in this chart. ...........ccccccooviieiiecie e, 128

Schematic diagram of the two possible photoexcited electron transfer pathways.
Depending on the PDI molecule’s bond on the PbS QD surface, a photoexcited

electron can transfer to the PDI only through the bond pathways or both- through

the bond and the SPace PAtWAYS. .........ccciveiiiiiie e 129

Geometries of the PbCl. bridged PbSe nanoplatelets and PbCl> passivated PbSe

QDs. Image a and c are the nanoplatelets and QD, respectively optimized at OK.
Optimized NPL and QD geometries are heated up to 300K and shown in b and d,
respectively. Color scheme: dark gray — Pb, yellow — Se, green —Cl ...........cccccveerenne 134

The energy band over the first Brillouin zone of the Cl-bridged PbSe NPL. The

right and left panels are the density of states (DOS) at Gamma (G) and L high

symmetry points, respectively. The energy band calculations are done at 2x2x1 K-

point mesh, with a minimal number of K-point along with the NPL thickness. The

NPL has the 0.96 eV direct bandgap at the high symmetry point L while the direct

gap 1.26 eV at the Gamma point. Black lines in the left and right panel are the

average density of states over the G, X, W, and L high symmetry points..................... 134

Time-dependent total density of states (DOS) of the PbCl> bridged NPL(a), and

QD (c) at 300K. DOS of the NPL and QD at OK is shown in the insets of the

respective panels. The highest occupied molecular orbital (HOMO) energy is

close to the Fermi energy in QD at OK. Absorption spectra of both NPL and QD

are shown in the panel (b) and (d), respectively. Absorption spectra at 300K are

the average absorption spectra of the 100 fs interval over the adiabatic trajectory........ 136

Total density of states (DOS) (a) and the projected density of states (pDOS) of the
Pb (b), Se (c), and CI (d) of the PbCl bridged NPL..........cccoveiiiieiiee e 137

Total density of states (DOS) (a) and the projected density of states (pDOS) of the
Pb (b), Se (c), and CI (d) of the PbCl> passivated PbSe QD over time...........ccccccervennnne 138

XXI



5.6:

5.7:

5.8:

5.9:

5.10:

5.11:

5.12:

Time-dependent absorption spectra of the NPL (a) and QD (b). Absorption
spectra of every 100 fs time steps of the adiabatic trajectory of the NPL and QD......... 138

Analysis of the nature of the NPL and QD transitions at OK and 300K
temperature. All transitions are divided as hot-electron, hot-hole, and symmetric
transition according to the electron (e) and hole (h) energy differences. ............c.c........ 139

Phonon mediated electron and hole relaxation over time of the PbCl> bridged NPL

and PbClI; passivated QD, calculated by initial condition of all symmetric

transitions and transition energy of 2.5xEg and 3.0xEg. Panels a, e are the time-
dependent normalized average electron and hole energy over the time in NPL and

QD where solid and dash lines represent the 2.5xEg and 3.0xEg initial excitation

energy. Panel b, ¢, and e, f is showing the time-defendant evaluation of the (hot-e)

and hot-hole (hot-h) wavepacket of initial excitation of energy 2.5xEg and 3.0xEg

in NPL and QD, respectively. Solid white lines represent the ensemble average

HOMO and LUMO states, and dotted white lines represent the ensemble average

hot-e and hot-h energy OVEr tiIMe. .......ccooviiiiie e 142

Phonon mediated electron and hole relaxation over time of the PbCl> bridged NPL

and PbClI; passivated QD, calculated by initial condition of all symmetric

transitions and transition energy of 2.5xEg and 3.0xEg. Panel a and e are the
time-dependent normalized average electron and hole energy over the time in

NPL and QD where solid and dash lines represent the 2.5xEg and 3.0xEg initial
excitation energy. Panel b, ¢, and f, g is showing the time defendant evaluation of

the (hot-e) and hot-hole (hot-h) wavepackets of initial excitation of energy

2.5xEg and 3.0xEg in NPL and QD, respectively. Solid white lines represent the
ensemble average HOMO and LUMO states, and the dotted white line represent

the ensemble average hot-e and hot-h energy over time...........ccccoee e 144

Phonon mediated electron and hole relaxation of the PbCl, bridged NPL overtime

where (panel a, ) hot electron (hot-e) and (panel b, d) hot hole (hot-h) transitions

are selected as an initial condition. Solid white lines represent the ensemble

average HOMO and LUMO SEateS. ........cccveiiiiieiieiie ittt 145

Electron and hole relaxation where (panel a, ¢) hot electron (hot-e) and (panel b,
d) hot hole (hot-h) transitions are selected as an initial condition. The dotted white
line represent the ensemble average hot-e and hot-h energy over time. ............cc.ccoeeeee 145

Waterfall graph of the phonon mediated electron and hole relaxation of PbCl;

bridged NPL and PbCl; passivated QD with the initial condition of 2.5xEg and

3.0xEg transition energy. Black and blue line represent the ensemble average hot-

h and hot-e energy over time. Figure 3 of the main article is another

representation of similar calculations. ... 146

xXii



5.13:

5.14:

5.15:

5.16:

6.1:

6.2:

6.3:

6.4:

6.5:

6.6:

6.7:

Ensemble average population of the initial excited state and final band (LUMO to
LUMO+3, and HOMO to HOMO+3) over the time, when initial excitation energy

was constrained to 2.5xEg (a & ¢) and 3.0XEg (b & d). dash-dotted lines are the
exponential fitting line of the initial decay of the hot carrier. ..........ccccooeieiiiiiiinen 147

Spectral density of the autocorrelation function of the hot-e and hot-h energies
over time (average over ensemble) of the both 2.5xEg and 3.0xEg initial condition
in the panel a, b and d, e of the NPL and QD respectively. Panel c and f is the
Fast-Furrier transform (FFT) of the final state (homo and lumo) of the NPL and

Ensemble average of the Pb, Se, CI projected charge density of the electron and

hole and plotted by projecting in Z-axis. The Z-axis of the unit cell is 4 nm, where

1nm vacuum on both sides along the Z-axis of the cell. All calculations were done

with the initial condition of 3.0xEg eV optical transition energy...........ccccceevevveieennene. 151

Ensemble average of the Pb, Se, CI projected charge density of the electron and

hole and plotted by projecting in Z-axis. The Z-axis of the unit cell is 4 nm, where

1nm vacuum on both sides along the Z-axis of the cell. All calculations were done

with the initial condition of 2.5XEg eV transition energy........cccccceveveeieenesiiesieese e 151

The initial and optimized structure of the PbSe|CdSe Janus clusters made from the
PbSe rocksalt crystal lattice structure, prepared by replacing Cd in one part along
(100) and (111) plane in PhegSess QD. .....ocueiviiieiiieiiiieieie e 158

Projected Density of the State (PDOS) of the PbSe|CdSe Janus QD obtained from
the PbSe rocksalt crystal lattice. (a) Symmetric stoichiometric, (b) Pb rich, and (c)
Cd rich aSymMmMELriC QDS. ......couveiieiieiiecie ettt 159

Absorption spectra of PbSe|CdSe Janus QD obtained from the PbSe rocksalt
crystal lattice. (a) Symmetric stoichiometric, (b) Pb rich and (c) Cd rich
ASYMIMELIIC QDS bbbttt ettt 160

Janus QD from the CdSe Wurtzite lattice. Janus QD models are prepared by two
methods, replacing half of Cd by Pb in bulk pristine Wurtzite lattice and half of
Cd in optimized CdesSess WUILZIte 1attiCe. ......ccveiviiiieieee e 160

PDOS of the PbSe|CdSe Janus QD, where Janus QD models are prepared from
the CdSe WUIZITE TattICE. .....ooeeiieeee s 161

Absorption spectra of the two models which are prepared from the CdSe Wurtzite
SETUCTUIE. ..tttk ettt ekttt h e et e ke e e me e e s be e e mb e e be e enb e e nbeeembeenneas 162

PbSe|CdSe Janus QDs prepared by the PbSe rocksalt and CdSe Wurtzite lattice
structure. QD is capped with 8 Cl atom on the 8 Pb rich (111) facet to make it
STOICHIOMELIIC STFUCTUTE. ...t es 163

xXiii



6.8:

Projected

density of state (PDOS) of the rocksalt -wurtzite PbSe|CdSe Janus QDs.

The electronic structure showed strong agreement with the experimental result

suggested

XXiV



LIST OF SCHEMES

Scheme Page

2.1:  Born-Haber thermochemical cycle to calculate Gibbs free energy AG(red(water))
of a reaction in water by using the standard free energy of the gas phase reaction,
solvation free energy of reactant and product. Water indicates reaction in the
water medium and g in the gaseous MEediUm. .........ccceiveiiiie i 41

4.1: A scheme to create the different initial geometry of a particular CA derivative
passivated model from the other ligand passivated optimized geometries. We have
skipped OA passivated structure due to the significant structural dissimilarity with
CA derivatiVe ligand. ..........cooieiiiie e 126

XXV



LIST OF ABBREVIATIONS

0-D/1-D/2-DI3-D ...cvoviiiiiiiieiieice Zero/One/two/three dimensions
2-PDlcc s N,N’-bis(di propanoic) perylene dicarboxamide
5-PDl.cvieieceeceee st N,N’-bis(di pentatonic) perylene dicarboxamide
A Adenine

AGNC ... Ag nanoclusters

0 T Agueous

BO o Born-Oppenheimer
G Cytosine

CB e Conduction band

CFCA 4-(trifluoro methyl) cinnamic acid

CM e Carrier multiplication

CPCM L. Conductor polarized continuum model
T e Charge transfer

DECA ... 2,6-di-fluro cinnamic acid

DFCASS ... 3,5-di-fluro cinnamic acid

DFT Density functional theory

DNA . s Deoxyribonucleic acid

DOS...c Density of states

B-N Electron-hole

B et Hole state energy

B i Electron state energy

BV e Electron Volt

B e Faraday constant

BT e Fast Fourier transform

XXVi



FSSH e Fewest switched surface hopping

G s Guanine

GaS-0gE0OM ...ooveeieciiecie et Geometry optimized in vacuum
GBOM ... Geometry

GGA .o Generalized gradient approximation
HOL-€ e Hot electrons

HOE-N e, Hot hole

HE Hartree-Fock

HOMO ..o Highest occupied molecular orbitals
K S Kohn-Sham

LDA e Local density approximation

LEDS ..o Light emitting diodes

LIMCT oo Ligand to metal charge transfer

LO o Longitudinal Optical Phonon
LUMO ... Lowest unoccupied molecular orbitals
1 SR SRRSPRSS meter

MEG ..o Multiple exciton generation

MD Molecular dynamics

MEV oottt milli-electron Volt

MLCT e Metal to ligand charge transfer

MO L Molecular orbitals

P PP SPUR TP PR PP PPPORTI Number of Ag atom

NAC . e Non-adiabatic coupling

NAMD .o Non-adiabatic molecular dynamics
NC s Nanoclusters

XXVii



MM nanometer

NPL o Nanoplatelets

NR Nanorods

NTOS. .. Natural transitions orbitals
OA s Oleic acid

PCA Principal component analysis
PCM o Polarized continuum model
PDI o Perylene dicarboximide
PDOS ..o Projected density of states
PL e Photoluminescence

DS ettt ettt re e reenne e Picosecond

PV Photovoltaic

PVC o Photovoltaic cell

QDS . Quantum dots

RIT e Radius

RMSD ..o Root-mean square deviation
S etttk ettt e second

SHE ..o Standard hydrogen electrode
SMD ..o Solvation model based on density
SOIN GEOM ..o Geometry optimized including solvent
SS-DINA L Single stand DNA

STOS Slater-type orbitals

T e Thymine

TDDFT oo Time dependent DFT

TDKS oo Time-dependent Kohn-Sham

XXViii



Vienna ab-initio simulation package
Wourtzite

Valence band

XXiX



LIST OF SYMBOLS

A e, Angstrom

B et Binding energy

BB s Electron
D Hole

L ettt Radius

Fl e ———— Reduced Planck’s constant

K 0l +erveereenneareiieeie et Intra-band cooling rate

TEM wrveeeeenrenneenseeneae et e st et Time-scale for single CM

E{th ceoveeeeereeneensinsnseesssssss s Energy of it state
PR RTOPOUPOPRTRPN QD radius.

ITIe eeriete ettt sttt sttt Effective mass of the conduction band.
ITIN ettt re e Effective mass of the valence

0 TP USSP Mass of a freely moving electron.
2 U Hamiltonian operator.
W(r1,...TMR1,.. . ,RN) o Many-body wavefunction.

E o Eigenvalues

B s Fermi energy

Ty wrveereenteere e e i e e e e et e e ate e ra e re e te e e are s Coordinate of the n'" electron.
Ry oo, Coordinate of the n'™ nuclei.

He oo, Electronic Hamiltonian operator.
W {RID) oo Electronic wavefunction.

G ettt Width of an orbital
Qe Volume (define basis set)

G e Cut-off energy

XXX



LR e Nuclear parameterization.

Vgt (B) ettt External potential.

Verf(T) v, Local effective potential

Y G TR Kinetic energy operator

T(T) oo Electron potential energy operator
F(i) coovvemeremneineeissesssessseseseisessiesenens Fock operator

Jij e, Electron-electron Coulomb interaction
Kij oo Electron exchange interaction

[0 nvereereete e et e e e et e e re e e e nre s Ground state density

D e Electron density

Ep 0 e, Ground state energy

E[P(Ti)] e Energy functional.

Vi (1) e Exchange-correlation potential.

DG e eveereensenseenbeanseaseeab e et et n et Effective Kohn-Sham potential

VD) i Density gradient

A[P] o Action integral

Hgs(r) ............................................................ Ground state Hamiltonian.

2 B G T Time-dependent perturbation Hamiltonian.
Lz oottt Electromagnetic dipole moment
Cric (E) oot Linear coefficient in equation of motion
7 P - SR Non-Adiabatic coupling term.

APy weveeeeeeeieii e Hopping probability.
KB Boltzmann constant.

T e ————— Temperature.

XXXI



Al Time-step

B0t veereeseee et Total energy

ELOMO +erveeeerreeseiieeseeieseeseeseseestesnesseeneens Energy of HOMO

ELUMO +-vveeeveenreenneeie e Energy of LUMO

EJg eeeeane et ettt Excited occupied state energy

ettt ettt reeae e Excited unoccupied state energy
Eg oo Bandgap

OL/B et Axis angle

E2p(O]R) oo, Reduction potential

AGreq(aq) - eereeeeresersmseieeieieisiseee e, Gibbs free energy of redox reaction
AG thorm eeeeeseereemsenenenineseeiese e Thermal correction to enthalpy change
DGy eveeneeaeeiraieiiiesieeiesie s s e e Solvation free energy

S s Overlap matrix

Pry frag e Projected density to a fragment
D Degree of charge transfer

P e Population of electron

P et Population of hole

IN s Gaussian normalization factor.

O ettt Linewidth of the Gaussian.

XXXii



1. INTRODUCTION

Particles with a dimension in the nanometer (10" m) scale are usually referred to as
nanoparticles. Although extensive studies are done in the recent few decades on synthesizing and
applications of nanoparticles, naturally found nanoparticles had been used in different
applications since the ancient era. Naturally found nanoparticles include inorganic compounds
(metals, iron oxides, copper compounds) and organic (proteins, viruses, polysaccharides, etc.).
The most prominent use of nanoparticle was the Au metal nanoparticles as a pigment on the
glass surfaces (Figure 1.1). Double layers of dispersed Ag and Cu nanoparticles were used to
create a lustering glaze on the glass surface.! Ancient Chinese, Egyptian, and Romans knew the
application of metal clusters for decorative applications.? People in Indian civilization knew the

application of metal nanoparticles to cure diseases like arthritis.

Figure 1.1: Stained glass in Roman Cathedral and Lycurgus glass from the 4" century AD
roman era. Courtesy: www.britishmuseum.org and Freestone et al., Gold Bulletin, 40, 270-277
(2007)

1.1. Common Properties of the Metal and Semiconductor Nanoparticles
The significant scientific step was taken about 150 years ago when Michael Faraday
synthesizes the Ruby color Au nanoparticles, although the chemistry behind this feature was

unknown. In the middle of the 20" century, American physicist Richard Feynman’s famous



lecture entitled “there is Plenty of Room at the Bottom” opened the door of tuning properties of a
material by controlling the size instead of altering the compositions. Faraday’s Gold
nanoparticles size was 6+2 nm.>* The emission of bulk metals is very weak, but quantum yield
drastically increases due to metal clusters size reduction to the nanometer scale. Therefore,
Faraday's gold nanoclusters' bright ruby color emission was a result of the strong surface
plasmon of metal nanoclusters. The plasmon energy from the collective electron oscillation can

be treated by classical electrodynamics.>®

nez
ha)p = m_so (11)

Where, w,, is the plasmon frequency, n is the electron density, &, is the free electron mass.

(a) (b)
Illllllll!IIIlllll!Illllllll I
1nm i 10 nm IO(I)Inm
T

#  Gold nanoclusters  Goig Nanoparticle
Organic Metal 1-2nm) (3-100 nm)

Bulk Gold

Quantum size Plasmonic
effect

“€— Molecule —> <€— Molecular-like —> Metal

Au nanoclusters (< 2nm) show different properties and structures from their
larger metallic / plasmonic Au nanoparticles (> 3 nm)

Figure 1.2: (a) Evaluation and the Au nanoclusters' different properties with decreasing the
nanoparticle size. Au metal shows the plasmon emission as an organic molecule like bright
emission based on the clusters' size. (b) The original ruby color nanoclusters of Au; synthesized
by Michael Faraday in the 1850s.

However, bandgap energy becomes large, and emission energy becomes a single
electronic state excitation dependent when the nanocluster's size is reduced to nm to the sub-nm
range. Figure 1.2 is showing the evaluation of optical properties with the nanoparticle size. In
the case of gold nanoclusters, the broad plasmon absorption spectra turn to discrete absorption

spectra in clusters smaller than 1.1 nm, one of such examples is thiol passivated Augs.”8
2



Similarly, Ag and Au metal nanoclusters of smaller than 25 atoms show characteristics
optoelectronic properties dominated by the precise size and geometry.

Small metal nanoclusters are fundamentally different from the spherical semiconductor
nanoparticles. If semiconductor nanoparticles size is smaller than the exciton Bohr radius,
guantum confinement plays a dominating role in determining the optoelectronic properties due to
their isoelectronic feature.®° In contrast, the electronic structure and optical properties of small
metal clusters are dependent on the detailed structure of the nanocluster. Therefore, few atom
size metal nanoclusters are considered as molecular metals.*% As such, metal nanoclusters are
prepared by passivating large organic molecules or macromolecule templates, like single-strand
DNA (ss-DNA). On the other hand, a semiconductor nanoparticle or nanocrystal is a small
crystal fragment of materials with the bulk crystals structure of the materials — a typical size
ranges from 1-10 nm. After Feynman’s prediction in 1959, A.I. EKimov of the Soviet Union and
Louis Brus, Michael Steigerwald from Bell Labs, first realized that the fundamental
optoelectronic properties of semiconductors change at the small size regimes.>*® Although
semiconductor nanocrystals have bulk crystal lattice, it has significant surface reorganization due
to the quantum confinement. Therefore, surface passivation by organic and inorganic molecules
is used to stabilize and prevent the colloidal nanocrystals' dangling surface bond.

Despite the fact that the ligands are used for passivating both metal and semiconductor
nanoparticles, it also used to tune and functionalized the nanoparticles. Silver nanoclusters
behave as fluorescent emitters when coordinated and stabilized by a single strand DNA.*
Oligonucleotides typically with 10-30 bases locally concentrate Ag* cations®® and facilitate the
assembling of chemically reduced silver in the form of nanoclusters encapsulated in DNA

(DNA-AgNCs).1 1621 sych DNA-AgNCs demonstrate emission at the range from visible to



near-infrared (n-IR) wavelength with high quantum yields'® 22 up to 90 %, and lifetimes* 2326 of
1-5 ns. These data demonstrate that DNA—AgNCSs have excellent optical properties while
possessing high photostability and low toxicity, making them more appealing in biological
applications than organic dyes and semiconductor quantum dots.?”-*! Such applications include
DNA-AgNCs use as highly sensitive sensors,>3* fluorophores in bio-imaging®-3¢ (especially
beneficial at high background interferences®’), and in vitro and in vivo nanothermometry.®
Similarly, semiconductor QDs are tuned and functionalized for high quantum yield®, broader
absorption energy range*®-4!, narrow emission*?3, carrier multiplications**4¢, and many other
applications.

Single strand DNA (ss-DNA) works as templated in Ag nanoclusters, but it also
dominates the structural and electronic properties. Electrostatic dipole and surface interaction of
ss-DNA with metal nanoclusters are used to tune optoelectronic properties. Similarly, the dipole
of the organic ligand and the surface states determine the electron transfer dynamics in the
electron acceptor-donor system, e.g., PbS QD- PDI model. Besides, PbCl> molecules are used as
a bridging molecule between the PbSe QDs to synthesize thickness controlled nanoplatelets.
Both ss-DNA and PbCl> work as templates for the metal and semiconductor nanoparticle
synthesis, but its effects on overall photophysics are different. Ss-DNA influences the overall
nanoclusters’ geometry and optical transitions. On the other hand, PbCl> creates an interface in
PbSe lattice, which influences the excited carrier dynamics. Considering the importance of
ligand and templates molecule, we have studied both surface and interface effects on the

photoexcited process in Ag metal nanoclusters and Pb and Cd chalcogenide nanomaterials.



1.1.1. Electronic Properties of the Confined Nanomaterials

When the particle size is smaller than the Bohr radius, confined materials are comparable
with the famous example from quantum mechanics — “a particle in a box.” Solving the
Schrodinger equation for the wavefunction, which is confined in a deep potential, would result in
quantized and widely separated discrete energy states as molecular orbitals in molecules. Since
an electronic wavefunction is confined in a small volume, electronic states' energy significantly
changes in response to changing the confined volume. Metal nanoclusters can be considered
metal molecules with size and structure-dependent electronic and optical properties. Inspired by
the continuous electronic state of bulk metal, Kubo suggested that energy level spacing in a

metal cluster of N atom can be determined by —

(1.2)

Sl

Where Er is the Fermi energy of the bulk metal. Later, Na clusters electronic states
explained by Jellium electronic model of metal.#” Ag and Au nanoclusters are synthesized by
stabilizing using thiolate*® or macromolecules like polymers,*-? single-strand DNA (ss-
DNA), 1451 proteins®2-*3, Because of metals’ molecular features, discrete electronic levels are
perturbed by the ligand passivation. The base sequence of the ss-DNA dominates the
nanoclusters' structural symmetry, hence the electronic properties.

Similarly, the electronic properties of confined materials can be tuned by the size of the
nanomaterials. Semiconducting materials with a large exciton Bohr radius permits a wide range
of tunability of electronic states and bandgap energy; for example, the Bohr exciton radius of
PbS is 18.0nm®*, PbSe is 46 nm®°, GaAg is 14.90nm®, and CdSe is 5.4nm®’. Bohr exciton radius

is the maximum distance where an excited electron and hole feel Coulombic attraction. As such,



the composition and the volume dominate the photophysical properties of nanomaterials.
Therefore, Pb chalcogenide nanomaterials (PbS, PbSe, PbTe) emerged as a promising material
for photovoltaic applications %89, light-emitting diodes,%°-%! lasers®?-%, field-effect transistors®
etc.

Due to the small volume of spherical QDs, the surface-volume ratio is large in a low
dimensional nanomaterial, especially in 3D confined QD and metal nanoclusters.®® Although the
core of QD retained bulk lattice crystal, surface and interfaces are deformed from the bulk lattice
and result in a reactive surface. In the experimental case, the relatively reactive surface of the
nanomaterials is passivated by the different organic and inorganic ligands to improve stability,
solubility and to remove dangling bond®%". Despite the positive impact of surface ligands,
improper ligand passivation could cause the surface trap states,®®%° dangling bonds, which
reduced the device efficiency.®® Besides, the electronic energy of a QDs would alter in the
presence of surface ligand dipole.”® These effects open the door to tune the occupied and
unoccupied state's energy, as such the bandgap.’® " The electronic band and energy alignments
engineering would facilitate the hot carrier and energy transfer between the nanomaterials and
functional chemical group, which would increase the efficiencies of optoelectronic processes.’*
Overall QD-dye structural feature dominates the frontier band alignment, as such electron
transfer. In chapter 4, we have shown the effects of ligand dipole and structural features on the
electronic structure of the perylene diimide (PDI) functionalized PbS QDs.

1.1.2. Structural Variation of Nanoclusters

Because of the quantum confinement, the structure and composition of nanoclusters

dominate the photophysical properties. Thiolate, polymer, or DNA encapsulated Ag clusters are

formed by the agglomeration of chemically reduces Ag ions. Adsorbing thiolate on the



nanocluster surface prevents the nanoclusters' growth and stabilize the nanoclusters. In the case
of DNA passivation, tertiary structure and nucleobase sequence dominates the Ag nanoclusters'
structural feature. Because of the few atom sizes, structural symmetry determines the sparse
electronic states, and it is perturbed by the nucleobase. Hence, the electronic and photophysical
properties of the encapsulated nanoclusters are mostly dependent on the nucleobase and Ag
nanoclusters interactions.

The other most common nanomaterials are ligand passivated spherical semiconductor
QDs. Cd and Pb chalcogenide QDs are synthesized using long-chain aliphatic ligand- oleate
acid’?, hydrophilic ligands like thiolate ligands®, or inorganic Pb halide ligand”"* and many
others. Although ligand passivation minimizes the surface dangling bond, to achieve the ideal
passivation in the colloidal solution medium is almost impossible. Instead of organic or inorganic
ligand, semiconductor QDs can be covered with a non-identical semiconducting material layer.”™
Usually, this type of QDs known as core-shell QDs’®. Core-shell structure substantially improves
the photoluminescence efficiency’” by confining the hot carrier in a small core volume’®7° and
minimize the surface dangling bond results of the rigid shell surface. ’® The interface also
dominates the optoelectronic properties of the core-shell structure.® Interfacial trap state®?,
spatial localization of e-h states®, and the potential interfacial barrier®-# would determine the
overall efficiency. Although it is reported that the quantum yield of the Cd and Pb chalcogenide
is improved, the realization of a practical photovoltaic device from the core-shell structure would
be challenging because the shell is acting as a barrier of core localized hole transport. Recently a
cation exchange synthesis method is reported for the Janus type PbSe|CdSe spherical QDs.%
Using the Femtosecond transient absorption, Kroupa et al. hypothesize that the Janus type

architecture of PbSe|CdSe QDs would improve the multiexciton generation efficiency in



compared to PbSe QDs.% The dielectric field in spherical QDs are homogeneous, but increasing
the spatial dimension of nanocrystal would create the asymmetric dielectric field. NPL should
have a higher dielectric constant than spherical QD but lower than bulk semiconductor. So,
thickness control would use as a tool to control the exciton Coulomb interaction in the NPL.
1.2. The Key Role of Surface and Interface in the Application of Nanomaterials

1.2.1. Effects of Surface Passivation of Metal Nanoclusters Electronic Properties

The structural and optical properties of DNA-AgNCs have proven to be challenging to
control, as they can adopt a wide variety of shapes, sizes, charges, and conformations, which
change with the DNA sequence,'* as well as its secondary structure.?* 87-%1 The molecule-like
(discrete) electronic structure of DNA-AgNCs is very sensitive to variations in their
conformations, oxidation state, and binding sites interacting with DNA bases leading to
significantly different optical and catalytic properties of specific clusters.®>® In particular, DNA-
AgNCs usually exhibit multiple absorptions and emission peaks that do not correlate to
structured continuum feature.®” % The variations in emission wavelength upon changes in the
excitation wavelength together with the increase of the average decay time as a function of
wavelength in DNA-AgNCs® have been related to different emitters, due to inhomogeneous
changes of the conformation of the AgNC or the DNA scaffold.*®*” Nonetheless, it was also
found that certain shapes and sizes of AgNCs are more stable at the given DNA length,5% %
sequence, 1415 17.22,25,87, 89, 100-101 anq synthesis conditions, including variations in Ag*
concentrations,'® 12 pH,102-103 and types of oxidizing-reducing agents.** 1% As such, the
stoichiometry of AgNC and, consequently, their electronic structure and optical spectra can be

controlled to some degree by altering the DNA sequences.



1.2.2. Effect of Surface Passivation of NC

Discrete energy levels are expected to reduce the intraband relaxation rate of an excited
carrier due to the energy mismatch between the longitudinal optical phonon (LO) and intraband
energy difference'®. Electronic absorption spectra analysis of the various QDs had shown that
the splitting is about ten times larger than phonon frequencies.'® These well-separated discrete
intraband energy relaxation occurs only when an excited electron (hot-e) is coupled with

multiple phonons*®’

. This multi-phonon process is required to meet energy balance and
resonance with multiple phonon*®’, which significantly reduces the hot carrier relaxation rate'%;
thus, this phenomenon is known as the phonon-bottleneck.'%® Despite the expectation of slower
relaxation due to the phonon-bottleneck, time-resolved spectroscopies of Pb and Cd
chalcogenide nanomaterials show the fast relaxation in the range sub-picosecond to
picosecond.1%114 These theoretical and experimental results suggested that hot electron and hole
dissipate the excess energy mainly via two mechanisms - through a non-radiative decay via
surface originated states.!' 15116 and the Auger scattering-type process.''% 17 An off-
stoichiometric surface passivation increases the relaxation via intermediate states, while the
optimal number of surface ligands ensures the semiconducting behavior of the QDs without no
midgap.'*® Crystal mismatch and surface passivation of the nanomaterials creates a dangling
bond of overlapping between the surface and core state.**®? |t increases the coupling between
hot carrier states in core and the higher frequency surface phonon mode.*> 12° Qverall, phonon
bottleneck breaks by energy dissipation of the high energy state through phonon and via the
multi-phonon process in the frontier orbitals.*?%1?! The fast intraband relaxation would be

beneficial for making the device like light-emitting diodes (LED). But if ligand or surface layer

generates trap states, hot carriers are trapped in surface originated trap states.'?? QD start



blinking due to the charging and discharging of the trap state,*?3'2* which reduces the
photoluminescence yield of the QDs.'?2
1.2.3. Properties Governed by an Interface in Semiconductor NC

In the core-shell QDs, an interfacial strain is formed due to the lattice mismatch, which
results in an interfacial “trap state”'??. A thick shell and interfacial alloying layer eliminate the
interfacial trap spate.’® 12> Besides the surface originated states, the Auger scattering process
dominates the hot carrier relaxation process in QDs.1% Spatial separation of hot electron and hole
is an efficient process to reduce the Auger decay rate.* In core-shell QDs, an interfacial layer
determines the hole and electron wavefunction overlap. Time-domain spectroscopic of the
CdSe/CdS QDs show that core localized hole has a minimum overlapping with the whole QD
localized electrons, and which suppress the Auger decay rate by reducing the e-h overlap. *? But
the overall Auger decay time depends on the characteristics of the interfacial layers. A thin shell
or sharp interface would have a sharp potential difference between core and shell localized
states. Smoothening the confinement potential by creating an interfacial alloy could reduce the
overlap between initial and final states for the hot carrier.®® a thick shell of CdS with a smaller
core of CdSe create an interfacial alloy CdSexS1.x layer at the interface and smoothen the
confined potential between CdSe and CdS.2% The alloyed layer suppresses the biexciton Auger
recombination rate and improves the overall emission efficiency.

The interfacial layer has a different role in the Janus type heterostructure. Kroupa et al.
hypothesize using the spectroscopic result that the higher energy hole can be trapped at the
interfacial state, which slows the relaxation process significantly.8%¢ Reduced intraband
relaxation rate, higher exciton Coulomb interaction due to an asymmetric structure would

increase the carrier multiplication® (Detail discussion in sub-section 1.3). But the formation of
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interfacial states and its dependence on lattice symmetry is still unknown. ab initio study on the
effects of PbSe and CdSe lattice and interfacial lattice plane on the electronic properties of Janus
PbSe|CdSe QDs will help to understand the role of the interfacial states in the photophysical
process. In chapter 6, we have shown the effects of lattice parameter on the electronic properties
of the Janus QDs.
1.3. Role of Intraband Relaxation in Application of Nanocrystals

1.3.1. Effects of Phonon Mediated Hot Carrier Relaxation

The hot carrier cooling process, especially in QDs, studied extensively both
experimentally and theoretically. Despite discrete widen electronic states in 3D confined
nanoclusters, electron-phonon coupling mediated energy dissipation play an important role in
non-adiabatic energy relaxation of the hot carrier. Bulk semiconducting materials have strong
electron-phonon coupling, especially with the longitudinal optical phonon, compared to the
confined NC. Kilina et al. predicted that the multiphoton relaxation through the strong coupling
with acoustic phonon.'? A pump-probe spectroscopy suggested that the hot electron relaxation
depends mainly on the degree of surface passivation while hole relaxed through the intrinsic QD
state or intrinsic surface state!*%2°. Acoustic phonons are lower in energy phonon mode, which
is mainly correspond to surface originated state. It is confirmed by the Huang-Rhys factor
dependence on the surface-volume ratio in the PbSe and CdSe QDs. As a result, surface
localized excited state originated from the dangling bond or off-stoichiometric surface increase
the electron-phonon coupling in QD. Theoretical calculations of the PbSe and PbSe QDs show
that the energy dissipation dynamics of both electron and hole are dominated by electron-phonon
coupling of the acoustic phonon mode along with the smaller coupling with optical phonon mode

in the energy range of 150-300 cm™. A Raman spectroscopy suggested that the optical phonon
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modes are the results of thermal fluctuations. Other effects of higher acoustic phonon coupling
are that it accelerates the dephasing rate. Theoretical studies show that dephasing time is
elongated due to increasing the QD size, which results from lowering the acoustic phonon
coupling.

Two-dimensional CdSe nanoplatelets have narrow emission linewidth, which indicates
the low longitudinal optical phonon interactions. The computational study predicts the low
dephasing rate due to the lower acoustic phonon coupling.**° But the considered model was
anatomically ideal flat NPL. On the other hand, thickness controlled NPL synthesis is reported
by PbCl; bridging between the PbSe QDs. It incorporates Pb halide molecules in the NPL lattice,
which would create a surface or interface localized states. In chapter 5, we have shown the
effects of the confinement and incorporated PbCl> molecules in NPL.

1.3.2. Effect of Hot Carrier Relaxation: Auger Recombination vs. Carrier Multiplication

The second energy dissipation process is an Auger type process, where efficient e-h
energy transfer takes place in quantum-confined nanomaterials due to the strong Coulomb
interaction between the excited carrier (e,h).1%8119126 The valance band’s density of states is
denser due to the heavier hole effective mass and degeneracy in the valance band states.%® 110 In
results of that, energy from the excited electron (hot-e) can transfer to the hole, and excited holes
(hot-h) energy can dissipate very fast through the phonon coupling, which overcomes the phonon
bottleneck. Another multicarrier process is Auger recombination in which e-h in the frontier
bands are recombined and transfer the energy to the third carrier and excite to the higher energy
state. 8 131 Auger recombination process is inefficient in the bulk semiconductor materials
because it requires translational momentum conservation along with energy conservation.**? But

due to the small dimension of the confined nanomaterials, the Bloch states are in defined
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momentum, which relaxed the momentum conservation constrain'®3* and increases the Auger
scattering rate. Although the fast intraband relaxation and Auger scattering process could be
beneficial for the applications like light induce diode®® '*° and lasing®:*%, it has adverse effects
on the photovoltaic applications.*3¢-137

Although Auger scattering is reported in Pb chalcogenide nanomaterials, Pb chalcogenide
nanoclusters (NC) become a promising material for application in a photovoltaic cell (PVC)
because of the higher carrier multiplication (CM) rate.**3134138 CM is an inverse process of
Auger scattering where an electron excites to the frontier conduction band by absorbing the
excess energy of a hot carrier and created multiple pairs of hot carriers. Since more than one pair
of hot carriers are generated by absorbing a single photon, intrinsic quantum yield in the
photovoltaic application could exceed 100%. Because of a similar mechanism, CM is also
referred to as inverse Auger scattering,'® multi-exciton generations (MEG),4%4! impact
ionization.'#?

Similarly, both the Auger process and CM rate of semiconducting materials are governed
by the same Coulomb matrix element'*® while the rates are not equal as the densities of the initial
and final states in either process are not identical. Overall, the CM rate competing with the rate
of the phonon mediated relaxation and the Auger scattering rate.*?® 143 Several quantum
chemical-based models are proposed to determine the CM, but spectroscopic results inspired the
window-of-opportunity model to describe the CM rate satisfactorily where CM treats a
competition between the impact ionization and non-CM process.**® The CM rate, 7; is defined as
N X (E; — Eien)/(KcoorTem), Where Ty, is the time scale for a single CM process, and k.,

is the intra-band cooling rate, E; is the carrier energy and E; ,p, is the minimum energy to initiate

a CM process. Therefore, the CM rate be modified by tuning k.,,; Or T Or both. Although, a
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single CM time 7, decreases with decreasing nanoclusters size,'** spectroscopic study of PbSe
QD suggested that cooling rate is inversely proportional to the nanoclusters volume k.,,;
R~3 110114145 Considering the effects of the CM time scale and intraband cooling rate on overall
multiexciton yield, one can design a nanocluster of high CM yield with slower intraband
relaxation engineering.

In the case of CdSe QDs, a hot hole is much more massive than the hot electron, as such
hot-electron energy efficiently transfers to the hole and hot hole relaxed through the denser
valance band state.!6147 In contrast, PbSe has almost symmetric valance and conduction band
density, which makes hot-electron to hole energy transfer inefficient. Besides, intraband
relaxation in PbSe is less susceptible to being affected by the surface state in comparison to CdSe
QDs.*21 148 Qverall, Auger type cooling dominates in CdSe QDs while PbSe QDs shows size-
dependent activation of the cooling channel.}*4
1.3.3. Effects of Confinement and Spatial Separation of e-h on Carrier Relaxation

Core-shell type QD with a thick shell is an example of engineering the hot carrier cooling
mechanism. An electron of this quasi type Il QD is delocalized over the whole volume while the
ground state hole wave function is strongly confined in the smaller PbSe core, which results in a
larger energetic gap between the hole state immediately below the band edge. Wider energy gap
reduces the hole relaxation due to the phonon bottleneck and further decreases due to the limited
wavefunction overlap between the shell localized and core localized frontier hole states. In
addition, core localized valance band carriers (1Sh) experience stronger Coulomb coupling due to
smaller spatial separation, which increases the overall CM rate.*

Modification of nanoclusters shape (0D, 1D, or 2D) is another efficient method of tuning

charge carriers’ intraband relaxation. Elongation in 1 dimension (1D nanorod-NR) let quantum
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confinement in two directions and reported different carrier-carrier interaction and carrier
cooling rates. Due to elongation in one dimension (1-D NR), NR is expected to have a denser
density of states. Moreover, due to the structural anisotropy, NR has an asymmetric dielectric
field in surrounding in comparison to the colloidal spherical QDs. NR has a lower dielectric
constant, and it results in stronger carrier-carrier Coulomb interaction. The dielectric constant of
the PbSe semiconductor is in order of magnitude higher in comparison of solvent or organic
ligands. Despite the enhancement of the Coulomb interactions in the PbSe NR, Padilha et al.
reported that the Auger recombination rate is decreased in 1D PbSe NR than QDs, but it was
found that CM rate is higher in 1D NR.* This contradictory result is rationalized by considering
the opposite initial and final state in these two processes. Due to the stronger Coulomb coupling
between the relaxed e-h pair, Auger recombination is not a three-particle collision process in NR
as it is in QDs. Auger recombination in NR is a neutral biexciton process and, as such, decreases
the Auger recombination rate.3® Besides, CM rate is optimal in a particular aspect ratio of the
length and diameter of the NR.** Increasing the dimension from the spherical QD shape
increases the Coulomb interaction, but bulk like momentum conservation becomes a dominating
factor after a certain aspect ratio.

Similarly, NPL also should have higher Coulombic effects from structural anisotropy,
and higher density of states in addition to momentum constrain. %> However, structural
anisotropy and momentum conservation can be tuned by tuning the lateral dimension and
thickness ratio.®*1°2 In addition, a larger volume along the planner surface would be beneficial
for tuning spatial separation of the hot carrier. Higher than bulk CM efficiency and lowering the
threshold energy compared to bulk are reported in PbS NPL.** In another method, PbSe NPL

synthesized by oriental attachment of PbSe QD by CI-Pb-ClI bridging on (110) facet and grown
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in (100) lattice direction.'® The effects of the PbCl; bridging molecules on the hot carrier
relaxation process is still unknown, although later method gives more control on the orientation
of the lateral dimension and thickness.
1.4. Tuning the Photoluminescence of DNA Templated Ag Clusters

It is reported that Watson-Creak type pairing through Ag* bridging can stabilize the
double-strand DNA and form elongated nanorod clusters.” 15415 Single-strand DNA typically
results in brighter DNA-AgNCs by forming a loop around the cluster.* ° |t was recently
detected that different lengths of repeated C2A and C.T strands identify a minimal (C2X)s (X=G,
A, T) scaffold that stabilizes the (Ag10)®* chromophore absorbing between 400—450 nm.*®’ This
points out that AgNCs of a certain stable stoichiometry can be coordinated via multiple
nucleobases.

In the case of homo-oligonucleotide, cytosine (C)?> 102 158 and guanine (G)*®® strands
have been reported to form highly emissive DNA-AgNCs. Clusters formed with thymine (T)
strands emit only at the controlled oxidation state,** % while adenine (A) strands do not result
in emissive clusters.>™ 18 Therefore, adenine (A) is typically used as a spacer between nucleotide
sequences. Computational calculations also support these results predicting higher affinity of the
cationic silver to C**° and G*®° nucleotides forming coordinated bonds with their nitrogens.®*
Similar to the emission energies, the intensity of the emission also depends on cluster-based
interactions. Due to the highest reduction potential among nucleotide bases, G-Ag interaction
could increase the hybridized charge transfer character of the lowest energy transitions, which is
expected to increase the intensity of the emission.>! 162 Despite these extensive studies,

identification and controllable manipulation of the structure, size, and shape of DNA-AgNCs are
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still in dispute. Overall, the rigorous relationship between structural conformations and the
optical response of DNA-AgNC:s is still unclear.
1.5. The Objectives of this Thesis

This dissertation is focused on studying surface and interface effects on the ground and
excited state photophysical process of the metal and semiconductor nanoclusters. As we have
discussed in the above section, surface and interfacial state have a dominating role in the
photophysics and excited-state dynamics. It is required to understand the surface and interface
effects to tune the photophysical process. We have used ab initio computational methodology to
study the relationship between the passivating ligand, structure, lattice symmetry, interfacial
layer, and photophysical process of the Ag nanoclusters and Cd and Pb chalcogenide.

Ag clusters are synthesized in a bottom-up process, where reduced Ag cation
agglomeration and form small clusters. Photophysical properties are dominated by charge, size,
structure, oxidation state, Ag-N interactions, and many others. Complementing experiments,
quantum chemistry calculations can provide important insights into the interaction mechanisms
between the DNA bases and AgNCs and their effect on the electronic structure and the optical
response. However, literature reports on such calculations are still limited. Reported studies are
mainly focused on the impact of a charge and/or size of small AgNCs (of 2 to 6 atoms in size) on
the interaction with a specific DNA base (either C>° or G16% 16%) The effect of a base type on the
interaction with AgNCs has also been studied computationally.*>® 1 In all cases, however, the
stability and optical spectra of DNA-AgNC have been modeled for clusters bound to only one
type or a pair of bases in a vacuum, rather than clusters completely encapsulated by different
bases in a polar media, as it takes place in experiments. Moreover, core Ag metal clusters’

symmetry could be modified significantly in the polar solvent conditions, as such electronic
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structure cannot be described adequately by simple electronic shell stabilization model.®*
Samanta et al. previously reported the importance of inclusion of complete nucleobases model*%°,
A single strand DNA was used in the calculation but strand of only identical nucleobases. In
addition, absorption spectra are predicted by the imaginary part of the dielectric constant
obtained from the ground state density matrix. This simplistic approach is not enough when the
exciton binding energy is large in small metal clusters.*6®

Motivated by the idea of improving the DNA-AgNCs models to better suit realistic
structures, here we present calculations based on Density Functional Theory (DFT) and Time-
Dependent DFT (TDDFT) of AgNCs fully passivated by various DNA bases, including their
mixtures, reduction potential, size dependency, in a polar environment and compare results to
the vacuum calculations.

The overall charge and formation of the clusters should depend on the redox potential of
the Ag clusters. It was reported that the Ag nanoclusters have negative Redox potential when
nanoclusters formed, and it varies significantly based on the size and charge. Accurate
calculation of redox potential also depends on the structural feature and solvation methodology
adopted. In chapter 3, we have answered the effects of the solvation method on redox potential
calculation and the most probable oxidation state in a reaction medium. We also elucidate the
effect of conformations, charges, and a polar solvent on the optical spectra of DNA-AgNCs.
Besides, the evaluation of photophysical properties with the Ag NC size is also investigated. In
the last section the chapter 3, we have answered that what are the required descriptor to predict
or making a QSAR model predict the lowest transition oscillator strength.

In chapter 4, we have studied the electronic properties of the cinnamic acid derivative

passivated PbS QD — PDI model. Perylene diimide (PDI) and its’ derivatives are promising for
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optoelectronic devices for their high absorption cross-section, strong electron acceptor, and good
conductor in solid. Efficient electron transfer from Pb chalcogenide QD to PDI derivatives would
be beneficial for the application in PVC. Electron transfer from PbS QD to PDI largely depends
on QD and PDI localized state. We have investigated how the PDI linker group and PDI-QD
surface-interaction tuned and optimized the photoexcited electron transfer process.

Higher efficiency PVC is already made from PbSe NCs. The CM efficiency would be
even higher in the PbSe nanoplatelets. Koh et al. reported the synthesis of thickness controlled
PbSe NPL from the PbCl; passivated PbSe QDs.*>? But what are the effects of PbCl;
incorporation in the NPL lattice on the excited state carrier relaxation is not understood yet. In
chapter 5, we have studied the effects of PbCl. in the NPL interface and the effects of
confinement on hot carrier dynamics. We use the Fewest Switching surface hopping method to
simulate the phonon mediated excited electron and hole relaxation process.

The next interface type we considered is the interface between PbSe and CdSe lattice in
PbSe|CdSe Janus type QDs. Due to smaller offset between the PbSe and CdSe localized
unoccupied band, PbSe|CdSe can form either type I or type Il structure based on the interfacial
layer. Hot carrier relaxation and overall dynamics are dominated by the characteristics of the
interfacial layer in Janus QDs. In Chapter 5, we have studied the lattice structure variation of the
Janus QDs and its’ effects on the interfacial electronic states. These results will help to design
and control the Janus QDs’ photophysical properties.
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2. THEORY AND METHODOLOGY
Accurate electronic structure prediction is the first and most important step to predict
physical and optoelectronic observable of a material. We have used different ab initio and
statistical methods in this disquisition to compute the structural and photophysical observables. It
is important to take these theories and approximations into consideration to analyze and correlate
the predicted observable with the experimental results. As such, all the considered methodology
and approximations are discussed in this chapter.
2.1. Ground State Optimization of a Many Electron System
2.1.1. Solving a Many Electrons System
The big goal of the computational chemist community is to solve the Schrodinger
equation for a many-electron system —
AY = E¥ (2.1)
where W is a total wavefunction of n electrons. The wave function ¥ can be written in terms of n
single-electron antisymmetric wavefunctions —
W =1, Py Pz e Py (2.2)
U, is the single electron wavefunction and orthogonal. H is the Hamiltonian operator which can

be expressed as follow which consist of both kinetic and potential operator —

M,N
2 i=1 me 2 k=1 M 2 i#j |rl - r)l 2 |Tl - ‘r}l ki |rl - Rkl

The first and second terms are the kinetic energy term for the electron and nuclei; the
third and fourth terms are the Coulomb interaction of the electron-electron and nuclei-nuclei,
respectively, and the firth terms are the electron-nuclei interaction. The Hamiltonian is very

complex for the many-electron system that solving the eq (2.1) for the eigenvalues is numerically
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impossible. Therefore, several approximations have been considered to calculate a many
electrons system.

The first approximation is electron and nuclei motion of a many-electron system that can
be treated separately due to their significant mass difference known as Born-Oppenheimer
approximation (BOA). This approximation allows us to simplify the Hamiltonian by ignoring the
nuclei kinetic energy. And simplify the wavefunction by decoupling the nuclei wavefunction

from the electron wavefunction.?

M,N
RO 1 e? 7, e?
IS
2 gme Ziqtj 75 = 7l K0 I = R
H= T(T‘) + U(T) + vext(r: Ro) (2.4)
And,
¥Y(ri, Re) = Y (i {R}) (2.5)

The next approximation is that ¥ is defined as a product of single-electron orthonormal
wavefunction, which simplifies the computation and restricts the overlapping between the
wavefunction. The third approximation is the Pauli exclusion principle. Electron degenerate
wavefunction is restricted by electron spin; as such, it reduces the number of wavefunctions
required to calculate the electronic structure of a compound.

2.1.2. Hartree-Fock Method

One of the simplified computational methods to solve the eg-2.1 is the Hartree-Fock (HF)

method, where the Fock operator of a single determinantal wavefunction v; is defined by a

single electron Hamiltonian with an electron Coulomb and exchange operator.

F(yi;) = H; + 2(2);; — Kij) (2.6)
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In the eq-2.6 J;; capture the electron-electron Coulomb interaction between the i""and j
electron, and K;; calculate the electron exchange interaction. However, the Fock operator does
not include the full correlation interactions; as such HF cannot reproduce very accurate
electronic properties.

2.1.3. Hohenberg-Kohn Theorem

Considering the density of a many-electron system instead of a single-electron simplify
the calculation and increase the accuracy. Density Functional Theory (DFT) used ground state
density to describe the electron wavefunction and hence observable. DFT is based on two main
postulations. The First Hohenberg-Kohn theorem is that the ground state density (p,) of a many-
electron system can be used to calculate the corresponding ground state wavefunction,

Yo(ry, 15, ... 7,,).2 The second Hohenberg-Kohn theorem stated how one density term would
produce a wavefunction of n variable. It stated that a ground state density map to a wavefunction
1, Which should have the universal lowest energy.?

Ground state density of an electron system can be represented by -

po(r) = ff ...fll/)o(rl,rz, ) |2drydry ... dry, 2.7)
And the ground state energy of the system is —
Evo = min {po|T(r) + U(r) + Vext (r, Ro)[iho) (2.8)

Where E,, , is the ground state energy in the potential V., which has ground state wavefunction

1, and ground-state density is p,. Equation 2.8 can be written for an arbitrary density p —

Bolp] = pinplT@)+ D@} + | drpeIve) 2.9)

The density in p in equation 2.9 is some arbitrary electron density. Equation 2.9 has
variational properties. If  is not ground state wavefunction,
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Ev,O[pO] < Ev[p] (2-10)
2.1.4. Density Functional Theory (DFT): The Kohn-Sham Method?
The Kohn-Sham method transforms a many-body electron wavefunction to a single

electron wavefunction.® Let ¢, is a single-particle electron wavefunction, then Schrodinger

equation is —

hz
( 2 m, + vKS) (pl(rll {RI}) = & (,DL(T‘“{R }) (2.11)

vks IS the effective Kohn-Sham (KS) potential —

s = Vo) + [ ' ) @12
v, IS the exchange-correlation potential. The exact predlctlon of v,. would produce the exact
solution for the Kohn-Sham potential, hence p,. The predictability of the DFT method depends
on the accurate prediction of v, and it should contain all the many-body aspect of calculations.*

The exchange-correlation potential can be defined as —

SExc[p(r)]

5o (2.13)

Uxc (r) =

2.1.5. Local Functional: LDA
Historically, the most important approximation of the functional is the Local-Density
Approximation (LDA).®> The correlation of electron of a many-electron system approximates as a

homogenous interacting electron density. The exchange-correlation energy in LDA is

Buclp] = E2241p] = | drelem(p() (2.14)
Where ellom = ghomghom gnd the corresponding XC potential is —

LDA dexd™ (p)

Uxc [,0] (r) = ap (2.15)

p-p(r)
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LDA is known for systematic error cancellation. Usually, LDA underestimate the
correlation potential (v,.) but overestimates the exchange potential (v, ). Overall, it produces
acceptable results in some cases.

2.1.6. Semi-Local Functional and Beyond

LDA functional describes the density at a point r, but any real system is inhomogeneous
in spatial density distribution. The next approximation is gradient-expansion approximations
(GEA) % it is based on the gradient of the electron density gradient, in the form of |Vp(7)],
|[Vp(r)|? etc. to the LDA. Later, the potential was defined on the general gradient form known as

Generalized-gradient approximation (GGA).’
B0 = [ &1 £(p),70() (2.16)

Since the potential is described as a function of f (p(r), Vp(r)), different GGA
functionals can be designed by fitting the parameter to the test set molecules. The most popular
GGA type functional is PBE"® and BLYP® functionals. The next type of functional is the hybrid
functional, where HF exchange is mixed with DFT exchange. The weight of the HF and DFT
exchange is proposed from some type of benchmarking using empirical results. The two well-
known hybrids functional is PBE0'! and B3LYP*? functional, where 25% and 20% exchange
parts are HF type exchange potential, respectively. PBE and PBEO functional are used in the
ground state calculations of all semiconductor QDs and NPL of this dissertation. The exchange
potential correction can be screened as a function of range r, and the range-correction term added
functional is known as long-range corrected functional. The long-range orbital-orbitals exchange
interaction is described with the HF exchange integral. We have used the long-range corrected
CAM-B3LYP functional®® in the disquisition to study the metal nucleobase passivated metal

clusters.
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2.1.7. Basis Set
Computational application of the DFT is also dependent on designing the appropriate
wavefunction ¢; (r;; {R;}). A basis set is a linear combination of the atomic basis (local basis) or
the plane-wave basis (non-local basis). Atomic centered basis function can be written in terms of
Gaussian and Slater type orbitals.'*
A Slater type orbital (STO) define -
O3 (7,0, ) = NY;, (6, p)r D47 2.17)
And Gaussian type orbitals define as -
P51 (1, 0,3) = NY, (6, p)rn2-De = (2.18)
N is the normalized constant, Y;,, (8, ¢) are spherical harmonic, I, m, and n are angular
momentum component, and T is the radius of the orbital. For example, 6-31G*™ is used in the
all geometry optimization calculation of materials consist of the first two rows of the periodic
table. To minimize the number of the wavefunction in a basis set, the core electrons of heavier
atoms are treated with pseudopotential.*® Core electron of semiconductor elements like Pb, Se,
Cd is treated with pseudopotential basis like LANL2Dz. ¢
On the other hand, the Plane waves basis set define as following where Q is the volume,

and G is defined based on the cut-off energy.

@;(r) = \/% e(16.1) (2.19)
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2.2. Reduction Potential Calculation

2.2.1. Methodology to Calculate Redox Potential

Actual or formal electron transfer is a typical process that leads to oxidation or reduction
of a reactant. Reduction potential is the key tool in electrochemistry to describe the reactant’s
potential to be oxidized or reduced. However, direct measurement of the reduction potential is
sometimes difficult or unfeasible in practice due to their high reactivity or irreversible half-
reaction.!” Standard reduction potential can be calculated in the solution phase by using the
Gibbs free energy of a corresponding half-reaction, based on the thermodynamics cycle, which
includes the free energy of reactants and products in the gas phase and solution phase.

Consider the following reduction half-reaction —

_ AGred(aq)
0(aq) + ne- —— R(aq) (2.20)

Absolute reduction potential in equation (2) can be calculated by using the following

formula -
ES,(0IR) = ~“Credtany @21)
Where, AG,cq(qq) 1S the Gibbs free energy of the reduction half-reaction, n is the number of the
electron transfer, and F is the Faraday constant.
The standard reduction potential of the above reaction is -

Egq(O|R) = Egys(O|R) — Egys(SHE) (2.22)
Where E2.;(O|R) is standard reduction potential and E2,;(O|R) is the calculated absolute
reduction potential of the reaction (1) and E2,(SHE) is the standard hydrogen cell reduction

potential, which is 4.28 Vv 1819
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+ _ AGred (g) 0
[Agncytn]g + e - [Agncytn]g

AGS-'-olvl AGO =0 lAGS(‘)olv
+ _ AGred (water) 0
[Agncytn]water +e — [Agncytn]water

Scheme 2.1: Born-Haber thermochemical cycle to calculate Gibbs free energy AG(red(water)) of
a reaction in water by using the standard free energy of the gas phase reaction, solvation free
energy of reactant and product. Water indicates reaction in the water medium and g in the
gaseous medium.

Gibbs free energy of the reduction reaction is calculated by using the Born-Haber cycle
(Scheme 2.1). So absolute Gibbs energy of reducing or oxidizing agent is -

Gy = Uy + AGenerm (2.23)

Gibbs free energy of the reduction half-reaction in the gaseous phase is -

AGred(g) = Ggo — GJ — Gg(e_) (2.24)

Gibbs free energy of the electron is also needed to consider in our calculation according
to the scheme in Scheme 2.1. There have two thermochemical conventions to calculate the
formation enthalpy of the electron. In the electron convention, where reference standard enthalpy
change of electron is considered as element and enthalpy of formation is considered as zero in all
temperatures. And in the ion convention, the formation enthalpy of the electron is equal to the
integrated heat capacity overall temperatures. The difference between the two methods is the
heat capacity of an electron, and the actual value depends on the statistical thermodynamics
model to treat an electron. If we consider an electron in the gas phase and treat with Boltzmann
statistics at room temperature, Gibbs free energy of an electron is zero, GJ(e~) = 0.00 V. Since
the electron is a Fermion, Gibbs free energy of an electron at 298K in Fermi-Dirac distribution is
-3.6Kj/mole, which is close to zero. As a result—

AGreqcgy = GS — G (2.25)
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2.2.2. Calculation of Solvation Free Energy
The continuum model has been reported for accurate prediction of solvation enthalpy.
Using gas-phase energy of a system, solvation enthalpy can be determined by using the
following equation —
AGgory = Gg — Gsoww (2.26)
If a thermal correction to the Gibbs free energy in the gas and solvent phase are
comparable, equation 2.6 would be
AGsory = Uy — Usor (2.27)
U is the Born-Oppenheimer equilibrium potential energy, where vibrational energy is canceled
out each other in the equation 2.26 and 2.27
In the PCM solvation model?°, a solvent’s true electrostatic terms are calculated from the
bulk dielectric constant of the solvent. The non-bulk electrostatic term is adjusted according to
the requested solvent cavity boundary, but the bulk electrostatic term is sensitive to the cavity
size. It is reported that the SMD solvation method? is more accurate?-?2 than the continuum
model like CPCM model?-%*. Moreover, a gas phase geometry and a solvent phase geometry
reorganization energy affect the solvation enthalpy. Ho et al. suggest the solvation enthalpy
correction if the conformational change is significantly different from gaseous phase geometry.?
AGsory = DG (soln geom) + Uy(soln geom) — Uy(gas geom)) (2.28)
In the sub-chapter 3.3, besides redox potential calculation of Ag nanoclusters, the
geometry and solvation models' effects are investigated.
2.3. Analysis of Charge Transfer Character of Optical Transitions
The ground state molecular orbital (MO) decomposition on the basis of atomic orbitals

reads
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N
o= (229)
i=1

Here, N stands for the total number of atomic orbitals involved in the description of the
system. The MOs obey normalization properties as following
(nlSlen) =1 (2.30)
Here, S is the overlap matrix of atomic orbitals defined as
Sy = (Wilwy) (2.31)

We approximate that S;..; = 0, so that

N N
@alSlg) = D € = (Sl i S| S0 GPwy) = D Cr R ilstwd (232)
i=1

i=j=1
The MOs are projected onto atomic orbitals originating from different fragments of the
system (frag): the Ag clusters (frag=Ag), cytosine (frag=C), Guanine (frag=G) and Thymine

(frag =T) ligands. In this representation, the normalized projection reads:

1 &
Prsrag = Sv—nren zc,?* Cr (2.33)
i=j=1"i 'j X
frag=Ag,C,G,T
z kfragi =N (2.34)
kfrag,i

In TDDFT calculations of the excited state, each optical transition with the energy Enm is
defined as a linear combination of MO pairs i (occupied) and j (unoccupied) contributing with
weight coefficients Am,ij. The spatial electronic density distribution of occupied orbitals (holes)
may be significantly different from those of unoccupied orbitals (electrons), contributing to the
optical transition so that electrons are mainly localized on one spatial fragment of the system

(e.g., on the silver cluster). In contrast, the hole is localized on the other fragment (e.g., on the
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passivated bases). The excited states having a different character of the electron and hole spatial
distribution are called charge transfer (CT) states. The degree of charge transfer, Dm, for each
optical transition m can be defined as a difference between projections of unoccupied (electron)
and occupied (hole) orbitals, Dm =Pe — P, projected to each fragment and represented as
following

Dinfrag = Am i (Pifrag = P rrag) (2.35)
where P; f,q4 is defined by Eq. (vi).

The degree of charge transfer Dy, is plotted in Chapter 3. Negative Dy, indicates the
charge transfer from the fragment, and positive D,, indicates the charge transfer to the fragment.
As aresult, all vertical sticks in related figures are a mirror image of positive and negative
values. A very small |D,,,| indicates that transitions have negligible CT character and metal-to-
metal or base-to-base (n-n*) are dominating features in this transition.

2.4. Excited State Calculations: Linear Response Time-Dependent DFT (TDDFT)

Calculating the excited state energy is an essential tool to predict excited-state
phenomena like luminescence, phosphorescence, and many others. The electronic density
changes in the response of the external potential (v'(t)), and the new density by the perturbation
of small external potential is calculated by the linear response time-dependent DFT (TD-DFT)
method. Runge-Gross theorem?® is the basis of Time-dependent DFT (TD-DFT). The Runge-
Gross theorem stated that two different external potentials cannot produce the same probability

density function if the initial states are similar. 2
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v(t)
v'(t)

p(t) = p'(t)

Figure 2.1: Two different potential cannot give an identical density of an electronic system with
identical ground state density.

Time independent ground-state electron density determined using the variational
principle, and the Runge-Gross theorem can be used to determine the electron density after
external potential. But instead of ground-state density p,, action integral is used to determine the

density under an external potential®’

AP] = fttl dt <¢(r, t)| g_at — A t)|¢(r, t)> (2.36)

2

¢(r,t) is the time-dependent wavefunction, So the time-dependent Schrodinger equation is —

;—at(,b(r, t) = H(r, t)¢(r,t) (3.37)
Similar to the ground state density in the DFT method, equation 2.29 and 2.30 shows that
the action integral need to converge to the zero in the variation method to find the solution of the
wavefunction under the external potential. As the Runge-Gross theorem stated, converging the
action integral will give an exact probability density function.
If a ground state electronic system is perturbed by an external electromagnetic field, the
new Hamiltonian is?® —
H(r,t) = Hys(r) + Hy(r,t) (2.38)
and time-dependent density will be —

p(ry,t) = Pgs t P1 (2.39)
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ﬁgs(r) and p% are the ground state Hamiltonian and density, respectively. A, (r, t) is
the time-dependent perturbation on the ground state Hamiltonian and p(r;, t) is the time-
dependent electronic density. This perturbation arises from the effects of an oscillating electric
field with the electric dipole moment (u,) of an electronic system, which is —
H,(r,t) = —p,Ecos(wt) (2.40)
and,
p1 = p(r;, w) cos(wt) (2.41)
The change of the density from p to p(r;, t), which is known as transition densities, is a
result of electron excitation from an occupied orbital to the unoccupied orbitals. The change in

the electron density upon the excitation is —

8p(1,0) = Y Cap(@)Babi+ Y Coa(@)636, 242)
a,b b,a

Cqp and C, 4 are the expansion coefficient, 6, and 6, are the occupied and unoccupied orbitals
of electronic transitions. The expansion coefficient of this density change can be calculated by

diagonalizing the Casida equation?’ —

[ allyl=erlo 2l 4

2.5. Simulation of Phonon-Mediated Relaxation
One of the main objectives of computational modeling is to predict the experimental
observation. Excited carrier dynamics govern the optoelectronic process in a photovoltaic cell,
light-emitting diode, and others. We used the DFT based time-domain Kohn-Sham (TDKS)?®
and Fewest Switching Surface Hopping (FSSH) method®°-! to study the excited hot carrier (hot
electron and hot hole) dynamics in PbSe NPL and QDs. TDKS based FSSH method provides the

phonon mediated carrier relaxation using a non-adiabatic coupling. We use FSSH on an
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ensemble of trajectories, which ensure the trajectory branching® and detailed balance.*
Trajectory branching describing the phonon correlation with different electronic states.
2.5.1. Time-Dependent Kohn-Sham Theory (TDKS)

The electron density of a many electrons system can be determined by equation 2.7 under

the DFT method, and the electron density in Kohn-Sham?® representation is —

Ne
p() = ) 1galr,OF (2.44)
n=1

N, is the total number of electrons and ¢,, (r, t) are the single-electron Kohn-Sham (KS) orbitals,

which are determined by the application of the time-dependent variational principle to the KS

energy —
S < o, Dp(x,0
r,t x,t
Elp] = ) (@olklop) + ) (plV]e,) + ff |r_pr| dxd®r’ + Exlp] (245
n=1 n=1

The first term in the right hand is the kinetic energy of the non-interacting system, the
second term is the potential due to the nucleus, and the next term is the electron-electron
Coulomb interaction, the E,. cover the exchange-correlation part of the electrons. A single
electron can be obtained using the variational principle where Hamiltonian depends on the
wavefunction of the system-—

0pn(x,t
ih% = H(@n(x,0))pn(x,t), wherep=1,.....N, (2.46)

The above time-dependent wavefunction ¢,, (x, t) can be written in a linear combination

of the adiabatic KS orbitals —

N

P50 = ) cm®IFe(rR)) 2.47)

k=N,
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N is the number of electrons, so N orbital is the highest occupied molecular orbitals (HOMO),
and N"+1 indicates the lowest unoccupied molecular orbitals (LUMO). Using the eg- 2.46, eq

2.47 is transformed into the equation of motion as a function of linear coefficient ¢, (t) —

N

, 0cn(t) .

ih gkt = z an(t)(gmdkm + dkm' R) (248)
m

dim- R is the non-adiabatic (NA) term of the non-adiabatic wavefunction, where —

dim- R = —ih{@x (1, R)|VR| @ (7, R)) (2.49)
and
R=—in <<pk| 2 |g5m> (2.50)
lonic motion in adiabatic dynamics gives the time dependency on the TDKS for the
electron-nuclear dynamics. NA coupling terms are dependent on the adiabatic KS orbitals, which
can be computed using minimum computational resources by equation 2.13.
2.5.2. Hot Carrier Dynamics in Confined Semiconductor Nanomaterials
The methodology designed in section 2.4.1 is based on the ground state adiabatic
molecular dynamics trajectories, and we have treated electron by single-particle wavefunction
derived from the many-electron basis. This approximation is valid in the compound of heavier
elements which has a rigid bond and higher density of states (DOS).33-** We have studied the hot
carrier dynamics in the Pb and Cd chalcogenide nanomaterials. These nanomaterials have strong
confinement and a small spherical homogeneous dielectric field. In the case of NC, confinement
energy and Coulomb energy between the particle are scaled as (r5/R)? and 75 /R respectively
where 75 is the Bohr radius, and R is the radius of NC. As such, quadratic confinement term

dominates the excited state carrier interaction, and excite electron and hole wavefunction can be
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decoupled. This feature of the NC validates using the zeroth-order approximation in excited hot
carrier dynamics.®
p(e,h) = p(e)p(h) (2.51)
The trajectory surface hopping (TSH) method predicts a probability of hopping between
electronic states.®® Correlation between the hopping probability with the motion of ion makes it

time-dependent. The hopping probability from k to m is®® —

Aekm

APy, = o[ bem g (2.52)

Arm
Where, by, = —2Re(ajydim - R) and agm = ccpm
Here, ¢, and c,, are the linear coefficient in equation 2.40. dP,,, is the hopping

probability, which is a function of the NA coupling term d.,,. R. We have applied some
constrained which ensure the electron transition to the frontier orbitals. If dP,,, is negative, the
hopping probability is set to zero. The exponential part is the Boltzmann distribution, which
accounts for the detail balance®? and prevents the quantum back excitation. It also maintains the
constrain particle always hopped to lower density states.
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3. SIMULATIONS PHOTOPHYSICAL PROPERTIES OF THE NUCLEOBASE
PASSIVATED AG CLUSTER*
3.1. Computational Methodology Details
3.1.1. Ground State Geometry Optimization
Initial geometries of our DNA-AgNCs are created using the lowest energy conformations

of the Ags-Ag21 NC, including several low energy conformations of bare Ags and Age clusters
reported in the literature.! The lowest energy conformations of bare AgNCs smaller than 7 atoms
in size have been proven to have planar geometries. To check the effect of the planarity of
DNA-AgNCs, we also model non-planar low energy conformations of Age and Ags as initial
structures (Table 3.1). Since all Ag atoms in such clusters can be considered surface atoms, the
DNA bases are then added to each Ag atom of the cluster and optimized with (+1 e) and without
charge (neutral). Using this approach, we have constructed clusters passivated by only C, G, or T
(5X-Ags and 6X-Ags, with X = C, G, or T) and by their combinations of (n-2)C2X-Ag» and
2C(n-2)T-Agn, wheren =5or 6 and X = G or T. DFT (Details in sub-chapter 2.1 ) is applied for
geometry optimization of all considered DNA-AgNCs, and TDDFT*® (Detail in sub-chapter 2.3)
is used for all excited-state calculations, as implemented in Gaussian16 software package.® Long-
range corrected exchange-correlation functional CAM-B3LYP’ and mixed basis set LANL2DZ®
(for Ag atoms) / 6-31G*° (for N, O, C, and H atoms) are used for both the ground and excited-

state calculations. Long-range corrected CAM-B3LYP functional have shown a more accurate

* Section 3.2 of this chapter reproduced in part with permission from J. Phys. Chem. A 2020,
124, 43, 8931-8942 Copyright 2020 American Chemical Society. The material in section 3.2
was co-authored by Dr. Naveen Dandu and Dr. Sergei Tretiak. Dr. Naveen Dandu calculated the
electronic structure of the 6C-Age geometry. Dr. Sergei Tretiak contributed by helpful
suggestions and reviewed the methodology and conclusion of the calculations. Mohammed A.
Jabed was the primary contributor of the methodology design, performed all the calculations and
conclusion that are advanced in this sub-chapter. Dr. Svetlana Kilina served as a supervisor of
the project conducted by Mohammed A Jabed and Dr. Naveen Dandu.
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description of charge transfer transitions in DNA-AgNCs, compared to pure GGA or hybrid
functionals, despite blue-shifts in optical transitions. 2 These findings define our choice of the
functionals and basis sets. In addition to vacuum calculations, we also have performed
calculations in water utilizing conductor-like polarizable continuum model (CPCM)* for
simulating solvent environment for the ground and excited state calculations.
3.1.2. Calculation of Transition Energy

Ninety optical transitions are obtained from TDDFT calculations to reproduce the
absorption spectra at the range of 1.00-5.50 eV. The profile of the spectra is modeled using the
Gaussian function with a width of 0.08 eV to reproduce a thermal broadening of spectral bands.
To visualize the charge density distribution of the excited state, Natural Transition Orbitals
(NTOs)* are calculated for photoexcited electron-hole pair based on transition densities obtained
from TDDFT, as implemented in Gaussian09'%/Gaussian16° software. VMD?® software has been
used for visualization of NTOs. To better understand the nature of the transitions, we have
decomposed the excited state wavefunction contributed from the Ag and the base parts of the
DNA-AgNCs, and plotted it as a difference between the electron and hole states, using the
equation 2.33 and 2.34.
3.1.3. Reduction Potential Calculations

Reduction potential is calculated by using the theory given in section 2.2 of Chapter 2.
Solvation Gibbs free energy plays a dominating role in determining the reduction potential. Zero-
point energy correction and correction to Gibbs free energy obtained from the frequency
calculation with simple harmonic approximation in Gaussian software packages.® A mixed basis
set of LANL2DZ® and 6-31G* basis® are used in all calculations for the Ag and all other

elements, respectively. Despite accurate ground state geometry prediction by continuum solvent
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methods, SMD is reported for better accuracy. We have considered both CPCM*2 and SMD
solvation methods and investigate the effects of geometry and solvation continuum method
consideration on the overall reduction potential of the cytosine passivated Ag nanoclusters.
3.1.4. Binding Energy Calculations

To elucidate the strength of an interaction between the specific type of the base (L1=C,

G, or T) and the AgNC, the binding energy is calculated using the following formula:

Esgnriprzg — (EAgnLZq +p* ELl)

Epi1 = (3.1)
b,L1 p

where n is the number of the silver atoms, p and q are the number of the base types L1 and Lo,

respectively, with n = p + g. The energy Esgni2, is calculated for optimized DNA-AgNCs

fragment with the bases of type L1 removed from the AgNC. The energy E;; is calculated for the
isolated optimized base of the type Li. For clusters passivated only by cytosines, the average
cluster-base binding energy, (Ag — N), is calculated as the difference between the total energies
of the passivated cluster and its pristine counterparts — the bare silver cluster and the pristine
cytosine multiplied by the number of cytosines at the cluster — with all structures optimized to
their minimal energies. The result is divided by the total number of cytosines passivating the
cluster to get the average binding energy per base.

Eng,L, — (Eag, + P *EL)
Eag-ny = L > (3.2)

Where p is the number ligand type L, and n is the cluster size.

3.1.5. Principal Component Analysis (PCA) of the Structural Descriptor in Ags and Ags
We have utilized the principal component analysis to better understand the geometrical

descriptor and its effects on the brightness of the lowest energy transitions. Due to the single

strand DNA sequences' tertiary structure, Ag nanoclusters have non-equilibrium geometry and
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higher energy geometry than ground state conformers. In the first step, 500 random geometries
of the nanocluster size 5 and 6 atoms were created by imposing the constrained — 1. The number
of Ag atom and cytosine ratio is 1:1, 2. Cytosine interacts with Ag atom by 3-N of the cytosine
ring. The 500 initial geometries of each cluster are optimized as neutral and charge clusters.
Water was used as a solvent and implemented with the CPCM solvation method in gaussian16
software.
3.2. Structural Isomer and Solvent Polarity on Cytosine Passivated Ags and Ags
Nanoclusters

3.2.1. Structural Conformation of Cytosine Passivated Ags and Ags Nanoclusters

Due to a high degree of flexibility of the nucleotides passivating DNA-AgNCs, different
structural conformations of clusters likely coexist in experimental samples. To address the
diversity in DNA-AgNC conformations, we consider a planer and non-planar geometries of Ags
and Age clusters that have been shown as one of the most stable conformations of bare silver
clusters of these sizes.!' 1" DNA-AgNCs of 5C-Ags and 6C-Ags initially constructed from these
bare clusters are used to study the effect of a polar solvent, charge, and passivating bases on the
structural conformations of clusters, with results presented in Table 3.1. In the vacuum,
coordination of Ag atoms by cytosines noticeably changes the geometry of non-planar neutral
clusters (Geom-2 and Geom-3), while only slightly distorts the initially planar conformation
(Geom-1). The cluster 6C-Ags stays planar, preserving its *Dsn symmetry resulting in the lowest
energy conformation among its isomers. However, a slight distortion results in breaking perfect
planarity of the cluster 5C-Ags, raising its energy by ~0.3 eV, compared to its initially non-

planar isomer (Geom-2). In a vacuum, charging the clusters results in significant stabilization of
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the nearly planar Geom-1 isomer of 5C-Ags*, while breaks initial planarity and the symmetry of

Geom-1 6C-Ags" destabilizing this structure, compared to other charged isomers.

Table 3.1: The most stable Ags and Ags clusters used as initial structures for related isomers of
6C-Ags and 5C-Ags DNA-AgNCs optimized in vacuum and water with no charge (neutral) and
+1 charge. Zero energy is assigned to structures with the lowest energy of their bare AQNC

counterparts. The red font depicts the optimized final structures with the lowest energies among

considered isomers.
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» "o‘ » ] 4 s
,4 ° ,:oo"" “a a‘. é “3.. .:a, ° % :‘
/ \ ‘.J. * 2 b .‘. A s & .;
oA Y T
Vel s SRS AP o IR e ~a % SEER & Tfigas 22
o 8 TEOY . o :,j“‘u o 9% 9 2e . ,“'.;:0‘.“ b4
RN A LR EE S RN, A (0
0.00 eV 0.00 eV 0.00 eV 0.00 eV
3¢’ . s .
. ¢ ‘e L oo Tes co {
2g”® 8 i © d"' el . ce®e®c 05 cpic 0 €.
g 58 9 o f::: ”‘“l; N ‘*& m'r‘r“r o':( o0 (,"’: o':'
' . ]
1z ?’-";.,‘*», % 7o A vy °
= o =3 .2, & Lo ’Q‘.%
[} fo‘ Fe ) 5 5 LY '.9 ¢ ';'., ’..’
g"; ‘% o 2 % E L
0.88 eV 0.13 eV 0.01eV 0.26 eV
“ ° 2 “‘ 4 2 .‘l.“ “0‘ 2 2
9 : ;:"‘«‘,, ‘.::.’ J&“ A“. .“‘ a.‘ .‘ .,a ._‘"&‘
R PR Ol Tk A A W 1
R M I o R TS L S AR - | (- Yot
° . $%e . s, ’ ¥ =3y L1 %%
}“.,g 29 00 S 09,9, ey L3 .0
) '05 i l# o 3“. ’ 9 * 3’"’*
1 Q "‘0.. A’J
1.29eV -0.12 eV -0.18 eV -0.11eV
y p :“ 5 °d @2 -'.ia
g 2 g
Wit . Sl A
22 ] g 3 @
, 0090 0 A% ,1‘?3 .af 4 3 ‘JJ , e t
9 9 L5 e ey, b * 3 » roe
a.: @ o3 e o » ::"0:5. 2% 29, 9%% 0 0, ‘.'«:n‘
P “i.". .8 :’.. g 0%9% o, %
999 bie® > M
o 0.00 eV 0.00 eV 0.00 eV 0.00 eV 0.00 eV
& . ;
2 . od j "%
3] a 9 "‘.‘. J ‘0% %
Cuf’) ‘d‘.‘ # }.‘J
A ' 3 - ) > ")
< ‘.az ° & ﬁ*‘g{ .3.', ”?,),a’,»,, P , %
? i 9 5o %
599 g9} PO e e > By %%
4 ., % 73 i AR
Geom-2 ‘ o e .‘.‘3;
e ¢ " 13
0.99 eV -0.31eV -0.13eV 0.41 eV 0.0leV

57



Table 3.2: Structural parameters of neutral and charged 5C-Ags clusters. For the average Ag-Ag
bond length, (Ag — Ag), only Ag-Ag bonds with a length of less than 3 A are considered. The
cluster-based binding energies (Ebing) are calculated using Eq. 3.1, where L is the cytosine with
either the shortest or the longest Ag-N bond length and p=1. The values of the total energy, Etot,
marked in red, highlight the most stable isomers with the lowest energy.

5C-Ags isomers Vacuum Solvent

Geom-1 Geom-2 Geom-1 Geom-2
= (Ag-Ag) 2.75+0.06 2.77+0.09 2.82+0.10 2.84+0.12
g’( (Ag-N) 2.50+0.29 2.36+0.01 2.40+0.04 2.40+0.03

g I (Ag-N)short 2.23 2.34 2.36 2.35
2 @ (AG-N)Long 3.04 2.37 2.47 2.43
(Eag-n) 0.63 -0.69 -0.34 -0.37

E 3> Eagowshort -0.82 -0.55 -0.07 -0.27
Epg-n.1ong -0.55 -1.14 -0.18 -0.18

Eqot, 8V 0.00 -0.31 0.00 -0.13

= (Ag-Ag) 2.75+0.07 2.84+0.16 2.76£0.07 2.81+0.14

g’ < (Ag-N) 2.63+0.52 2.3620.03 2.3820.13 2.3320.02
= (Ag-N)snort 2.27 2.31 2.27 2.30
%’ @ (Ag-N)Long 3.64 2.42 257 2.35
g (Eagn) -1.34 -1.26 -1.17 -0.59
© £3  Eiywsion 133 096 039 061
Epg-n.ong -1.10 -0.43 -0.14 -0.30

Eqot, 8V 0.00 0.41 0.00 0.01

Several competing factors influence the overall stability of the cluster. It was shown that

closed-shell small metal clusters are more stable in their symmetric planar structure.® *® This

agrees with our findings that the planar geometries of the 6C-Ags and 5C-Ags" are more stable

compared to their non-planar 3D isomers, Table 3.1. However, for all structures in a vacuum,

cytosines are not equally coordinated with Ag atoms, as evidenced from the significant variations

in the Ag-N bond lengths mainly correlated to the strength of the binding energy between the

base and the cluster, as presented in Table 3.2 for 5C-Ags and Table 3.3 for 6C-Ags clusters.
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Table 3.3: Structural parameters of the 6C-Ags cluster. For the average silver-silver bond length,
(Ag-Ag), only Ag-Ag bond lengths less than 3A are considered. For the average Ag-N bond
length between the cluster and the base, (Ag-N), all six bonds are considered. The bond between
the oxygen and hydrogen of two adjacent cytosines shorter than 2 A is considered the hydrogen
bond (H-bond). The cluster-base binding energies (Ening) are calculated using Eq. 3.1, where L
is the cytosine with either the shortest or the longest Ag-N bond length and p=1.

) Vacuum Solvent
6C-Age isomers
Geom-1 Geom-2 Geom-3 Geom-1 Geom-2 Geom-3
< (Ag-Ag) 2.78£0.02  2.77+0.03  2.86+0.17 | 2.81x0.05 2.82+0.12  2.85+0.12
=
= (Ag-N) 3.45+1.17  2.97+0.81  2.71#0.60 | 2.45+0.07 2.61+055  2.44+0.03
[«
é (Ag-N)Long 4.52 4.03 3.92 2.57 3.75 2.48
@  (Ag-N)shor 2.38 2.33 2.42 2.39 2.36 2.39
©
s B Ag-N 3 4 5 6 5 6
o
Z Mm
iy H-bond 6 2 4 1 1 4
> (Eag—n) -0.81 -0.77 -0.80 -0.31 -0.98 -0.55
[<5)
2 Eng-nshort -1.21 -1.28 -0.45 -0.19 -0.81 -0.29
Y Eayniong -1.21 -0.75 -0.33 -0.16 -1.074 -0.28
oL (Ag-Ag) 2.77£0.06  2.86x0.10  2.84+0.09 | 2.85x0.09  2.83+0.11  2.87%0.10
% (Ag-N) 2.63+0.55  2.40+0.08  2.36x0.02 | 2.39+0.09  2.35+0.03  2.37+0.04
é (Ag-N)Long 3.74 2.56 2.39 2.55 2.40 2.43
) B  (Ag-N)snor 2.30 2.32 2.34 2.30 2.33 2.32
B é Ag-N 5 6 6 6 6 6
=
5 5.2 H-bond 4 4 5 3 2 4
. (Eag—n) -1.19 -1.21 -1.22 -0.57 -1.11 -0.61
[<5)
3 Eag-nsnort -0.52 -0.92 -0.97 -0.35 -0.63 -0.56
Y Eygniong -1.20 -0.85 -0.56 -0.21 -0.76 -0.34

This behavior is the most pronounced for 6C-Age isomers in a vacuum. For instance,
only three bases create strong coordinate bonds with Ag at the edges of the planar Geom-1
structure, while the other three bases are much weaker coordinated with Ag at the sides (see
Table 3.1 and 3.3). However, weakly coordinated bases form the hydrogen bond (H-bond) with
the oxygen from the nearest base, thus, encapsulating the cluster minimizing the total energy of

Geom-1 isomer of 6C-Ages. Non-planar geometry breaks some of the hydrogen bonds, raising the
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total energy of 3-D 6C-Ags isomers in the vacuum. In contrast, the energy of 3-D 6C-Ags" is
reduced for Geom-3 due to a larger number of hydrogen bonds and also decreased Ag-N bond
length for all capping bases associated with the strongest base-cluster interactions. Similar trends
are observed for Ags in the vacuum, where 5C-Ags non-planar structure (Geom-2) and nearly
planar structure (Geom-1) of 5C-Ags* poses both maximum number of hydrogen bonds and the
strongest base-cluster interactions resulting in the most stable conformations, Table 3.2.

As a result of significantly different geometries of isomers, the average Ag-Ag bond
length varies at the range of 2.75-2.87 A for both 5C-Ags and 6C-Ags neutral and charged
clusters, as shown in Table 3.2 and Table 3.3. In all cases, the average Ag-Ag bond length of the
Geom-1 isomers is the shortest in the vacuum (2.75-2.78 A) and the most affected towards
elongation by the solvent because of the planner (6C-Ags) or nearly planar (5C-Ags) geometry
transfers to non-planar 3-D structure in water. In contrast, Geom-3 demonstrates the least effect
on its Ag-Ag bond by both charge and solvent. Among all isomers, Geom-3 has the longest Ag-
Ag bond of 2.84-2.87 A for neutral 6C-Ags and charged 6C-Ags* clusters insignificantly
varying in vacuum and solvent.

The bond length between the cluster and the covalently coordinated base, (Ag-N)short,
varies at the range of 2.23-2.45 A. This excludes Ag-N bond length larger than 3 A, which is an
outcome of the very weak interaction between the cytosine and the cluster. Note that this weak
cluster-base interaction is partially compensated by the hydrogen bonding between O and H from
the NH. group of the adjacent cytosines, as discussed in the main text. The Ag-N bond length for
weakly coordinated bases, (Ag-N)vLong, significantly decreases in water for all clusters
approaching the (Ag-N)short bond length of strongly coordinated bases, which is also

accompanied by reducing the number of hydrogen bonds.
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In both neutral and charged clusters, average binding energies between the cluster and the
bases are weaker in water than in a vacuum. This decrease in the cluster-base binding strength
originates from the dipole-dipole screening effect of the polar media. Due to the Ag core's
cationic nature, the binding energy between the cluster and the cytosine with the longest Ag-N
bond length is stronger in the charged clusters relative to their neutral counterparts. It is
important to note, however, that the trend in the cluster-base binding energies do not always
follow the trend in the Ag-N bond lengths so that the binding energy between the cluster and the
base with the longest Ag-N bond length does not always end up to the largest value of Epind, as
expected for the weakest cluster-base interactions. This discrepancy originates from strong
changes in the optimized conformations when a particular base is removed from the DNA-
AgNC, used for calculations of the binding energy according to equation 3.1 in the main text.
For example, removal of one of the cytosines — either strongly coordinated one with the shortest
Ag-N bond length or weakly interacting one with the longest Ag-N bond length — from the
neutral planar Geom-1 of 6C-Ags results in the same 5C-Ags structure with additional
interaction between the cluster and the base via Ag-O coordination, as illustrated in Figure 3.1.
For simplicity, equation 3.1 can be rewritten as E®*(6C-Ags) - E®'(5C-Ags) - E°P(C), where
each term represents the total energy of the optimized structures of Geom-1 6C-Ags, 5C-Ags,
and pristine cytosine, respectively. Since for both strongly and weakly interacting bases, all the
terms in this equation are identical. One gets exactly the same value of the binding energies for
both weakly and strongly interacting bases, Table 3.3. Similar effects are also found in Geom-2
isomers, which also result in discrepancies between the trends in the cluster-base binding

energies and trends in the Ag-N bond length.
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Figure 3.1: Initial and final structures used for calculations of the base-cluster binding energy
using Eq.1. (a) Neutral 6C-Ags cluster optimized from the initial planar Geom-1 structure in the
vacuum. (b) One cytosine at the edge of the cluster is removed from the Geom-1 6C-Ags
resulting in a 5C-Ags cluster. (c) Optimized geometry of the 5C-Age cluster in a vacuum. After
removal of cytosine, vacant Ag atom is involved in the coordinated bond with oxygen from the
adjacent cytosine at the side, while this cytosine is much stronger coordinated to the side Ag
atom, compared to those in the 6C-Ags cluster.

It is important to note that the shortest Ag-N bond does not always correspond to the
strongest binding energy between the base and the cluster, Table 3.3. This discrepancy originates
from a strong reconstruction of the cluster after removal of the base when used in calculations of
the binding energy according to equation 3.1. For instance, losing one of the bases from the
planar Geom-1 isomer of 6C-Age results in a new 5C-Ags structure, where the weakly
interacting base is strongly coordinated to the side Ag atom via the nitrogen and also to the edge
Ag atom via the oxygen, Figure 3.1. As such, the obtained base-cluster binding energy is
‘contaminated’ by the additional interaction via the oxygen that is not presented in the initial
structure. Due to strong structural variations upon removing one of the cytosines, trends in the
base-cluster binding energies are not well correlated with the trends in the Ag-N bond lengths for
some isomers. On the other hand, the obtained 5C-Ags structure demonstrates that cytosines can
be coordinated to AgNC via either nitrogen or oxygen or both if there is a limiting number of
bases available for the cluster capping. This result agrees with computational findings for Agi2

clusters encapsulated in single-strand DNA scaffold consisted of 12 nucleobases.*®
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A polar solvent, such as water, significantly reduces the number of hydrogen bonds in the
DNA-AgNCs due to the dipole-dipole screening effect. As a result, all optimized structures in
water are not planar, and their initial structural symmetry is also significantly distorted in Table
3.1. Similar to the vacuum calculations, the most stable isomer is preserving the largest number
of hydrogen bonds and the strongest base-cluster interactions associated with nearly similar Ag-
N bond length for all bases. In water, these conditions are satisfied for Geom-3 isomer of 6C-Ags
and 6C-Ags* (Table 3.1 and 3.3) and Geom-1 isomer of 5C-Ags and 5C-Ags* (Table 3.2).

Calculated structures point to three main trends. First, our results well agree with the
previous studies of larger clusters (> 10 atoms) confirming non-planar 3-D structures of DNA-
AgNCs in polar solvents.??> Moreover, our results reveal that a polar solvent governs the planar
to non-planar 3-D structural stabilization even for DNA-AgNC isomers with less than 7 atoms in
sizes. Second, the inclusion of a polar solvent significantly changes the conformation of the
DNA-AgNCs by reducing the number of hydrogen bonds between neighboring bases and
making all bases nearly equally interacting with Ag atoms. Both of these conditions play a key
role in the stabilization of a particular isomer. Third, several isomers of DNA-AgNCs are likely
to coexist in polar solvents due to the relatively small energy differences between their
conformations (0.1 — 0.2 V). In contrast, closed shell 6C-Ags and 5C-Ags* clusters in the
vacuum (or non-polar solvents) have a more distinct tendency for preferential planar
conformations, with a larger difference in their total energies (up to ~1 eV) compared to non-

planar isomers, which agrees with computational predictions for the bare Ag clusters.® 1823
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3.2.2. Dependence of Optical Properties on Conformations of Clusters Passivated by
Cytosines.

Absorption spectra of all considered isomers calculated in vacuum and water are shown
in Figure 3.3 for 6C-Ags and in Figure 3.2 for 5C-Ags clusters. The oscillator strength of the
lowest energy transition of 6C-Ags clusters is the most impacted by the isomer conformation,
resulting in the completely optically inactive (dark) first transition of the Geom-1 isomer and
optically allowed (bright) the first transition of other neutral isomers both in vacuum and water,
Figure 3.3a and b. Interestingly, Geom-3 that is the most stable neutral isomer in water, has the
optically bright lowest energy transition, which is expected to provide favorite conditions for
high emission of 6C-Ags clusters in water. In contrast, the Geom-3 isomer of the charged 6C-
Ags” cluster with the most stable structure has an optically inactive first transition in water, while
the Geom-1 isomer provides the bright first transition both in vacuum and water, Figure 3.3c and
d. These results suggest that emissive 6C-Ags clusters in polar solvents are likely not charged.
Contrary, both isomers of the charged 5C-Ags* cluster demonstrate the narrow and highly
intensive lowest peak with optically active first transitions in water, compared to broader and
much less intensive first peak of neutral 5C-Ags clusters, Figure 3.2b and 3.2d. This suggests
that charged 5C-Ags* clusters (with the closed shell electronic structure) are expected to be more
emissive in polar solvents than their neutral counterparts (open shell structures).

However, the overall shape of the absorption spectra of clusters is not very sensitive to
the geometry of isomers, with less pronounced changes in spectral features for both charged and
neutral 6C-Ages and 5C-Ags isomers in water, compared to those in the vacuum. Despite some
variations in energies and intensities of spectral peaks of different isomers, the overall number of

peaks and the spectrum profile are quite similar for all isomers in water. This is evidenced by the
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shape of the spectrum averaged over considered isomers, which well coincides with each
individual spectrum of an isomer (dashed magenta lines in figure 3.3b and d). As such, the
absorption spectrum of various DNA-AgNC conformations unlikely results in distinct spectral
fingerprints of a specific isomer. On the other hand, the presence of different DNA-AgNC
isomers in experimental samples is expected to only increase the inhomogeneous broadening of

the absorption spectra while the main absorption bands stay nearly the same.
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Figure 3.2: Absorption spectra of two isomers of 5C-Ags and 5C-Ags" clusters calculated in
vacuum and water. (a) and (b) Spectra of neutral clusters in vacuum and water, respectively. (c)
and (d) Spectra of charged clusters in vacuum and water, respectively. Names of the isomers
correspond to those in Table 1 in the main text. Grey lines correspond to the absorption spectra
averaged over both conformations. The vertical arrows denote the energy of the fist optical
transition of Geom-1 (black lines) and Geom-2 (red lines) isomers. While the spectral profile and
the energy of the first optical band are noticeably different between Geom-1 and Geom-2
isomers in a vacuum, they are less distinct in water. As such, the spectra averaged over both
isomers (the grey line) follow the same shape and optical features as those of Geom-1 (the black
line) and Geom-2 (the red line) isomers in water for both neutral 5C-Ags (b) and charged 5C-
Ags* (d) clusters.
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Figure 3.3: Absorption spectra of 6C-Age isomers. Neutral 6C-Ags in the vacuum (a) and water
(b). Charged 6C-Ags" in the vacuum (c) and water (d). The names of the isomers correspond to
those in Table 1. Absorption spectra averaged over three isomers are represented by dashed
magenta lines. Vertical arrows correspond to the first optical transition with the lowest energy
for each isomer.

3.3. Electrochemical Properties of the Ag Nanoclusters

As we have discussed in chapter 1, Ag nanoclusters are promising for the bight and
structure dependent emission, especially where background noise is significant.?* Size and
oxidation state are among the dominating factors in determining fluorescence yield. The
oxidation state of the nanoclusters is not predictable because bulk Ag has positive reduction
potential, but Ag nanocluster can have negative reduction potentials.?>2’Moreover, emission in
some metal clusters can’t be assessed accurately due to the oxidation reaction.? Similarly, one of
the common synthesis processes of Ag nanocluster is a surface redox reaction. Ag nanoclusters
formed by free radical induced reduction of AgNOgz, which shown higher Agion/Adcluster reduction
potential.?® In metal clusters, the effective electron transfer is only possible if the metal clusters’
relative reduction potential is positive compared to the electron donor. The higher difference of
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redox potential is utilized in catalytic water splitting reaction.?® But Ag nanoclusters show
reduction potential alternation by odd-even number of Ag atoms in clusters up to 20 atom size.*
Accurate prediction of reduction potential is essential to predict the cluster size and oxidation
states of the Ag clusters, and its electronic properties. Therefore, we have examined the
computational methodology to calculate the redox potential of the cytosine passivated Ag
clusters.
3.3.1. Oxidation and Size Dependent Structure of Cytosine Passivated Ag Nanoclusters
In the solution phase, the nature of surface passivation dominates the electron transfer
process between the redox species. The effect of oxidation state is studied in this section. All
cytosine passivated Agn geometries are prepared from Chen et al.%, as given in detail in section
3.4. The initial geometries are optimized in the different oxidation states. Table 3.4 is showing
the 5 and 6 Ag atom size cluster geometries after optimization in cytosine passivated and bare
clusters. Initial geometry of the five and six cytosines passivated Ags, and Ags clusters are
planner. Ags has five of 5S* electron, which fit with the Jellium model, where it filled 1S? and
1P,% and 1P,! and formed planner geometry.3! It also agrees with optimizing the passivated
clusters in the vacuum, which has shown the hydrogen bond network between the nucleobase
cytosine and retained the planner structure of the core Ag. It is noticed that the cytosine
passivated clusters become non-planner due to the cytosine-Ag interaction, while bare clusters
maintain the symmetry. Although the geometry of the two clusters is shown in Table 3.4 as an

example, it was noticed in the all considered Ag nanoclusters that the anionic and neutral

nanocluster has similar structural symmetry.
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Table 3.4: The relaxed geometry of (AgC)Z where n=4, 5, 6, and z= 0, 1, 2, and -1, along with
average Ag-cytosine binding energy and shape of the core Ag cluster. Binding energy is
calculated as the average binding of all ligands.

No. of atom Neutral +1 +2 -1
& ligation

Ligated
5
Bare
Ligated
6

o9

Bare J @ P ". 3
’ Jd

3.3.2. Reduction Potential of the Different Size Ag Nanoclusters

Ag nanoclusters are passivated by bond formation with electronegative N atom of
nucleobase cytosine. So, electronegative cytosine should have a stronger bond with the
electropositive metalcore. The average cytosine binding energy in the different oxidation states is
calculated using equation-3.2 and shown in Figure 3.4. Due to increasing the volume of the
nanoclusters, the overall charge density decreases with increasing the nanoclusters’ size.
Therefore, the strength of the bond between electronegative cytosine and electropositive metal
nanoclusters decreases with increasing the nanocluster size from 4 to 17. Due to the similar

effects, cytosine binding energy is the minimum in the reduced Agas™ nanoclusters.
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Figure 3.4: Average Binding energy of the cytosine in the Ag nanoclusters of the Agas to Agi7
atom size, calculated by using the equation (3.2).

All the geometries are optimized in the vacuum. The zero-point energy and the thermal
correction of the Gibbs free energy of the vacuum optimized geometries are calculated by
vibration frequency calculation. Solvation energy is calculated by running a single point
calculation of the vacuum optimized geometry using the Conductor polarized model CPCM.*
The theory of the reduction potential calculations is in the sub-chapter 2.2. The calculated
reduction potentials are shown in figure 3.5. First, all considered clusters have negative reduction
potential for the +1, +2, and neutral clusters despite reduction potential in bulk silver are
positive.? 32 Previous theoretical calculation predicted that the smaller nanoclusters’ redox
potential shows alternative potentials.®! The odd and even number of Ag in a cluster has
alternatively singlet and multiple spins depending on their oxidation states. Since we have
calculated the reduction potential of a single electron transfer reaction, all reductions are
subjected to spin change from singlet to doublet and vice versa. The overall trend is that all
clusters have oxidation potential (negative reduction potential), and it is maximum when a

cluster spin changes from doublet to singlet spin. Due to the stronger confinement in smaller
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size QDs, an electron transfer reaction has significant effects due to the larger energy splitting.
As a result, the potential difference between the successive oxidation states is higher in the
smaller clusters. So, by increasing the QD size, the energy difference is decreases, which is

minimum in the Agz7 clusters.
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Figure 3.5: Calculated reduction potential of the cytosine passivated Ag4-10 and Agl7 clusters
(top) and bare Ag4-Ag10 cluster (bottom) in 3 different oxidation states. the black, red, and blue
represent reduction half reaction of 1+ to neutral, 2+ to 1+ and neutral to 1- oxidation state
respectively. Solid and dash line represents the Ag clusters of the even and odd number of the
atom, respectively. Panel (a) is a cytosine passivated Ag cluster system, and panel (b) is a bare
Ag cluster system.

The reduction potential of the bare silver clusters follows a similar trend except for the
negative oxidation states, E(0|—1). In the cytosine passivated Ag clusters, metal core is

electropositive, and cytosines are electronegative nucleobase. Because of electropositive bare Ag
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core and absence of electronegative cytosine, the reduction potential of neutral to negative
oxidation state is considerably lower, E(0|—1) (Higher oxidation potential).
3.3.3. Effects of Solvation Methods in Redox Potential Calculations

The solvation free energy depends on the Gibbs free energy change of the solute in the
solvent medium and vacuum. Free energy change in solvation can be calculated by using the
equation-2.26. In the case of a charged system, a free energy change should include the surface
potential.>® In most cases, it was considered that geometry reorganization is minimum, and
therefore solvation free energy can be calculated by equation 2.26. In this section, we have
considered geometry change in the solvent. On the other hand, continuum solvation models are
accurate to predict the solute's electronic structure, and it cannot predict solvation free energy
accurately.®* It is reported that the continuum solvation model underestimates the anion’s
solvation free energy.>® The cluster-continuum solvation model would able to calculate accurate
solvation energy like explicit solvation in the calculations. The previous report suggested that
free energy calculations are by using the solvation method like SMD-M062X3® would predict
solvation free energy more accurately than PCM solvation.36-3
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Figure 3.6: Reduction potential of the first oxidation (Agn**|Agn) of the all considered Ag NC,
calculated by four different calculation methods.
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Figure 3.7: Reduction potential of the first oxidation (Agn*"?|Agn*?) of the all considered Ag NC,
calculated by four different calculation methods.

QS
Co O (P o N e o O oLk e
S CEC G IR GRS EC RO

3 Ag+3 +e=Ag+2
2 i
l B
-
g0
& 1
_1 1
_2 |
-3/ I Vacuum/CPCM B Water/CPCM
P Vacuum/SMD I Water/SMD

Figure 3.8: Reduction potential of the first oxidation (Agn*3|Agn*?) of the all considered Ag NC,
calculated by four different calculation methods.
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Figure 3.9: Reduction potential of the first oxidation (Agn|Agn™?) of the all considered Ag NC,
calculated by four different calculation methods.
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Figure 3.10: Calculated reduction potential of the cytosine passivated Ag4-10 from the water
optimized geometry and using the CPCM and SMD solvation model. Orange, blue and red
represent the reduction half reaction of 1+ to neutral, 2+ to 1+, and neutral to 1- oxidation state.

Solid and dash line represents the Ag clusters of the even and the odd number of atoms,
respectively.

We have calculated the redox geometry in four different methodologies based on the
geometry and solvation free energy. The calculated redox potential calculated in these four

different methods is shown in figure 3.6-3.3.9. The first series of redox potential is calculated by
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optimizing the geometry in the vacuum, and solvation energy calculated by using the CPCM
theory and SMD in the second series. The remaining two sets of the redox potential are
calculated using the optimized geometry with the CPCM method and optimized in the SMD
solvation theory. Comparing these four methods of calculation would provide information on
how a solvation method affects the overall redox potential of the cytosine passivated Ag
nanoclusters.

The significant deviations of the redox potential between the geometry optimized in
vacuum and water are shown in the smaller nanoclusters — Ags, and in the Ag10Cs, where surface
passivation in minimum. The highest deviation in redox potential between the SMD and CPCM
optimized structures are noticed where the stronger cytosine-cytosine hydrogen bond networks
are present (AgsCs, Ag10C10). On the other hand, Geometry from the optimization in the vacuum
produces comparable or underestimated reduction potential in comparison to optimized geometry
in water. Due to strong confinement and higher surface volume ratio, reorganization energy due
to solvation is significantly higher. Consequently, the solvation energy and free energy change
are overestimated in the vacuum. The redox potential of the higher oxidation state (Agn®*) is also
negative (positive oxidation potential), except Ags, Ags, and Ags (Figure 3.8). But in the case of
the Ags and Ags, only the vacuum/SMD method has positive reduction potential. This the
outcome of the unreliable optimized structure of the Ags¢>* in the vacuum. Due to the higher
positive charge in the small metal cluster, Ag+®* has positive reduction potential.

3.3.4. Redox Potential of an Ag Nanocluster Formation and Predicted Conformations

Using the reduction potential of the nanoclusters, the redox potential of a reaction

between different oxidation states can be determined. If we consider that the synthesis media is a
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mixture Ag cluster in different oxidation states, the most favorable oxidation state should have a
higher yield compared to the counterpart. We are considered the following two redox reaction —
2490 - Ag; + Agn, (a)
2Ags - Agrnt + Agn (b)

Table 3.5: Redox potential of the two model reactions. Net positive redox potential would
indicate a spontaneous reaction. Ag,, n indicates the number of Ag atom in Ag cluster.

Redox potential of the model full reaction

A 24gn > Agn +Agn  24gn — Agi" + Agn
n V/mole V/mole
4 -2.12 1.73
6 -1.98 1.98
8 -0.43 0.94
10 -2.68 1.03
18 -- -0.21
5 1.03 -1.55
7 1.31 -1.22
9 0.18 -0.58
17 -0.19 -1.26

The overall redox potential of the reaction of each cluster is shown in Table 3.5. Negative
and positive redox potential is indicating that the backward and forward reaction respectively, is
thermodynamically favorable. Let assume a reaction mixture has 2 moles neutral and 2 moles of
+1 oxidation state Ag nanoclusters. If the size of the nanoclusters is even in number, Agn*
converts to the neutral and Agn*? by a redox reaction, and the final composition will be 3:1 of the
neutral and +2 nanoclusters. Similar, in the case of odd number clusters, the final composition

will be +1 and -1 oxidation states with the composition of 3:1.
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3.4. Tuning Charge Transfer Characters by Nucleobase Passivation in Optically Active
Transitions of Ag Nanoclusters
We focus on small AgNCs models of 5 and 6 atoms in size, which have been already

computationally studied?, but we include complete encapsulation of clusters with different
combinations of C, G, and T passivation, as illustrated in Figure. 1. We also elucidate the effect
of conformations, charges, and a polar solvent on the optical spectra of DNA-AgNCs. Our
calculations demonstrate that the inclusion of polar media, such as water, drastically changes the
shape of clusters and optical spectra of DNA-AgNCs. The lowest optical transitions mainly have
charge transfer (CT) character with the main contribution from C bases to AgNCs, while the
transitions of CT to the T are relatively dark. On the hand G and T bases increase the average
transfer character per C bases in the mixed nucleobase passivated AgNCs. Overall, our results
from the extensive analysis of the hole and excited electron state would help to better understand
the intrinsic properties of these hybrid DNA-AgNCs chromophores and will complement of

experimental data.
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N ™ CH, = :':.‘, : * ‘ﬁ;".,
c G T 2C4T-Ags 4C2G-Ags* 6G-Ags*

Figure 3.11: Chemical structures of three DNA bases: cytosine (C), guanine (G), and thymine
(T) and examples of optimized geometries of charged and neutral Age clusters passivated by a
different number of C, G and T bases. The colored atoms in schematic representation of bases
indicate the atoms coordinated with silver atoms in DNA-AgNCs.
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3.4.1. Dependence of Base-Cluster Interactions on the Base Type

Since Geom-1 and Geom-3 isomers of charged and neutral 6C-Ags clusters represent two
limiting cases for the lowest energy transition being either optically bright or dark, we use both
structures as a starting conformation and substitute all six, four, or two cytosines by either
guanines (G) or thymine (T) (Table 3.6 and Figure 3.12). Figure 3.13 shows the average binding
energy between each base type and Ags or Ags clusters calculated by equation 3.1 for the most
stable isomers of the DNA-AgNC optimized in water. Both Ags and Age clusters demonstrate
very similar trends in their base-cluster interactions. In the charged clusters, the positive charge
is distributed over the metal atoms, which increases the interaction between cationic Ag and
electronegative N and O atoms of the bases.®%° As a result, the base-AgNC binding energy is
typically stronger in charged clusters, compared to their neutral counterparts, Figure 3.12 and
Figure 3.13. This trend is the most consistent for cytosines, due to its largest electrostatic dipole
moment.*® Among the considered bases, T-AgNC interaction is the weakest both for neutral and
charged clusters, which is rationalized by the smallest dipole moment of T.*° For the charged
clusters, the presence of other base types noticeably reduces the T-AgNC interaction, changing
the binding energy from -0.3 eV to -0.05 eV. Such weak binding energy together with high
flexibility due to the small size of the thymine, suggest that thymines are likely not contributing
to the coordination of AgNC, when strongly interacting cytosines and guanines are available in a

DNA strand.
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Table 3.6: The difference between the total energies of the isomers obtained from the initial
Geom-1 and Geom-3 structures of neutral and charged Ags clusters passivated by various bases
in water. The values are obtained using the formula: AEit = Ewt(Geom-1) - Ewt(Geom-3).

Passivating Neutral Clusters +1 Charged Clusters
Bases AEwt (V) The ':ngrfesrtable AEwt (V)  The Most Stable Isomer
6C 0.30 Geom-3 0.11 Geom-3
6G -0.01 Geom-1 0.29 Geom-3
6T -0.71 Geom-1 -0.76 Geom-1
4C2G -0.10 Geom-1 0.16 Geom-3
4C2T -1.05 Geom-1 -0.04 Geom-1
2CAT -0.38 Geom-1 0.65 Geom-3
i 1L m/ O
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Figure 3.12: The binding energies of the cytosine (black squares), guanine (red circles), and
thiamine (blue triangles) bases to Age cluster in water. The geometry of each DNA-AgNC is
optimized, starting with the Geom-1 (a) or Geom-3 (b) conformations of 6C-Ags in water with
substituted C by T or G bases. Solid and empty symbols correspond to neutral and +1 charged
clusters, respectively.
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Figure 3.13: The binding energy of cytosine, guanine, and thymine to Ags (a) and Ags (b)
clusters in water. The most stable isomer of each DNA-AgNC is chosen from the optimized
geometry started with either the Geom-3 or Geom-1 structures of neutral and charged 6C-Age
and 5C-Ags in water with all or several C substituted by T or G. Neutral cluster are depicted by
solid symbols and charged clusters by empty symbols. The X-axis indicates the number and
types of bases passivating the cluster.

While strongly interacting (from -0.6 to -0.5 eV), cytosines also show some decrease in
their interactions with the AgNC when other bases passivate the charged cluster. This trend can
be rationalized by a reduced number of hydrogen bonds between bases of different types, which
have larger contributions for charged systems compared to neutral clusters in water, Table 3.3. In
contrast, for neutral clusters, the C-AgNC and G-AgNC interactions are enhanced due to other
bases. It is known that the dipole moment of a base noticeably changes depending on its location
in the DNA sequence or codons*® and the ionization potential of the nucleotide base pairs.?°
Thus, the dipole moment of G significantly increases when it is paired with C, CC, or CT,
compared to GGG. The dipole moment of C also increases when it is paired with T, G, TT, or
GG, compared to CCC.*’ By analogy, a presence of other bases at the surface of the AgNC in
close proximity to C or G increases the dipole moment of these bases resulting in their stronger

interactions with the cluster. Overall, the strength of interactions of cytosines and guanines with
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AgNCs is comparable, with a very slight enhancement for guanines. It is important to note that
for charged clusters 6G-Ags" and 4C2G-Ags*, a strong dipole moment along with a relatively
larger size of guanines results in the formation of two Ags sub-clusters that are held together by
weak base-base interactions via hydrogen bonds, Figure 3.11. This result suggests that despite a
strong G-AgNC binding energy, the charged clusters coordinated by guanines are less stable
compared to those coordinated by cytosines and likely dissociate into several smaller clusters
under thermal fluctuations.
3.4.2. Effect of Different Bases on Optical Response of Clusters

Absorption spectra of Age and Ags* clusters passivated by various bases for the most
stable isomers in water are shown in Figure 3.14. The spectra for all calculated structures are
represented in Figures. 3.15-3.17. For all neutral clusters, one can resolve five main absorption
bands: (1) a weak peak (or a shoulder) at 2.0-2.5 eV, (I) an intensive peak at ~ 3 eV, (I11)
another intensive peak at ~3.5 eV, which degree of overlapping with the neighboring peak
depends on the passivating bases, (1V) a less intensive and broader band at 4.0-4.7 eV, and (V) a
highly intensive peak at ~5.2 eV, Figure 3.14a and b and Figure. 3.15. While the relative
intensity, width, and energy of the peak maximum are slightly changing depending on the
passivating bases and conformations, the overall spectral shape with these well-resolved bands is
consistent for all structures. Interestingly, experimental spectra of bigger Agio®* cluster formed
by repeated CCX sequences where X # C show similar lower energy absorption bands with a
weak band at 2.25-2.50 eV followed by a strong sub-structured band at 2.75-3.50 eV, with the
intensity of the first peak being more sensitive to the sequences and the length of the

encapsulated strand.*
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Figure 3.14: Absorption spectra of Age and Ags"* clusters passivated by various bases in water.
For these spectra, the most stable isomer is chosen from the optimized geometry started with
either the Geom-3 or Geom-1 structures of 6C-Age (a) and (b) and 6C-Ags* (c) and (d) in water
with all (a) and (c) or several C (b) and (d) substituted by T or G. Vertical arrows indicate the
lowest energy optical transition. The height of arrows represents the relative intensity of these

transitions.
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Figure 3.15: Absorption spectra of neutral Ags clusters passivated by various bases in water
using the optimized geometry started with either the Geometry-1 (a) and (b) or Geometry-3 (c)
and (d) of 6C-Ags with all (a) and (c) or several C (b) and (d) substituted by T or G. Vertical
arrows indicate the lowest energy optical transitions. The height of arrows represents the relative
intensity of these transitions. Green ovals indicate the structures with the lowest total energy,
according to Table 3.6.
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Figure 3.16: Absorption spectra of charged Ags* clusters passivated by various bases in water
using the optimized geometry started with either the Geometry-1 (a) and (b) or Geometry-3 (c)
and (d) of 6C-Age* with all (a) and (c) or several C (b) and (d) substituted by T or G. Vertical
arrows indicate the lowest energy optical transitions.
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Figure 3.17: Absorption spectra of neutral Ags (a) and (b) and charged Ags* (c) and (d) clusters
passivated by different bases in water using the optimized geometries started with Geometry-1 of
5C-Ags or 5C-Ags* with all (a) and (c) or several C (b) and (d) substituted by T or G. Vertical
arrows indicate the lowest energy optical transition.

These bands are also well pronounced in the calculated spectra of charged Ags™ clusters,
almost independent on the passivated bases and conformations. However, for charged clusters,
an additional optically weak band appears at the lower energy range of 1.0-2.0 eV, Figure 3.14c
and d and Figure. 3.16. Similar bands nearly at the same energy ranges are observed for spectra
of Ags and Ags* clusters passivated by various bases, but with the reverse trend for neutral and
charged clusters: Ags exhibits an additional red-shifted weak peak at 1.0-2.0 eV, while the
spectra of Ags" exclude this band, Figure 3.17. This reverse trend of spectra between charged and
neutral Ags and Age clusters are rationalized by the difference in the spin multiplicity of
transitions contributing to these optical bands. The absorption spectra of the closed shell Ags*

and Ages systems are governed by singlet transitions, while doublet transitions contribute to
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spectra of the open shell Agsand Ags" clusters. Thus, the doublet transitions of clusters with
open shell electronic structure result in the red-shifted optically weak band at the energy < 2.5
eV, almost independent of the cluster size (5 or 6 atoms), its conformation, and the passivating
bases. However, its intensity and the energy of its peak maximum are sensitive to the base type.
It has been computationally predicted and experimentally detected that the lowest excited
states in small emissive AUNCs*>*® and AgNCs® 4+ %° passivated by various ligands often have
the ligand-to-metal charge transfer (LMCT) or metal-to-ligand charge transfer (MLCT)
character. Our calculations demonstrate that the stable isomer of 6C-Ags has the most intensive
first optical transition compared to other stable structures of Age passivated by different bases.
This difference is rationalized by the highest MLCT character of this transition, with the hole
mainly originated from the metal, while electron density is contributed from both metal atoms
and cytosines, as evidenced from NTOs depicted in Table 3.7 and Table 3.8. Changing all or
several cytosines to guanines or thymines reduces ligand contribution to the lowest transition
and, thus, decreases the MLCT character, which results in the reduced intensity of these
transitions. For higher energy optical transitions contributing to the second and third peaks at the
energy range of 2.5-3.5 eV, this trend is the same: optically active transitions with the largest
oscillator strength exhibit higher MLCT character with a significant portion of the electron

density distributed over the base bearing 7* character, Table 3.7 and Table 3.9.
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Table 3.7: Natural transition orbitals showing the contributions of the electron-hole pair to the
transitions with the lowest energy (S1) and with the largest oscillator strength (Os. Str.) at the
energy range of 2.5-3.5 eV of the neutral Age clusters passivated by different bases in water with
the most stable conformations.

State State
E (eV) Hole Electron E (eV) Hole Electron
Os. Str. fos

S1
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Table 3.8: NTOs showing the electron and hole contributions to the first optical transitions of

the neutral Age and charged Age"* clusters passivated by different bases in water (only C, G, and

T). The structures were obtained either from the optimized Geom-1 or Geom-3.

Geom-1 Geom-3
State State
E (eV) Hole Electron E (eV) Hole Electron
fOS fOS
6C
St
2 49 eV 2.38 eV
0.0034 & rri 0.0955
6C(+1) 6C(+1)
S1 S1
1.47 eV 1.32 eV
0.0351 0.0015
6G 6G
S1 S1
2.51eV 2.02 eV
0.0171 0.0026
6G(+1) 6G(+1)
S1 S1
1.14 eV 1.32 eV
0.0098 0.0042
6T 6T
S1 S1
2.64 eV 2.33eV
0.0014 0.0448
6T(+1) 6T(+1)
S1 S PP
1.45eV 1.16 eV oy
0.0004 0.0011 )(' .g.!
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Table 3.8: NTOs showing the electron and hole contributions to the first optical transitions of
the neutral Age and charged Age"* clusters passivated by different bases in water (Mix passivation
of C, G and T) (continued). The structures were obtained either from the optimized Geom-1 or

Geom-3.
Geom-1 Geom-3
State State
E (eV) Hole Electron E (eV) Hole Electron
fOS fOS

4C2G 4C2G
S1 St
2.42 eV 1.96 eV
0.0126 0.0044
4C2G(+1) 4C2G(+1)
S1 St
1.37 eV 1.45eV
0.0078 0.0003
4C2T 4C2T
S1 St
241 eV 2.01eV
0.0300 0.0176
4C2T(+1) 4C2T(+1)
S1 St
1.26eV 1.34 eV
0.0510 0.0011
2CAT 2CAT
S1 St
2.56 eV 2.22 eV
0.0024 0.0108
2CAT(+1) 2CAT(+1)
S1 St ?"
1.16 eV 1.30 eV ' - ' ~
0.0425 0.0054
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Table 3.9: NTOs showing the electron and hole contributions to the most optically intensive
transitions at the energy range of 2.70 - 3.50 eV, of the neutral Ags and charged Ags* clusters
passivated by different bases in water (C, G, and T). The structures were optimized either from
the Geom-1 or Geom-3.

Geom-1 Geom-3
State State
E (eV) Hole Electron E (eV) Hole Electron
fos fOS
6C 6C
Ss Ss
2.80 eV 2.82 eV
0.5017 0.4517
6C(+1) 6C(+1)
S17 Si6
3.31eV 2.99 nm
0.7090 0.3995
6G 6G
Sy S7
2.98 eV 2.77 eV
0.7135 1.0670
6G(+1) 6G(+1)
S10 S0
3.00 eV 3.05eV
0.1536 0.7289
6T
Se
3.18 eV 6T
0.6339 S,
6T 3.06 eV
Se 0.8707
3.33eV
1.1471
6T(+1) 6T(+1)
Si5 Si19
3.22 eV 3.14 eV
0.3383 0.2184
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Table 3.9: NTOs showing the electron and hole contributions to the most optically intensive
transitions at the energy range of 2.70 - 3.50 eV, of the neutral Ags and charged Ags" clusters
passivated by different bases in water (mix of C, G, and T bases) (continued). The structures
were optimized either from the Geom-1 or Geom-3.

Geom-1 Geom-3
State State
E (eV) Hole Electron E (eV) Hole Electron
fOS fOS
4C2G 4C2G
Se S7
3.09 eV 2.88 eV
0.7158 0.4228
4C2G(+1)
Se
2.17 eV
0.2609 4C2G(+1)
Sis
3.00 eV
4C26(+1) 0.8107
Si3
3.08 eV
0.3475
4C2T 4C2T
Sg S7
3.30 eV 2.94 eV
0.4403 0.6444
4C2T(+1) 4C2T(+1)
S13 Sie
3.21eV 2.94 eV
0.8059 0.4276
2CAT 2CAT
Se S7
3.20eV 3.04 eV
0.7731 0.5389
2CAT(+1) 2CAT(+1)
Su S17
3.17eV 3.10 eV
0.7935 0.9352
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Figure 3.18: Absorption spectra and percent of charge transfer in each optical transition of the
neutral Ags and charged Age* clusters passivated by different bases in water with the most stable
conformations. (a)-(d) The degree of charge transfer, Pe-Pn, for each optical transition defined as
a difference between projections of unoccupied (electron) and occupied (hole) orbitals projected
to the base C (grey), G (teal), or T (green) and the Ag cluster (red). (e)-(h) Absorption spectra of
the optimized clusters passivated by bases (black lines) and the bare cluster with eliminated
bases but preserving the same geometry as it has in the passivated structures (red line). Vertical
black lines with triangle heads identify the oscillator strength of each optical transition
contributing to the absorption spectra of the passivated clusters. The values of the oscillator
strength are represented on the right Y-axis. Red arrows indicate the lowest energy transition of
the cluster of nucleobases removed.

Figure 3.18 and Figures 3.19 and 3.20 quantitatively represent the degree of charge
transfer for each transition obtained for the most stable conformations of the charged and neutral

Ags clusters passivated by different bases. The degree of charge transfer, Dm =Pe — P, is
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identified as a difference between electron and hole orbitals contributing to the excited state m

and integrated over the base or the AgNC fragments, as defined by equation 2.33 and 3.34.

Negative values of Dy, indicate the charge transfer from the fragment, and positive Dn indicate

the charge transfer to the fragment. As a result, Dm presented as vertical sticks in Figure 5 and

Figures S7 and S8 are mirror images of positive and negative values. Very small | Dn, | indicates

that transitions have negligible CT character and are mainly metal-to-metal or base-to-base (-

7*) transitions.
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Figure 3.19: Absorption spectra and percent of charge transfer in each optical transition of the
neutral Age clusters passivated by different bases with the most stable conformations. Panels (a),
(c), (e), (9), (1), and (k) show the degree of charge transfer, Dm = Pe - P, for each optical
transition projected to the base C (grey), or T (green), or G (teal) and the Ag cluster (red). Panels
(b), (d), (), (h), (j), and (1) show absorption spectra of the optimized Ags clusters passivated by

bases (black lines) and the core Ags cluster after removing the bases (red line).
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Figure 3.20: Absorption spectra and percent of charge transfer in each optical transition of the
neutral Ags" clusters passivated by different bases with the most stable conformations. Panels
(@), (c), (e), (9), (i), and (k) show the degree of charge transfer, Dm = Pe - Py, for each optical
transition projected to the base C (grey), or T (green), or G (teal) and the Ag cluster (red). Panels
(b), (d), (f), (h), (j), and (I) show absorption spectra of the optimized Age clusters passivated by
bases (black lines) and the core Ags cluster after removing the bases (red line).

For all structures, according to this analysis, optical transitions with energies < 4 eV
exhibit a noticeable degree of MLCT character from 20% to 60%. The lowest energy transitions
have the largest degree of MLCT (up to ~40%) for 6C-Ags and the smallest for 6G-Ags (<10 %),
Figure 3.18a-d. The absorption bands at ~3.5 eV have the largest MLCT character up to 60% for
all structures, except 6G-Ags that has the MLCT degree < 20% for all transitions at this energy
range, Figure 3.19. In contrast to all other neutral clusters, the optical bands at 2.5-3.5 eV of 6G-
Age are predominantly metal-to-metal transitions, including highly intensive transitions, which is

also confirmed by NTOs depicted in Table 3.7. It is important to note that the MLCT character
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of the lowest transitions increases when guanines or thymines are accompanied by cytosines
(4C2G-and 4C2T-Ags), Figure 3.19. This increase in an MLCT character is reflected in higher
intensities of these transitions compared to those of 6G-, 6T-, and 2C4T- Ags, Figure 3.14a-b.
However, the MLCT character mainly originates from cytosines (~30%), with less than 10%
contributions from other bases. Thus, cytosines maintain the MLCT character of the lowest
energy transitions in a higher degree than other bases.
3.4.3. Effects of Nucleotide Passivation on the Charge Transfer Characteristics of a
Transition

We also compare the absorption spectra of the passivated Ags clusters and the bare
cluster in which passivated bases are deleted, while the cluster is preserving the same geometry
as it has in the passivated structures, Figure 3.18e-g and Figure 3.19. Interestingly, the lowest
energy transitions of the neutral bare clusters are optically active, in contrast to those of the
passivated clusters, except 6C-Ags wWhere the passivated cluster has optically active first
transition, while it is optically inactive for the bare cluster. This trend points to a change in the
optical selection rules of the lowest transitions of AgNCs due to the delocalization of the excited
state both over the cluster and the bases bearing MLCT character. In contrast, highly intensive
absorption peaks at 3.0-3.5 eV, almost coincide between the bare and the passivated clusters,
especially in 6G-,6T and 2C4T-Ags, despite the admixture of MLCT character in transitions
contributing to these peaks, Figure 3.18e-g and Figure 3.19. As such, transitions at this energy
range exhibit the same optical selection rules for both pure metal-to-metal and mixed MLCT
states.

Similar to transitions at 3.0-3.5 eV, the lowest energy transitions contributing to the 2.5-

3.0 eV band of the ligated clusters also exhibit the s-character of holes (50-70%) and p-character
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of electrons (30-50%), but with a more pronounced admixture of s-orbitals in the electron states,
Table 3. In contrast, the lowest transitions in the bare clusters show smaller contributions of p-
orbitals to electrons resulting in a predominant s-character of both electrons (60-70%) and holes
(80-85%). These results agree with literature reports showing that the lower energy transitions in
small silver clusters with less than eight atoms in size mainly involve s-orbitals, where the hole
has predominantly s-orbital contribution, and the electron has a more hybridized s+p character.*®-
4" However, a significantly stronger degree of s+p character of electrons in the ligated clusters,
compared to their bare counterparts, is responsible for differences in their optical selection rules
of the lowest transitions at the 2.0-3.0 eV band.

The absorption band at 4.0-4.5 eV has the smallest MLCT contribution (< 20 %) for all
ligated structures, Figure 3.18a-c, and Figure 3.19. NTOs demonstrate either n-n* transitions
originated from bases or metal originated transitions with predominant s-character of holes and
p-character with a very small admixture of s-orbitals of electrons, similar to the bare clusters,
Table 3.7. Notably, there are no d-orbital contributions to electron states for both ligated and bare
clusters. A lack of d-character also reflects on the reduced MLCT character of these transitions in
the ligated systems. Due to the reduced hybridization of the electron-hole pairs, the intensity of
these transitions is noticeably smaller compared to those in the 3.0-3.5 eV range. Comparing the
bare and ligated structures, there is a significant splitting between optical peaks at ~4.0 eV in the
bare clusters, which is not present in the ligated clusters. This is the result of minimizing the
energy splitting between the bonding and antibonding Ag-associated p orbitals due to the
perturbation by nucleobases’ electrostatic dipole,*’ despite a minimal direct contribution of base
orbitals to these states. This explains significant deviations between this band in the bare and

passivated clusters, Figure 3.18e-h and Figure 3.19.
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For the band at the energy > 4.5 eV, the CT degree increases to 20%-40% for most
structures but exhibiting mainly LMCT, rather than MLCT character. For these transitions, the d-
orbital contribution to holes becomes significant (40-80%). These results well agree with
previously reported calculations of DNA-Ags clusters, showing that the absorption peaks from
red to blue wavelengths are predominantly of MLCT character, while absorption in the blue-
violet range are mostly represented by transitions with a mixed character of LMCT or d-d*.!!
The similar trends in CT contributions to all absorption bands are observed for charged
passivated and bare Ags" clusters, with the difference that the lowest energy optically inactive
transition (at ~1.5 eV) has a small contribution of MLCT with a dominant metal-to-metal

character associated with s-orbitals of both electrons and holes, Figure 3.20 and S10.
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Figure 3.21: Absorption spectra and Ag’s s, p, d angular momentum contribution to the excited
states (hole and electron) of the all transitions in the most stable nucleobases ligated Ages and
their bare clusters. All panels are labeled with the name of the clusters. In each panel, a-c and e-g
sub-panel are the contribution of Ag’s s, p, d angular momentum in the ligated and bare clusters,
respectively. Panel d and h are the absorption spectra of the respective ligated and bare clusters,
red vertical line indicates the oscillation strength of the transitions. In case of nucleobase
passivated clusters, transitions of oscillator strength > 0.01 are plotted to reduce the overlapping
bar plot. The sum of s, p, and d of the Ag in the hole and electron states indicates the total
contribution of the Ag in the respective transition.
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Figure 3.21: Absorption spectra and Ag’s s, p, d angular momentum contribution to the excited
states (hole and electron) of all transitions in the most stable nucleobases ligated Ags and their
bare clusters (continued). All panels are labeled with the name of the clusters. In each panel, a-c
and e-g sub-panel are the contributions of Ag’s s, p, d angular momentum in the ligated and bare
clusters, respectively. Panel d and h are the absorption spectra of the respective ligated and bare
clusters; red vertical line indicates the oscillation strength of the transitions. In the case of
nucleobase passivated clusters, transitions of oscillator strength > 0.01 are plotted to reduce the
overlapping bar plot. The sum of s, p, and d of the Ag in the hole and electron states indicates the
total contribution of the Ag in the respective transition.

3.5. The Size and Charge Dependent Absorption Features of Cytosine Passivated Ag

Nanoclusters

The next promising feature of silver nanoclusters is the evaluation of absorption spectra

with the number of Ag atoms in a cluster and overall charge of the nanoclusters. The molecule

like discrete optical transitions and their spectra characteristics are diminished when the Ag

clusters grow to a larger size. Instead, larger Ag clusters show a unique absorption band in the

UV-vis energy range.*® It was reported that the red-shifted plasmon like absorption band had

been shown in the size of the nanoclusters, about 20 silver atoms.**%% While smaller clusters

have shown the absorption band in the range of 3.0 eV°12, A note to remember that besides the
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cluster size effects, the optical response of a metal nanocluster can be modified by several
factors, as we have shown in section 2.4 of this chapter,

We have considered Ags-Agio and Agi7-Agz1 nanoclusters to study the size effects and
charge of the system. In the previous section, it has been shown that the lowest energy transition
has non-zero oscillator strength, which is tuned in the response of structural and ligand
interactions. Time-dependent DFT (TD-DFT) calculation of the wide range of Ag clusters will
help understand the size effects. The initial geometries were taken from the previous prediction
of the bare silver clusters®. The bare clusters are passivated by cytosine with the 1:1 ration up to
9 Ag size nanoclusters. The predicted energetically stable Ag nanoclusters of larger than nine
atoms consist of Ag core; thus, the Ag to cytosine passivation ratio is smaller than 1:1 in the
nanoclusters larger than nine atoms size. Two different types of passivated Agio clusters are
considered- five and ten cytosine passivation.

3.5.1. Size Dependent Structural Change in Ground State Geometries

In section 3.4, we have shown the planner and non-planner structure of the Ag5 and Ag6
cluster dominate the Ag-C interaction, and the Ag-C interactions dominate the charge transfer
nature of the transitions. The lowest energy conformation of the nanoclusters larger than 6 Ag
atom is non-planner. The optimized ground state Agr is pentagonal bipyramidal, which has Dsy
symmetry, comparable to the geom-3 of the 6C (sub-chapter -3.4). Ags has a triangular
bipyramidal in the center of Ags (figure 3.22). Petty et al. also predicted a core bipyramidal
structure in the Agio clusters.® The larger geometry has shown multiple symmetries or almost
symmetric geometry. Moreover, Agzo preserves an almost perfect pyramidal structure. The
adopted initial geometry of the Agzo® is covered by eight cytosine due to a smaller surface area

compared to other nanoclusters model. Due to the bulk-like conformation, structural
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reorganization by the cytosine passivation is minimum in the Agzo nanocluster (Figure 3.23).

Because of high symmetry, it shows a metal-like brighter absorption peak.
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Figure 3.22: The optimized neutral ground state structure of the Ag7-Agio. All geometries were
optimized in water solvent using DFT ab initio method
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Figure 3.23: The optimized neutral ground state structure of the Agi7-Ag21. All geometries were
optimized in water solvent using DFT ab initio method
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3.5.2. Size Dependent Absorption of the Ag Nanoclusters

Figure 3.24-3.26 are showing the absorption spectra of the neutral and +1 charged Ag
nanoclusters from 4 to 10 and 17-21 Ag atom sizes. Overall, Ag clusters have two spin
configurations- singlet and doublet spin. The absorption spectra feature in the range higher than
2.5eV is comparable in both spin systems (Figure 3.24-3.25). Ag nanoclusters of smaller than ten
atoms have three distinct absorption bands in the range of 2.5-5.00 eV. The discrete energy
splitting between the absorption peak decreases with growing cluster size; as a result, the
intensity is also increased. Although the absorption peaks at around 3.50-4.75eV are insensitive
to the cluster size, the lowest energy absorption peak at 3.00 eV in the singlet spin geometries are
red shifted with increasing the cluster size (Figure 3.24-3.25). Because of higher symmetry in the
Ag5 and Ag6 clusters, the 3.25eV absorption peak is slightly blue-shifted compared to others.>*
In all clusters, the absorption peak at 5.00eV is consistent mainly due to a similar nucleobase
cytosine molecule (This peak is not shown in the larger nanoclusters' absorption spectra due to
limitation of required resources in TDDFT calculation for high energy states).

In contrast to the nanoclusters of singlet spin, doublet spin nanoclusters have a lower
energy absorption band in the range of 1.00-2.50eV. The overall energy and intensity of the
absorption in this range are nanoclusters size and charge sensitivity. It has shown that the
intensity of the at the energy range 1.5eV decreases with the increasing neutral clusters size
(Ags, Ag7, and Ago). In contrast, it increases in the +1 charged clusters (+1 charged 4, 6, 8, and

10 atom size Ag clusters) (Figure 3.24-3.25).
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Figure 3.24: Absorption spectra of the neutral (panel a) and +1 charged (panel b) Ag clusters.
Even and odd number clusters are categorized as singlet spin. All calculation is done in water

solvent and Cam-B3LYP functional.
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Figure 3.25: Absorption spectra of the neutral (panel a) and +1 charged (panel b) Ag clusters.
Odd and even number clusters are categorized as doublet spin. All calculation is done in water

solvent and Cam-B3LYP functional.
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Figure 3.26: Absorption spectra of the neutral (panel a) and +1 charged (panel b) of the larger
Ag clusters (n>16). Odd and even number clusters are categorized as doublet spin. All

calculation is done in water solvent and Cam-B3LYP functional
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On the other hand, nanoclusters' size and charge have minimum effects on the overall
absorption feature of the larger Ag nanoclusters. Both the neutral and +1 charged clusters shown
a low energy absorption band in the range of 1.75-2.50eV and high intensity peak at the 3.25eV
(Figure 3.26). This absorption feature is comparable with the reported aromatic compounds
passivated Agzo nanoclusters, where higher oscillator transitions at the energy 3.25eV are
insensitive to the surface passivation molecule.*®

The lowest energy transition carries the information of size and charges sensitivity of the
bandgap and selection rule. The nanoclusters' energy and oscillator strength change over the size
of the clusters are shown in Figure 3.27. Overall, smaller metal clusters are shown brighter
lowest energy transition compare to larger nanoclusters. The transition energy decreases with
increasing the size of the cluster, which is a result of decreasing the confinement energy and
increasing the bulk metal like feature. The oscillator strength is very sensitive to the charge and

symmetry when nanoclusters are smaller than 20 atoms.
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Figure 3.27: Energy and oscillator strength of the lowest energy transition in the all neutral and

+1 charged clusters (Ags — Ag21). The size of the marker represents the brightness of the lowest
energy transition. The color bar is also representing the same information-oscillator strength.
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3.6. Principal Component Analysis of Ags and Ages Clusters

From the above studies, the electronic structure of Ag nanoclusters is certainly dominated
by Ag core structure, surface interaction with the ligand nucleobases, the charge of the systems,
etc. Because of several degrees of freedom in determining the overall photophysical properties, a
large-scale structural analysis could determine the dominating feature. In this section, we have
done principle component analysis (PCA) of the structural descriptor, like Ag-Ag, Ag-N bond,
relative energy of the clusters, excitation energy, and oscillator strength of the cytosine
passivated Ag nanoclusters.
3.6.1. Methodology

We have randomly generated 500 structures for each of cytosine passivated Ag5 and
Ag6, charge, and neutral nanoclusters in the first step. We have maintained 1 to 1 Ag and
cytosine ration, and all cytosine bound with Ag cluster by Ag-N2 of cytosine bond. All the initial
created geometries are optimized using DFT method® in water solvent using Cam-B3LYP
functional” and a mixed basis set of LANL2DZ2 (for Ag atoms) / 6-31G*°. Because of the
random creation, some conformations significantly deviate from the chemically realizable
structure, and those are excluded from the optimization, which is less than 5% of the total
number of conformations. The excited state energy and oscillator strength are obtained using
linear response time dependent DFT (TDDFT) using a similar functional, basis set, and solvent.
All calculations have been done in the Gaussian software packages.
3.6.2. Data Collection and Categorizing

Our goal is to determine the dominating structural feature for the higher oscillator
strength. So, all nanoclusters are divided into four categories according to the lowest energy

transition's oscillator strength. The four range of oscillator strengths is <0.01, 0.01- 0.03, 0.03-
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0.05, >0.05, and name as dark, bright, brighter, and brighter, respectively. The relative energy is
the energy relative to the lowest energy conformation of the considered cluster series (Ags,
Ags™, Ags, Ags™t). To calculate the Ag-Ag bond length, the Ag-Ag bond is defined by threshold
value 3.50A, and the lowest three are considered here. Ag-cytosine bond is defined by the bond
between Ag and N2 of the cytosine ring. Although all initial geometries were prepared by
placing on the Ag-N bond, the number Ag-N bond deviates in the optimized structure. We have
considered a bond as Ag-N if the value is lower than the threshold distance of 3.50A. All the Ag-
Ag and Ag-N bonds are ordered in ascending order. For example, Ag-Agl indicates the strongest
Ag-Ag bond.
3.6.3. Principal Component Analysis of the Structural Features

In the first step, the two-component analysis of Ag-Ag and Ag-N bond combination are
studied. The PCA plots are shown in Figure 3.28. It is shown that Ag-Ag bond length is
dominant over the Ag-N bond. We assume that the Ag-N determines the overall structure, which
led to modifying the Ag-Ag bond and the final geometry of the nanoclusters dominating the
oscillation strength. Ag-Ag bonds also determine the overall energy. Figure 3.29 is showing the
two components analysis of the Ag-Ag bond with relative energy. It was noticeable that
oscillator strength is predominately dependent on the Ag nanocluster structural feature rather
than the system's relative energy. Due to the variation of charge and symmetry in nanocluster, it
is also uncertain the basis of the relative energy. In our calculation, the basis is the lowest energy
of a series in our considered geometries. Ag-N bond with the relative energies is shown scattered
brightest transitions (Figure 3.30). This indicates that Ag-N bond length will not be the best
choice as a descriptor. It is also noted that Ag-N bond length is used as unlabeled data, so we

have not to tag metal atom to determine the Ag-N bond. In section 3.2 and 3.4., it was shown that

104



ligand metal interaction plays an important role in determining transition energy and oscillator
strength. Our future plan is to explore the correlation between the Ag-Ag and Ag-N bond,

including binding side label.
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Figure 3.28: The correlation between the Ag-Ag bond and Ag-N bond. The data is categorized
based on the oscillator strength of the lowest energy transitions. In some clusters, number of Ag-
N bond are 3, so maximize the sample pool, three Ag-Ag and three Ag-N bonds are plotted.
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Figure 3.29: The two-dimensional (2D) correlation between the Ag-Ag bond and relative energy
of the optimized clusters.

Moreover, the three descriptors, Ag-Agl, Ag-N1, and relative energies, are plotted in a
two-dimensional (2D) plot in figure 3.31. The confidence level is 81%, where component 1 is
predominant. Another advantageous feature of PCA is the clusterization of the data, which lets
us categorize based on the features. Figure 3.31 shows that the brightest oscillator strength is less
scattered compared to the lower oscillator strength transition. This indicates that bright
transitions can be described using these descriptors. The Gaussian distribution of all the four
transitions categories shows significant overlap, which minimizes the probability of accurate

prediction using these three descriptors.
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Figure 3.30: The two-dimensional (2D) correlation between the three shorted Ag-N bond and
relative energy of the optimized clusters.
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Figure 3.31: The two-dimensional (2D) correlation of the three descriptors — the shortest Ag-Ag
and Ag-N bond- and the relative energy of the optimized clusters. Gaussian distribution of all
transitions shows a significant overlap between the distribution of all target descriptors.

3.6.4. Correlation with the Volume of Ag Clusters
The volume of the silver clusters is an important descriptor. We have described the

relative shape of the cluster by counting the number Ag-Ag bond. A single atom thick nanorod

107



shape Ag nanocluster has a minimum number of Ag-Ag bond. In contrast, an Ag atom should

coordinate with the maximum number of Ag atoms in a compact 3D geometry (Figure3.32).
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Figure 3.32: The number of Ag-Ag bonds in Ag4 nanoclusters based on the Ag nanocluster
geometry shape.
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Figure 3.33: The two-dimensional (2D) correlation of the three descriptors — the shortest Ag-Ag
and Ag-N bond- and the relative energy of the optimized clusters. Gaussian distribution of all
transitions shows a significant overlap between the distribution of all target descriptors.

From the previous discussion, certainly, Ag-Ag bond length and Ag-N bond length,
especially the shortest bond, along with relative energy, could be a good descriptor. The 2-D
PCA conversion of the three shortest Ag-Ag bonds, three Ag-N bonds, relative energy of the
optimized geometry, and the number of Ag-Ag bonds are shown in Figure 3.33. Gaussian
distribution of dark and bright-brightest transition shows the significant distribution between

dark and non-dark transitions. These results indicate that the cluster shape is an important
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descriptor. Although the inclusion of these descriptors shows a separation of the category, the
sum of the principal factors' variance ratio is lower than 60%.

We identified a few important structural descriptors for unsupervised clustering analysis.
A larger dataset is needed to increase the confidence label. In summary, the PCA analysis shows
that the Ag-Ag bond is a good descriptor, besides Ag-N and relative energy. In addition, overall
cluster shape (incorporated by the number of Ag-Ag bond) increases the selectivity.

3.7. Summary

We have studied all the conditions and features what impacts the optical and structural
feature of the nucleobase passivated Ag nanoclusters. Our calculations demonstrate that a polar
solvent like water is an important factor that transforms the geometries of clusters passivated by
cytosines from planner 2-D to non-planar 3-D structures, while the planar conformations are the
most stable for the non-passivated Ags and Ags clusters.3 In addition to the cluster-base
interactions, the hydrogen bond network between passivating bases significantly impacts the
cluster geometry and its stability. Therefore, the most stable isomer is the one preserving the
largest number of hydrogen bonds and the strongest base-cluster interactions. On the other hand,
the redox potential of an Ag NC would determine the relative stability of the NC. Ag NC has
shown alternative redox potential strength against the size of the clusters due to the doublet and
singlet spin of the clusters. Reduction potential difference between a consecutive oxidation state
is large in a smaller cluster; as such certain oxidation states are preferential. This leads us to
calculate the redox potential of the two model redox reactions. According to our calculations, NC
of neutral or +2 oxidation states should predominate when the number of Ag atom is even, and

the +1 oxidation state should be predominating if the cluster size is odd number Ag atoms.
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It suggested that several isomers of base-passivated clusters coexist in polar solvents due
to the relatively small energy differences between their conformations (< 0.2 eV). Comparing the
cluster-based binding energies, cytosines and guanines interact much stronger than thymines
even in mixed passivation, due to their larger electrostatic dipole moments, with their
interactions increasing in charged clusters. T binding energy is almost half of the C and G
binding energy. It suggests that the thymines likely contribute a minimal amount to the
coordination of AgNCs, when cytosines and guanines are available in a DNA strand. Despite
some variations in energies and intensities of spectral peaks of clusters with different
conformations, passivation bases, and charges, the spectral profile with well resolved five main
peaks at the range of 2.5-5.5 eV is similar for all studied structures. It was shown that the doublet
transitions in base-passivated clusters with the open shell electronic structure (Ags and Agy)
result in the additional red-shifted (< 2.5 eV) and optically weak band. Besides, closed shell
electronic structure (Ags and Age) has a higher optical intensity of their lowest energy
transitions with a high MLCT contribution providing better conditions for emission. In the
energy range of 2.5-4.5 eV, hybridization in s+p+d orbitals facilitate the delocalization, which
also modulates the MLCT characters of transitions. The higher energy peak at the range 4.5eV
can be explained by the degree of the charge transfer from the Ag to nucleobase ligand. For the
optically intensive band at the energy > 5.0 eV, the charge transfer character increases but
exhibiting mainly LMCT rather than MLCT character. This change is dictated by significantly
increased contributions of d-orbitals to hole states leading to delocalization of the hole between
metal centers and bases. Overall, our results help to understand the intrinsic properties of DNA-

AgNCs chromophores better and complement experimental data.
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The brightness of the lowest energy transition decreases in the response of increasing the
cluster size. The lowest energy transition becomes dark when the cluster size approaches Ag20.
Overall, Ag nanoclusters lose their’ lower energy signature absorption feature and approach to a
bright abruption at the energy 3.50 eV.

Besides the NC size, we have shown the structure descriptor, which could determine the
brightness of the lowest energy transitions. It was shown that Ag-Ag bond length in the small
clusters like Ag5 and Ag6 has a strong correlation with the oscillator strength. On the other hand,
we did not find such dependence on the relative total energy of the clusters. These results
indicate that some higher energy conformation could have brighter lowest energy transitions. In
addition, our PCA analysis suggests that machine learning or QSAR models can be used using
the structural descriptor like Ag-Ag and Ag-N bond.
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4. SURFACE STATES AND TOTAL DIPOLE EFFECTS ON THE ELECTRON
TRANSFER IN PBS QD-PDI SYSTEMS
Organic semiconductors-based materials recently get significant attention in
optoelectronics applications like photovoltaic,* transistor,? light-emitting diodes,® and sensors.*
But, despite the promising features, the lower device efficiency limits the uses of these materials
commercially. The energy conversion in the semiconductor-organic materials is mostly
dependent on the carrier transfer steps. One dominating variable of the photoexcited charge
transfer is related electronic state energy alignment of the electron acceptor and donor.
Photoexcited electron transfer from QD to dye or dye to QD increases the overall energy
conversion rate of dye functionalized QD.>*® Therefore, surface passivation is a useful tool to
modulate the electronic structure of semiconductor-organic systems.>’
On the other hand, PDI has a strong reduction potential®, extensive light absorption®, and
a one-dimensional charge transport promoter.® The photoinduced electron can transfer to PDI,
and an anionic PDI system can be utilized for catalysis,® '* charge separation. However, the
photo-induced electron transfer efficiency is susceptible to electronic structure, n-n stacking of
the PDI, and semiconductor-PDI assembly. Motivated by these promising features, we have
studied surface passivation and surface state effects on the electronic structure of the PbS-PDI

system.
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Figure 4.1: The PbS QD model what we used in this study. The axis angle is defined from the
center of the QDs and N in the top PDI axis.

4.1. Methodology

Since we use deprotonated ligands, we have considered non-stoichiometric PbS QDs. A
Ph44S40™® QD model is prepared from the bulk PbS rocksalt lattice structure (Figure 4.1). (111)
facet is the most reactive side of a Pb chalcogenide material, PbS QD model prepared as larger
(111) facets. The calculated PbS model has a total of eight (111) facet, where four Pb and four S
rich facet. The excess Pb is attached to the S rich (111) facets. In the first stage of calculations,
each of the Pb rich (111) facets are capped with Cl atom (Pb4sS0Cls™). This let us minimize the
computational model size and resources. So, QD is passivated with a total of four ligands. In the
second stage of calculations, all the QD surfaces are passivated with different organic molecules
— oleic acid, cinnamic acid derivatives, and electron acceptor perylene diimide (PDI) derivatives
of variation in linker group. The effects of ligands on the frontier band of the PbS QDs and
ligands effects on PDI localized state are studied. PbS quantum dot surfaces are passivated by
three different cinnamic acid (CA) derivatives — trans-2,6-Difluoro CA (DFCA/DFCA26), trans-
3,4-Difluoro CA (DFCA35) and trans-4-(Trifluromethyl) CA (CFCA) and an oleic acid analog

propanoic acid (OA) (Figure 4.2).
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Figure 4.2: Cinnamic acid derivative and an oleic acid analog (propanoic acid) are used to
passivate the PbS QD surface. The short name we used to describe each of the ligands are given
in the parenthesis.

The ground state geometries of all states are optimized using the DFT method (sub-
chapter 2.1) using the PBEO functional and a mixed basis set of LANL2DZ for QD and 6-31g*
for the ligands and dye. Dichloromethane is used as a solvent and implemented in DFT
calculation using the CPCM solvation method. The density of states (DOS) is obtained by
dressing the electronic energies of the molecular orbitals. The projected density of states (PDOS)

is plotted by Gaussian broadening the partial occupation of molecular orbitals in a fragment.

T
PDOSFTag(E) = ZFfag’ie 2\ o 4.1

i=1
PDOS of the fragment ‘frag’, where partial occupancy of the i orbitals is Frag,iand N is
the total number of electrons. To calculate the PDI ligand axis on the surface of the QDs, the QD
surface is considered a spherical surface. The axis angle (o) is defined by the angle between the
vector of the center of mass of the QD to carbon in the carboxylic group and the vector of the
same carbon to N in the PDI core (Figure 4.1). The two different conformational isomers can be
made by replacing one ligand. PDI can be replaced on the Pb rich or S rich (111) facets (Figure

4.1).
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Figure 4.3: PDI molecule and its derivatives of a different linker group.

Binding energy is calculated by using the energy of the optimized fragments. To calculate
the PDI binding energy of a system, we optimized both fragments — PDI and QD-Ligands. The

PDI binding energy, Epinqpp; as follows -

Epina,ppr = EQD—Ligand—PDI - (EQD—Ligand + Eppr) (4.2)

Egp-Ligana—ppr 1S the total energy of ligand and PDI passivated QD, Eqp_p;gana IS the ligand
passivated QD energy, this fragment is cationic and Epp; is the energy of the deprotonated
anionic PDI molecule.

4.2. Ligand and PDI Linker Group Effects on Electronic Properties of the PbS-PDI

Kroupa et al. have shown a surface ligand engineering pathway to tune the frontier band

edge. In the first step, we have calculated the electronic band structure of the eight OA, DFCA
and CFCA passivated PbS QDs. Ligand exchange is the common synthesis procedure to make
dye sensitize QD. So, one ligand in the passivated QD is substituted and replace with a PDI
molecule. Reoptimized the structure and calculated the MO energy. Figure 4.4 is showing the
MO energy of the ligand passivated, and one PDI substitutes QD-PDI systems. It is shown that

frontier band states energy increases with increasing the ligand dipole (CFCA < OA < DFCA)
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although shifted by >100meV (Black bar in Figure 4.4). It is noted that this model is relatively
small in comparison to the experimental condition and is passivated by only four ligands. As
expected, both HOMO and LUMO are localized on the PbS QDs. Substitution of one ligand by
2-PDI and 5-PDI creates another state in the band edge. The projected density of states (PDOS)
shows that the intermediates states are PDI localized states (Figure 4.5). Relative comparison
with the MO energy of the non-PDI model shown that PDI does not change the QD bandgap, but
the relative energy alignment of the bandgap states and PDI originated states are modulated. The
overall QD-PDI junction is a type-Il heterojunction. The type of linker group of PDI (5-PDI vs.
2-PDI) does not alter the PDI bandgap. Figure 4.6 shows the HOMO and LUMO molecular
orbitals localization of the OA passivated and PDI substitute PbS-PDI. HOMO orbitals are
localized on the PbS core, but in the case of PDI, HOMO localized on the PDI core. Due to the
longer linker group in 5PDI, LUMO is pure PDI core localized state, but LUMO in the 2-PDl is
partially hybridized with the QD surface states. In the photoexcited carrier transfer process in the
PbS-PDI model, the photoexcited electron from the QD transfer to the PDI molecules. So, the
energy offset between the LUMO and LUMO+1 is a driving force. If the geometry
reorganization energy is minimum, the adiabatic energy offset could be considered to get a
qualitative electron transfer rate. Therefore, in the following section, we have investigated the

structural effect on the unoccupied states' energy offset in the PbS-2PDI system.
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Figure 4.4: Molecular orbitals energies of three different ligands passivated and with the two
different PDI derivatives. The horizontal dotted line indicates the separation of occupied and
unoccupied orbitals.
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Figure 4.5: Projected density of State (PDOS) of the OA (propanoic acid) passivated PbS QDs.
Two other models are on OA substitute by 5PDI and 2PDI.
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Figure 4.6: Frontier orbitals of the OA passivated, and 5PDi and 2PDI substituted models.
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4.3. Structural Isomers and its’ Effects on the Surface State of QD-2PDI

In continuation of studies with a different linker, we studied the factor influence the
structural feature, hence the overall electronic structure. We considered the Pb4oS4s™® PbS QD
and passivated by seven ligands and one 2-PDI on the Pb rich (111) facet. The optimized
structure is shown in Figure 4.7. Optimized structures show a qualitative trend between the
ligand dipole and PDI molecule interaction with the QD surface interactions. The optimized
structure shows a correlation between the energy offset to the total dipole of the optimized
structures.

On the other hand, the qualitative trend on the structure is also presented. The PDOS is
shown that ligands do not contribute to the electronic frontier states (Figure 4.8). Our
collaborator at the University of Texas at Austin prepared the PbS-PDI model and measured the
intrinsic electron transfer rate (Results not published yet). The Calculated binding energy of the
PDI and total dipole is also shown a linear relationship with the intrinsic electron transfer rate
(Figure 4.9). All these linear correlations suggest that structural features would dominate the
overall electron transfer rate, and that could be a result of overall dipole change in response to

structural variation.
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Figure 4.7: The optimized structure of the PbS-2PDI with different ligand passivated. The
structure features are correlated with the total dipole of the QD-PDI system.
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Figure 4.8: Projected density of states (PDOS) PbS-2PDI model with the different ligand
passivation on the surface. 2PDI is attached on the Pb rich (111) facet of the PbS QD.
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Figure 4.9: Intrinsic electron transfer rate from the PbS to PDI, PDI binding energy and PDI axis

To Investigate the structural isomers, we have created a systematic variation of the initial

QD-2PDI geometries. We used the DFCA, DFCA35, CFCA passivated geometry (Figure 4.7)

and replaced the ligand with the other two ligands (Scheme 4.1). The new initial geometries are
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optimized using the DFT method. This procedure shows the effects of ligands on structural
variation. Due to the structural similarities between the CA derivative, only CA derivatives
ligand passivated model are used to make structural isomers; The OA passivated QD geometry is

not used to make isomers.
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Scheme 4.1: A scheme to create the different initial geometry of a particular CA derivative
passivated model from the other ligand passivated optimized geometries. We have skipped OA
passivated structure due to the significant structural dissimilarity with CA derivative ligand.

Figure 4.10 is showing the PDI binding energy and intrinsic electron transfer rate with
the total dipole of the systems. It is noticed that geometry reorganization is minimum in the
geometry optimization after the ligand modification. We assume that geometries were relaxed in
the local minima in the potential surface, which is not overcome by ligand modification. These
structural isomers' variations are comparable with the colloidal QD environment where ligand
exchange can create different structural isomers. The axis angle o measures the orientation of the
PDI on the QD surface. The a value of 180° indicates the vertical PDI on the QD surface, and
90° indicates the lying on the surface. 2PDI is the most tilted on the surface in DFCA passivated

QD. As such, PDI has the highest binging energy in the structure obtained from the initial DFCA
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passivated model (solid circle marker in figure 4.10). The PDI binding energy strength is

correlated with the surface interaction of the QD-PDI. It is shown that the DFCA passivated

system has the highest dipole in all three series of conformations (Figure 4.10). In each series of

conformations, PDI binding energy increases with decreasing the total dipole moment, while

binding energy increases from one series to another series with increasing the total dipole. It

suggests that PDI's stronger binding minimizes the total dipole of the systems, but the structural

change would increase the total dipole despite the stronger PDI bond.
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Figure 4.10: The binding energy and intrinsic electron transfer rate relationship with the total
dipole of the ligand passivated PbS-2PDI systems. The total dipole of all structural isomers
shown a linear statistical relationship.

The total dipole is linearly correlated with the intrinsic electron transfer rate (Figure 4.9).
The correlation is shown considering the total dipole of all clusters. Besides the structural
conformation created by ligand exchange, we have made a model where PDI is on S rich (111)
facets, with different orientations in initial geometries. The total dipole of the all Ligand-PbS-
2PDI model is plotted with the experimental electron transfer rate in figure 4.10. The
conformation which is created from the optimized DFCA passivated model is the lowest in total
energy in the all ligand series. It indicates that the stronger binding energy and QD-PDI

interaction through the surface state would increase the stability of the QD-PDI systems (cyan
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line in Figure 4.10). The electron transfer rate shows linearly dependent on the statistical
average of the total dipole of all considered models (yellow shaded area represents the 95%

confidence level).
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Figure 4.11: The plot of the total dipole (D) and inverse alpha (a) as a function of the energy
offset between the LUMO and LUMO+1. All the isomers of the all different ligand passivated
PbS-2PDI are included in this chart.

Therefore, one of the driving forces for the QD to PDI photoexcited electron transfer is
the energy offset between the LUMO and LUMO+1. The total dipole and axis angle both
dominate the overall electron transfer rate. Figure 4.11 shows that the energy (4FE) linearly
increases with increasing dipole moment and inverse of a. It is noted that smaller o or larger
inverse o indicates stronger QD surface — PDI interaction. Despite sparse data points, the overall
qualitative correlation suggests that experimental electron transfer would be comparable with the
ensemble average of the computational results. On the other hand, PDI -QD surface interaction
in the DFCA passivated cluster could have two effects. The redox potential of PDI is a suitable

core modification. QD surface and PDI core hybridization influence the redox potential of the
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PDI core,*® which increases the rate of electron-accepting of PDI.13 On the other hand, QD
surface-PDI interaction would initiate the through-space electron transfer pathway. In a QD-PDI
system, a photoexcited electron from the QD transfer to the PDI molecule through the bond. In
addition to this, the through-the-space pathway can be activated by the QD surface-PDI core
interactions (Figure 4.12). A similar mechanism is suggested in the CdSe-viologens'* and dye-

sensitized CsPbls perovskite materials.™

Figure 4.12: Schematic diagram of the two possible photoexcited electron transfer pathways.
Depending on the PDI molecule’s bond on the PbS QD surface, a photoexcited electron can
transfer to the PDI only through the bond pathways or both- through the bond and the space
pathways.

4.4. Summary

In summary, our studies have shown the dependence of the excited state electron transfer
rate on the structure-dependent surface state hybridization. The higher dipole moment of a
surface passivated ligand would tune the frontier band alignment, but PDI localized LUMO
states energy dominated by the feature of PDI-QD surface interaction. We hypothesize that it
increases the PDI core’s electron-accepting capability, and besides, it also initiates an additional
electron transfer pathway, which could significantly increase the electron transfer rate. Although
the non-adiabatic and photoexcited electron transfer process is not studied in this study, we able
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to show a structural relationship with the electronic characteristic of the system. Our result will
help rationalize the experimental results and design the methodology for the non-adiabatic
electron transfer process, which is our future plan of study.
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5. THE EFFECTS OF INTERFACE AND CONFINEMENT ON HOT CARRIER
DYNAMICS IN PBSE NPL AND QD

PbSe NPL synthesized by oriental attachment of PbSe QD by CI-Pb-ClI bridging on (110)
facet and grown in (100) lattice direction®. The effects of the PbCl, bridging molecules on the
hot carrier relaxation process is still unknown, although this method gives more control on the
orientation of the lateral dimension and thickness. Despite the promising feature of PbSe NPL,
no detailed study on the excited carrier dynamics in PbSe NPL and confinement effects on
carrier relaxation are reported yet. Moreover, we have discussed in chapter 1 that how carrier
relaxation rate would dominate the CM rate in the confined nanocrystals. So, an ab-initio method
based excited state study would be able to predict the confinement effects and carrier relaxation
dynamics. Therefore, in this chapter, we have studied PbCl; bridged PbSe NPL and PbCl;
passivated PbSe QDs to investigate the effects of the confinement and PbCl; bridging molecule
on the hot carrier dynamics. Due to the 1D confinement and symmetry breaking in NPL,
degenerate frontier states of the bulk PbSe are split and form a frontier band in NPL. Hot carrier
relaxation rate is slower in NPL compare to 0-D QD, especially the hot electron. High energy
electronic states of NPL are coupled with optical phonon in the range of 150 cm™to 225 cm™,
while QDs states are mainly couple with acoustic phonon.

5.1. NPL and QD Model and Methodology

5.1.1. Preparation and Consideration of the NPL and QD Models

The initial structure was made by cutting (PbSe)ss from the bulk PbSe rocksalt structure,
and then 12 PbCl, molecules are added to the 12 (110) facets of the PbesSess unit. It was reported
that PbSe QD’s (110) and (111) facets are the most reactive surface. PbCl> molecules are

attached on the (110) surface and form a network between the PbSe QDs. Experimental results
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show the consistent formation of approximate 2 nm thick NPL?, which is equivalent to 6 layers
thick of the PbSe rocksalt crystals. Previous theoretical reports are also suggested that
considerable accurate experimental results can be predicted by using six layers PbesSess QD. The
periodic cell for the three dimensionally confined QD calculation is prepared by adding an 8A
vacuum in all three directions. On the other hand, the NPL model is prepared by maintaining
periodicity in the X and Y axis and 20 A vacuum in the Z-direction.! Z-direction is meant to the
confined direction of the NPL in all the results in this chapter. Both structures are optimized by
DFT method? (details in subsection 2.1) using a GGA functional PBE® and projector-augmented
wave (PAW) pseudopotentials* in VASP software packages®. NPL calculations are performed
with 2x2x1 and QD in 1x1x1 k-point in Monkhorst pack mesh. NPL has a direct gap of 1.26 eV
at Gamma point and the lowest direct bandgap of 0.96 eV at the L high symmetry point of the
first Brillouin zone. Previous experimental study and hyperbolic band model® suggested that 2nm
thick PbSe NPL bandgap is ~1.20 eV. Considering the very large Bohr radius of PbSe (~46nm)
while the finite dimension of the synthesized NPL, the calculated bandgap (0.96 eV) of the
infinitely elongated PbSe NPL model is considered as a reasonable agreement. Moreover, it is
already established from the previous studies that the hybrid and range separated functional, eg.
PBEO’, HSE068 does not change the ground state electronic structure and the wavefunction
localization of the Pb and Cd chalcogenide nanomaterials. However, hybrid functional increases
the bandgap compare to the GGA functional®. Spin-orbit correction is not included since it was
reported that the inclusion of spin-orbit has less than 1% correction in lattice parameters and

negligible effects on the electronic structure.0-1?
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(a)

(b) -

Figure 5.1: Geometries of the PbCl, bridged PbSe nanoplatelets and PbCl, passivated PbSe
QDs. Image a and c are the nanoplatelets and QD, respectively optimized at 0K. Optimized NPL
and QD geometries are heated up to 300K and shown in b and d, respectively. Color scheme:
dark gray — Pb, yellow — Se, green — Cl
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Figure 5.2: The energy band over the first Brillouin zone of the Cl-bridged PbSe NPL. The right
and left panels are the density of states (DOS) at Gamma (G) and L high symmetry points,
respectively. The energy band calculations are done at 2x2x1 K-point mesh, with a minimal
number of K-point along with the NPL thickness. The NPL has the 0.96 eV direct bandgap at the
high symmetry point L while the direct gap 1.26 eV at the Gamma point. Black lines in the left
and right panel are the average density of states over the G, X, W, and L high symmetry points.
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5.1.2. Thermalization and Molecular Dynamics

We have run a molecular dynamics simulation at room temperature (300K). To attain the
equilibrium ionic kinetic energy, the optimized geometries are thermalized at 300K by velocity
scaling for 1.0 ps long with similar functional and other parameters. The structure of NPL
optimized at 0 K shows that PbCl> molecules form an in-lattice bridging between the QD units,
but PbCl; acts as Cl terminated surface passivated molecule in the 3-D confined QD structure
(Figure 5.1). Due to relaxing the confinement energy in X and Y directions, surface
reconstructions are minimum in NPL compare to the PbCl. passivated QD. Increasing the kinetic
energy in NPL at 300K, PbCl; is shown the maximum atomic displacement. However, CI-Pb-Cl
is shown only in-plane vibration over the adiabatic trajectory (one snapshot in Figure Ab). On
the other hand, QD has a minimum overall average surface modification at 300K compared to
the optimized structure at OK. The obtained geometry from the thermalization step is used to
calculate the adiabatic trajectory using molecular dynamics calculation in the VASP software
package®; the complete theory is given in the sub-chapter 2.5. Although there has no
computational study on the excited state lifetime of the similar model, the study of the
comparable PbSe QDs model predicted =3.0ps electron lifetime.'? Therefore, we have simulated
5.0ps and 4.0ps long adiabatic trajectories for the NPL and QD respectively.

5.2. Ground State Electronic Structure of NPL and QD

5.2.1. Consideration of the Band Structure and Initial Condition of the Simulation

We have calculated the NPL's electronic band structure over G, X, W, and L high
symmetry points in the first Brillouin zone and 20 points in between each point (Figure 5.2). The
overall band structure is comparable with the bulk PbSe, but higher energy splitting due to the

confinement. NPL has a minimum direct bandgap at L high symmetry points. Electronic
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structure, especially band-edge states, is sparse with a sub-gap at L-point compared to the
gamma point. Characteristics of the band edge states of materials are more important for
optoelectrical devices because the hot carrier relaxed to the band edge state, and recombination
or separation takes place from the band edge states. As such, in the case of NPL, all the

following calculations are done based on the electronic states at L high symmetry point.
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Figure 5.3: Time-dependent total density of states (DOS) of the PbCl; bridged NPL(a), and QD
(c) at 300K. DOS of the NPL and QD at OK is shown in the insets of the respective panels. The
highest occupied molecular orbital (HOMO) energy is close to the Fermi energy in QD at OK.
Absorption spectra of both NPL and QD are shown in the panel (b) and (d), respectively.
Absorption spectra at 300K are the average absorption spectra of the 100 fs interval over the
adiabatic trajectory.

Figure 5.3 is showing the total density of states (DOS) of the PbSe NPL and QD. Ground
state electronic structure of the NPL at the room temperature has a minimum variation over the
time while the 3-D confinement leads to the bandgap fluctuation at the room temperature

(Figure 5.3 a, ¢), as such effective mass of the band edge electrons and holes in the NPL are
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comparable in the whole adiabatic trajectory. Strong confinement effect in QD results in almost
homogeneous and discrete unoccupied states, while NPL has shown a sub-gap in the unoccupied
band. To understand the effects of the PbCl. in the PbSe lattice, we have calculated the projected
density of states (pDOS) of both NPL and QD (Figure 5.4 and 5.5). The occupied band is
dominated by the Se and unoccupied band Pb. The overall PDOS structure agrees with the
previously reported PbSe band structure.®® The discrete feature of the NPL in the unoccupied
band is the result of the Pb localized state. Most importantly, CI contribution on the band edge

states is minimum, which implies that PbCl> bridges do not create any trap state in the frontier

occupied and unoccupied band.
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DOS, a.u.
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Figure 5.4: Total density of states (DOS) (a) and the projected density of states (pDOS) of the
Pb (b), Se (c), and CI (d) of the PbCl> bridged NPL.
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Figure 5.5: Total density of states (DOS) (a) and the projected density of states (pDOS) of the
Pb (b), Se (c), and CI (d) of the PbCl> passivated PbSe QD over time.
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Figure 5.6: Time-dependent absorption spectra of the NPL (a) and QD (b). Absorption spectra
of every 100 fs time steps of the adiabatic trajectory of the NPL and QD.
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5.2.2. Absorption of the NPL and QD Characteristics of the Transitions

The overall DOS features reflect on the absorption spectra of both NPL and QD. The
figure 5.3-b, d shows the absorption spectra of the NPL and QD calculated at the OK, and the
average absorption spectra at 300 K. NPL shows featured absorption spectra (Figure 5.3 and
Figure 5.7) due to the sub-gap. Increasing temperature to 300K, the absorption peaks are
broadened, and the discrete lowest energy absorption peak is visible. The time-dependent
absorption spectra are shown that the lowest energy is consistent over time (Figure 5.6-a). On
the other hand, due to the homogenous broadening of the occupied and unoccupied band, PbCl;
passivated PbSe QD shows broader absorption spectra. The lowest energy transition peak is also
fluctuating over the adiabatic time (Figure 5.6-b). Despite three-dimensional confinement, QD
has shown the comparatively lower degree of discrete featured absorption spectra because of the

rocksalt lattice symmetry breaking and surface reorganization on the PbSe QD surface.
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Figure 5.7: Analysis of the nature of the NPL and QD transitions at OK and 300K temperature.
All transitions are divided as hot-electron, hot-hole, and symmetric transition according to the
electron (e) and hole (h) energy differences.
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To understand the nature of the transition, we have categorized all the transitions into
three categories, asymmetric transitions — hot hole and hot electron, and symmetric transitions.
Hole and electron energies are defined relative to the HOMO and LUMO energy (E;, =
Eyomo — € and E, = € — E ymo) Where Egopo 1S the highest occupied molecular orbital
(HOMO) energy and E; ;0 are the lowest unoccupied molecular orbitals (LUMO) energy,

&, (g7) s the excited occupied state (unoccupied state) energy of a transition. Based on the
electron and hole energy, transitions are categorized to the symmetric and asymmetric transition
based on the electron (e) and the hole (h) energy of a transition, where |E;—E,| < Ae¢is
denoted as symmetric transition and |E,—E,.| = Ae is asymmetric transitions, where Ae =
0.10eV. Among the asymmetric transitions, a transition is denoted as a hot hole transition if
E,—E., = Ae and hot electron transition if E;,—E, < —Ae. The ground state absorption spectra
of both NPL and QD at and OK and average spectra at 300K are decomposed to the hot electron
(hot-e), hot hole (hot-h), and symmetric transitions in Figure 5.7. In the NPL, the first two peaks
originated from the transition of the two unoccupied bands to the frontier occupied band (L-L+3)
(Figure 5.7). Nature of homogeneous distribution of occupied and unoccupied bands in QD
results in broadened absorption spectra (Figure 5.3), where the hot hole (E;, > E,) and hot
electron (E;, < E,) transitions are almost equally dominated over the whole energy range
(Figure 5.7). NPL has shown the featured absorption peak (Figure 5.3) due to the sparse
unoccupied bands. Because of this, optical transitions of hot-e are dominated at the energy range
of 2.5XE, (E; = ELymo — Enomo), but both hot e-h are equally dominated at the energy range of

3.0xEg (Figure 5.7 a, b).
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5.3. Relaxation Dynamics in NPL and QD
5.3.1. Initial Condition
A 5.0ps and 4.0ps long ground state MD trajectories are calculated for the NPL and QD,
respectively, by using the 2fs nuclear time steps. The first 300 initial trajectories are considered
as an initial condition to simulate hot carrier relaxation, and it ensures trajectory branching.*
Phonon mediated relaxation dynamics are calculated using the Fewest Switching Surface
Hopping (FSSH) method®® with the single-particle approximation for the hole and the electron.

FSSH gives a time-dependent probability of the carrier transition between the states, which is
correlated with the Non-Adiabatic Coupling (NAC) term d,,,,, - R = —ih(@k %|¢m> , Where

@m 1s the adiabatic Kohn-Sham (KH) basis, and the thermal equilibrium of the hot carrier is
achieved by ensuring the detail balance!® with considering the Boltzmann factor (Detail in sub-
chapter 2.5). Since the hot carrier relaxation dynamics could be different in different energy
ranges, the degree of hot-h and hot-e is important because depending on it, the energy dissipation
mechanism could be varied. In the case of the CM process, the minimum photon energy when
carrier generation is more than unity is known as the CM threshold energy of that certain
materials'’. The threshold energy for CM of a material can be tuned by structure and materials
composition, which is 6 -7 times the bandgap (Eg) in bulk PbSe and 2.2-2.7xEg in QDs,
Reducing the confinement to along one dimension (1D nanorods), threshold energy slightly
improved, 2.6Eg*°. Considering the threshold energy in QD and NR, two initial excitation energy
constrain — 2.5xEg and 3.0xEg are considered in the phonon mediated hot carrier dynamics
simulation. It was shown in Figure 5.7 that both hot-e and hot-h transitions dominate the optical
transition in the 2.5xEg and 3.0xEg energy range. To get the full understanding, we have studied

the hot carrier relaxation dynamics with the initial constrain - the inclusion of all transitions and
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selectively all symmetric transitions only. Besides, two limiting cases are also considered, the

inclusion of selectively all hot-e and hot-h transitions.

5.3.2. Phonon Mediated Relaxation in NPL and QD
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Figure 5.8: Phonon mediated electron and hole relaxation over time of the PbCl, bridged NPL
and PbClI; passivated QD, calculated by initial condition of all symmetric transitions and
transition energy of 2.5xEg and 3.0xEg. Panels a, e are the time-dependent normalized average
electron and hole energy over the time in NPL and QD where solid and dash lines represent the
2.5xEg and 3.0xEg initial excitation energy. Panel b, c, and e, f is showing the time-defendant
evaluation of the (hot-e) and hot-hole (hot-h) wavepacket of initial excitation of energy 2.5xEg
and 3.0xEg in NPL and QD, respectively. Solid white lines represent the ensemble average

HOMO and LUMO states, and dotted white lines represent the ensemble average hot-e and hot-h
energy over time.

Figure 5.8 -5.12 shows the phonon mediated relaxation dynamics of the excited electron-
hole of the initial condition of 2.5XEg and 3.0xEg excitation energy. Surface plots show the
DOSxpopulation of the hole and electron states over the 4.40ps (NPL) and 3.00ps (QD) long
trajectories. Overall, the hole relaxation rate in QD is about 1ps faster than the hot electron
relaxation. This result is showing a good agreement with the previous PbSe QD results?. On the
other hand, relaxation time in NPL is much slower, especially the hot e, independent of the initial

hot-h and hot-e energy. Since the ratio of the hot-e and hot-h in optical transitions is higher in
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3.0xEg excitation energy compare to the 2.5xEg (figure 5.7), only hole energy is increased by
increasing the initial excitation energy constrain (Figure 5.8 a, b, ¢). Although the overall rate is
not affected by initial excitation energy constrain, the energy dissipation rate of the initial high
energy hot-h and hot-e states are high at 3XEg constrain because of the denser unoccupied states
(Figure 5.8a). The fast continuous intraband relaxation of the excited hole can be realizable from
the higher average NAC term and smaller intraband splitting in the unoccupied band, which is
even pronounced in the 3xEg excitation (Table 5.1). On the other hand, hole relaxation
dynamics of the NPL shows a discontinuity in the initial condition of selective hot-h excitation
and symmetric excitation (Figure 5.9¢e, 5.10b), which indicates a multiphoton relaxation
dynamic. Due to the strong confinement and surface reconstruction, the density of occupied and
unoccupied states of the QD are widely distributed, as such initial wavepacket is also widely
distributed, and average hot-e and hot-h energy are symmetric in energy in both initial excitation
energy constraints (Figure 5.8 d, e, ). In both models, electron and hole energy dissipation
follow the exponential decay where intermediate states don’t affect the overall relaxation
mechanism. Exponential fitting of the depopulation of the initial hot e-h and population of the
final band (L to L+3/ H to H-3) are shown in figure 5.13. Except for the electron in NPL, higher
energy e-h has a smaller average intraband energy splitting and a larger average coupling term in
both NPL and QD (Table 1). Therefore, the initial hot carrier relaxation rate is fast in the 3.0xEg
excitation condition. In contrary, the average coupling term is unchanged, and average intraband
energy splitting is higher in the case of an electron in NPL in 3.0xXEg excitation because of more

hot-hole (E;,, > E,) and sparse band-edge state.
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Figure 5.9: Phonon mediated electron and hole relaxation over time of the PbCl; bridged NPL
and PbCl> passivated QD, calculated by initial condition of all symmetric transitions and
transition energy of 2.5xEg and 3.0xEg. Panel a and e are the time-dependent normalized
average electron and hole energy over the time in NPL and QD where solid and dash lines
represent the 2.5xEg and 3.0xEg initial excitation energy. Panel b, ¢, and f, g is showing the time
defendant evaluation of the (hot-e) and hot-hole (hot-h) wavepackets of initial excitation of
energy 2.5xEg and 3.0xEg in NPL and QD, respectively. Solid white lines represent the
ensemble average HOMO and LUMO states, and the dotted white line represent the ensemble
average hot-e and hot-h energy over time.
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Figure 5.10: Phonon mediated electron and hole relaxation of the PbCl, bridged NPL overtime
where (panel a, c) hot electron (hot-e) and (panel b, d) hot hole (hot-h) transitions are selected as
an initial condition. Solid white lines represent the ensemble average HOMO and LUMO states.
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Figure 5.11: Electron and hole relaxation where (panel a, c) hot electron (hot-e) and (panel b, d)

hot hole (hot-h) transitions are selected as an initial condition. The dotted white line represent the
ensemble average hot-e and hot-h energy over time.
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Figure 3 of the main article is another representation of similar calculations.

Table 5.1: Nonadiabatic Coupling (NAC) constant, intra-band splitting, and e-h relaxation rate
constant of the NPL and QD. di+1 and di;+2-n are the ensemble average NAC constant between
the nearest states and between all other states, respectively, 4Enn is the average energy

difference between the states and average over the ensemble. 1 is the hot carrier relaxation rate

constant calculated by the exponential fitting.

Hole Electron

25xEg  3.0xEg 25xEg  3.0xEg

dii+1, meV 13.11 17.07 11.67 11.69

. AEnN, meV 28.33 21.21 37.78 41.40
= di,i+2-n, meV 1.86 1.56 1.03 0.96
T, fS 1.18 0.81 2.40 2.22
dii+1, meV 20.53 22.98 15.86 21.71

A AENN, meV 23.07 20.67 32.74 27.72
O dijsan, meV  2.26 2.27 1.71 1.89
T, fS 0.58 0.51 0.75 0.66
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5.3.3. Phonon Modes Coupled with Electron and Hole States

Overall, PbCl; passivated PbssSess QD shows a similar relaxation mechanism of PbesSess
QD and the absence of the phonon bottleneck. Hot-h relaxes slightly faster than hot-e, and
occupied band edge states get 80% populated by 1ps (Figure 5.13). Figure 5.14 shows the
ensemble-average spectra of phonon coupled with initial hot-e (hot-h) and the final LUMO
(HOMO) states in both initial conditions. The spectra are obtained by the fast Fourier transform
(FFT) of an electronic state over the adiabatic trajectories.

_ ~ 2%
A, = a,e N (5.1)

N-1
n=0

Where N is the number of discrete data (a,,), k is known as the Nth roots of unity and k=0.......
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Figure 5.13: Ensemble average population of the initial excited state and final band (LUMO to
LUMO+3, and HOMO to HOMO+3) over the time, when initial excitation energy was
constrained to 2.5xEg (a & c) and 3.0xEg (b & d). dash-dotted lines are the exponential fitting
line of the initial decay of the hot carrier. In few trajectories of the ensemble in 2.5xEg excitation
constrain in QD, ground state electron is excited to the frontier unoccupied states, which is
considered the final state, as such exponential function is not fitting correctly.
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Independent of initial hot e-h states, initial hot e-h states of both NPL and QDs are
coupled with weaker acoustic phonons (Figure 5.14). Similar hot carrier acoustic phonon
coupling reported in the experimental and computational study of Pb chalcogenide
nanomaterials.® 2° Spectral density of the acoustic phonon in QD are dominating due to the
symmetry breaking in spherical 3D confined QD and substantial surface reconstruction by PbCl>
passivation, which results in smaller energy gap, leads to the hot e-h relaxation by coupling with
weak acoustic phonon. On the other hand, e-h of NPL is coupled with both acoustic phonon and
optical phonon in the range 100-250 cm™ frequency, where an initial hot-e couple with 75 cm™
and 150 cm™ while hot-h is coupled with 55 cm™ and 110 cm™. Coupling with the phonon of 55
cm™ and 110 cm™ governed the hot hole relaxation dynamics; as such, its’ spectral density
increases with increasing excitation energy (Figure 5.14 a, b), resulting in faster energy
dissipation (Figure 5.9a). The final state, homo-lumo, in both NPL and QD has noticeable
acoustic phonon coupling. In addition to coupling with phonon in the range of 100-250cm™?,
NPL’s HOMO-LUMO is predominantly coupled with the phonon 200cm™. Considering the
average energy gap between the states, NPL should have the phonon bottleneck or multi-phonon
relaxation process, especially for the electron relaxation. A smaller surface to volume ratio and
relatively rigid surface should decrease the electron-phonon interaction?t. Hot electron is relaxed

to the sub-gap edge states, and electrons are distributed according to Boltzmann distribution.
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Figure 5.14: Spectral density of the autocorrelation function of the hot-e and hot-h energies over
time (average over ensemble) of the both 2.5xEg and 3.0xEg initial condition in the panel a, b
and d, e of the NPL and QD respectively. Panel ¢ and f is the Fast-Furrier transform (FFT) of the
final state (homo and lumo) of the NPL and QD.

5.4. The Spatial Separation of Electron and Holes
In the sub-chapter 1.3, we have discussed how the initial and final states' population and
spatial separation dominates the overall Auger process. We have studied the spatial distribution
of the hot carrier over time. Despite relaxing the momentum conservation and higher Coulomb
interaction, PbS QD does not show the expected very high CM efficiency because of sparse
electronic states and very fast energy dissipation rate®?, as we observe the ps range relaxation in
PbCl, passivated PbSe QD. But as reported in the 1D nanorods (NR) 2%, 1-D confinement and

spatial separation of hot carriers could enhance the CM process.?*?°
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Table 5.2: Four examples of the charge density of PbCl, bridged NPL from the adiabatic
trajectories. All images are viewing from the Z-X plane (The vacuum in the unite cell along Z-
axis is omitted). In the following row, charge density is projected to Z-axis (black line), and the
projected wave function of Pb, Se, and Cl are projected on Z-axis (green, red, and blue for Pb,
Se, and Cl, respectively).
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Figure 5.15: Ensemble average of the Pb, Se, CI projected charge density of the electron and
hole and plotted by projecting in Z-axis. The Z-axis of the unit cell is 4 nm, where 1nm vacuum
on both sides along the Z-axis of the cell. All calculations were done with the initial condition of

3.0XEg eV optical transition energy.
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Figure 5.16: Ensemble average of the Pb, Se, Cl projected charge density of the electron and
hole and plotted by projecting in Z-axis. The Z-axis of the unit cell is 4 nm, where 1nm vacuum
on both sides along the Z-axis of the cell. All calculations were done with the initial condition of
2.5XEg eV transition energy.
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The charge density of the final states (HUMO/LUMO) are mainly delocalized over the
entire unit or occupied, and unoccupied states are partially delocalized on the core and surface
layer of NPL, respectively (few snapshots of the HOMO and LUMO from the Adiabatic
trajectory are shown in Table 5.2). We have calculated the ensemble average sum of the Kohn-
Sham wave function norm |¥;(r)|? of the highest populated state at a certain time (t) in the X
and Y direction and projected on the Z direction over NAMD time (Figure 5.15, 5.16).
Independent of initial excitation energy constrain, both the initial hot hole and electron mainly
delocalized on the core layer of the NPL. But the hole is delocalized over the surface layer
(Figure 5.15, 5.16) after the dissipation of energy. Hot hole and hot electron confined in the core
layers would increase the Coulomb interaction and hence intraband relaxation rate?®. Smaller
intraband spacing and intraband coupling of the occupied states facilitate the decoherence of the
e-h at the initial moment of time, and electron and holes are spatially separated by about 1.0 ps.
Delocalization of the hot h to the surface by 1ps increases the coupling with surface acoustic
phonon, and decreases electron-hole Coulombic interaction. On the other hand, a core layer
confined electron relaxation rate is much slower than the phonon mediated relaxation rate.
Despite relaxed e-h spatial separation in QD, Coulomb interaction leads to faster electron energy
losses through the Auger process. But due to the larger volume of NPL, spatial separation
minimizes the rate of the electron’s energy loss, which indicates that NPL could have an optimal
condition of Coulomb interaction for slower relaxation and higher CM.

5.5. Summary

The electronic structure and excited state relaxation dynamics of the PbCl, bridged NPL

and QDs are studied using the DFT based FSSH method. NPL has a direct bandgap at the L high

symmetry in the first Brillion zone. NPL has shown symmetric density of the states in
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conduction and valance band but sparse valance band. On the other hand, PbCl; passivated PbSe
QD has broadened and symmetric valance and conduction band due to the surface reconstruction
and 3D confinement. The electronic transitions of the hot-e are dominated in the NPL in the
range 2.5xEg while hot-h and hot-e are symmetric in the QD.

The hot carrier relaxation rate is relatively slower in the NPL compared to QDs. Stronger
coupling and dense electronic states in QD lead to faster hot carrier relaxations. The valance
band of NPL has wider average energy splitting, and weaker coupling results in slower hot
electron relaxation dynamics. Increasing the initial excitation energy increases the hot hole
energy in NPL. As a result, initial excitation energy doesn't change the electron dynamics
significantly. In contrast, the energy dissipation rate of the hole increases in the initial condition
of 3.0xEg excitation. Hot electron and hot hole states are coupled with lower energy acoustic
phonon in QD, while NPL shows the coupling with the phonon mode in the range of 150-250cm’
! Discontinuity in the energy dissipation of hole in QD suggested that hole energy dissipated via
multiphonon processes. Our calculations are also shown that the initial hot holes and electrons
are predominately NPL core localized. The hot hole dissipates the energy and transfers to surface
layers by 1ps. The spatial separation of the hole and electron would minimize the Auger process,
and which is favorable for the CM process.
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6. INTERFACIAL PROPERTIES OF THE PBSE|CDSE JANUS QDS
The importance of the interfacial layers is discussed detailed in the sub-chapter 1.2. An
interfacial layer is used and tuned for minimizing the surface reorganization and tuning the
multi-carrier process as well. It also dominates the carrier transport process. An interfacial layer
plays a dominating role in overall device efficiency’, along with the electronic properties of the
semiconductor materials in the Janus type heterostructure.® #° Kroupa et al. predicted that the
high energy holes (hot-h) are trapped in the interfacial layer, which slows down the hole’s energy
dissipation.! Subsequently, a higher CM yield was predicted. In the core-shell structure, the
Auger process is tuned by smoothening interfacial layer potential.? & Considering the
importance of an interfacial layer, we have studied the interfacial states and overall geometrical
parameters in PbSe|CdSe Janus type heterostructure. PbSe has the rocksalt lattice structure, while
the most stable crystal lattice of the CdSe is Wurtzite type. So, the degree of mismatch between
the PbSe and CdSe lattice and surface reconstruction is needed to consider before making a
model for the computational calculations. Most recent syntheses reported that PbSe|CdSe Janus
QDs are synthesized by cation exchange of CdSe QD, and PbSe continue to grow in the presence
of PbCl solution. The lattice structure after the cation exchange or the lattice of extended PbSe
needs to be explored first to evaluate the electronic properties of QD. We have considered three
common chalcogenide lattice — rocksalt and wurtzite to identify the most probable Janus
structure and their electronic properties.
6.1. Methodology
We have used PbSe Rocksalt, CdSe Waurtzite structure for Janus QD structure. The
previous theoretical calculation was reported about 2.00 nm in diameter six layers PbegSess are

optimal big QD model which can predict considerably accurate electronic and photophysical
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properties.31° Three different Janus QD models were prepared by cutting the PbssSess QD in
(100) and (111) facets and replaced one half of the Pb by Cd. Dividing along (100) facet
generates a symmetric QD. On the other hand, (111) facets create an asymmetric QD, so two
types of Janus QD are considered- Pb rich (Pbs7Cds1Sess) and Cd rich (Pbs1Cds7Sess). The next
considered model prepared by replacing half of the Cd by Pb in CdSe wurtzite lattice QD, Since
Janus QD synthesis is reported as cation exchange of the CdSe QD in the presence of PbCl>
precursor. Considering the result from both types of models, the third type model is made by
placing wurtzite and rocksalt structure in a position of minimum lattice mismatch. This non-
stoichiometric QDs are passivated by the 8 CI to balance the charge. All the models are
optimized by using the DFT method*! in Gaussian software!? with using the functional
PBE1PBE"® and LANL2DZ basis set**. LANL2DZ pseudopotentials are used for the core
electron. To investigate the characteristics of the electronic states, the projected density of states
is calculated by considering fragments — Pb, Cd, Se in Pb, and Se in Cd.

Absorption spectra are simulated by using the line response Time-Dependent DFT (TD-
DFT).? We have calculated a total of 150 excited state transitions energy and oscillator strength.
Due to the limitation of the required resources and dense electronic state, we have simulated
absorption spectra up to ~3.00 eV. Absorption spectra are simulated by Gaussian dressing of the
excited energy and oscillator strength with the 0.07 eV thermal broadening. Natural transition
orbitals (NTOs)*® are generated to visualize the special localization of the electron and hole
particle of the higher oscillator strength transitions. All NTOs are visualize using 0.20 iso value

using the VMD visualization software.
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Figure 6.1: The initial and optimized structure of the PbSe|CdSe Janus clusters made from the
PbSe rocksalt crystal lattice structure, prepared by replacing Cd in one part along (100) and (111)
plane in PbegSess QD.

6.2. Result and Discussion

Figure 6.1 is showing the preparation of the PbSe|CdSe Janus QD from the rocksalt QDs.
Although (100) facets make symmetric Pb and Cd parts, the CdSe fragment has significant
surface reconstruction. Due to the formation of the wurtzite type surface in the CdSe part, the
core part of the CdSe part has less density of metal atoms. In contrast, the PbSe part of the Janus
QD retained the rocksalt lattice structure. Consequently, Pb3sCdssaSess Janus QD has a significant
lattice mismatch in the core interfacial layer. On the other hand, the Cd surface in the (111) facet
in Pb and Cd rich Janus QS has minimal surface reorganization in comparison to the (100) facets
in Pb34CdzsSess QDs. Because of only two layers in Pbs1Cds7Sess QD, the Pb part has significant

distortion from the rocksalt lattice structure, which is minimum in Pb37Cd31Sess.
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Figure 6.2: Projected Density of the State (PDOS) of the PbSe|CdSe Janus QD obtained from
the PbSe rocksalt crystal lattice. (a) Symmetric stoichiometric, (b) Pb rich, and (c) Cd rich
asymmetric QDs.

All three types of Janus QD from rocksalt lattice have a =2.00 eV bandgap (Figure 6.2).
The occupied states are dominantly Se localized, and unoccupied states are metal (Pb and Cd)
localized. In all cases, the frontier bands are localized on the PbSe part of the QD, which agrees
on the previously predicted results. On the other hand, the energy offset between the unoccupied
Cd localized and Pb localized states are minimum in Pb rich Janus structure, which is a result of
interfacial Se in the both Pb and Cd rich QDs. Because of comparable electronic structure in all
three Janus QDs, absorption spectra show the comparable features. The frontier band is localized
on the Pb part of the QD in all three Janus QDs. As such lowest energy absorption peak is
brighter, where electron and hole both are localized on the PbSe part of the QDs. Qualitative
features of the absorption spectra are well agreed with the experimental absorption spectra.! The
lowest energy absorption peak is localized in the PbSe part, although energy is blue-shifted due

to the smaller size of our model.
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Figure 6.3: Absorption spectra of PbSe|CdSe Janus QD obtained from the PbSe rocksalt crystal
lattice. (&) Symmetric stoichiometric, (b) Pb rich and (c) Cd rich asymmetric QDs
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Figure 6.4: Janus QD from the CdSe Waurtzite lattice. Janus QD models are prepared by two
methods, replacing half of Cd by Pb in bulk pristine Wurtzite lattice and half of Cd in optimized

CdesSegs Wurtzite lattice.

Considering the cation exchange synthesis procedure,® the next possible lattice structure
is growing from the wurtzite lattice since it the energetically favorable lattice structure of the
CdSe QDs. We have prepared PbSe|CdSe Janus QD from the Wurtzite lattice in two different

methods. In the first method, we have cut an “almost spherical” size CdesSess QD from the bulk
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CdSe Wurtzite lattice. We have cut through (1120) plane, and Cd is replaced by Pb. The
resulting geometry is optimized (It is labeled as ‘bulk initial’ in the figure) (Figure 6.4). In the
second method, CdssSess is optimized using a similar condition in the DFT method, and half of
the Cd is replaced by Pb (this geometry is labeled as ‘(CdSe)es initial”) (Figure 6.4). w-
PbSe|CdSe Janus QD has significant reorganization, especially in the Pb part due to the surface
tension and lattice mismatch. Both clusters have shown the trap state localized in the interfacial
layer (Figure 6.5). PDOS shows that both clusters have trap states in the band edge or between
the frontier band (Figure 6.5). Due to the lowest energy discrete conduction band in the Janus
QD from the bulk initial, absorption spectra show a redshifted discrete absorption peak compare
to the Janus QD from (CdSe)es initial geometry. The transition to the trap state in both models is

optically bright, creating the lowest energy discrete absorption peaks (NTOs in Table 6.1).
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Figure 6.5: PDOS of the PbSe|CdSe Janus QD, where Janus QD models are prepared from the
CdSe Waurtzite lattice.
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Figure 6.6: Absorption spectra of the two models which are prepared from the CdSe Wurtzite
structure.

Table 6.1: NTOs of the dominant transition of the two lowest absorption peaks in the PbSe|CdSe
Janus QD prepared from the CdSe Wurtzite lattice structure. NTOs are calculated in Gaussian
software and visualize in the VMD.

Bulk initial (CdSe)ss initial
Energy HOLE Electron Energy HOLE Electron
0osS 0sS
St 2 ¥ 580 o0 S1
1.23 eV 1.62eV
0.0092 0.0068
Ss S4
1.64 eV 1.85eV
0.0119 0.0092

To avoid the lattice transformation during the optimization, the next model we studied are

prepared from the combination of both wurtzite and rocksalt lattice for the CdSe and PbSe part,
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respectively Figure 6.7. A larger model is needed to consider minimizing the lattice mismatch
and capped with 8 CI atoms to balance the stoichiometric charge — Pbs,Cds2Se100Cls. Capping Cl
is added on the three Pb rich (111) facet of the PbSe part of the QDs. Due to the different lattice
parameters of Wurtzite and rocksalt crystal, the lattice mismatch is not completely avoided; as a
result, a trap state is formed in the PbSe part of the Janus QDs (Figure 6.8). PDOS of this model
shown that frontier unoccupied are localized in PbSe and energy offset between the PbSe and
CdSe are minimum.

On the other hand, due to the smaller bandgap of the PbSe semiconductor materials, the
highest energy states of CdSe and PbSe localized has higher energy offset. Without the
consideration of the trap states, overall, this Janus QD model has a type-I electronic structure,
where the valance band has a larger energy difference. This electronic structure agrees with the
predicted result from the experimental results®. Table 6.2 is showing the spatial localization of
the four frontiers occupied and unoccupied states. The modeled Janus QD is not perfectly
symmetric in space. As a result, the trap states are formed in the thin PbSe layer and the QD's
interfacial area. We suggest that more capping would eliminate the trap states, but it will make
the model unfeasible for an ab initio computational calculation.
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Figure 6.7: PbSe|CdSe Janus QDs prepared by the PbSe rocksalt and CdSe Wurtzite lattice

structure. QD is capped with 8 Cl atom on the 8 Pb rich (111) facet to make it stoichiometric
structure.
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Figure 6.8: Projected density of state (PDOS) of the rocksalt -wurtzite PbSe|CdSe Janus QDs.
The electronic structure showed strong agreement with the experimental result suggested.

6.3. Summary

We have studied the effects of structure and lattice symmetry on the electronic structure
and photophysical properties of the Janus QDs. We have shown that wurtzite to rocksalt lattice
transformation of PbSe would create an unfeasible electronic structure, and this model won’t
predict the acceptable results. On the other hand, a model from the PbSe rocksalt lattice
suggested that the interfacial layer in Janus QD is in (111) facets. It has a type-I electronic band
between the two parts of Janus QD, where higher energy offset in the Pb and Cd unoccupied
states. A larger model is needed to consider simulating the acceptable result, and an interfacial
surface atom needs to be capped with a ligand. It minimizes the trap states. Independent of Pb
and Cd chalcogenide lattice, PbSe|CdSe Janus QD has type-1 electronic structure, where Pb and
Cd localized valance band shows higher energy offset than conduction band. This observation

suggested that high energy hole dynamics would dominate the overall energy relaxation rate. Our
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future plan is to study the hot carrier dynamics in the Janus QD. This study elucidates the
electronic properties of the Janu QD and presentative model to excited state process calculations.
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7. CONCLUSION

In the disquisition, we have studied how the photophysical properties are affected by the
surface passivation and interface in metal nanoclusters and chalcogenide nanocrystal. We used
ab initio method like DFT and TDDFT to study the ground state and excited state electronic
properties, and semi-classical method DFT based FSSH to study the excited hole and electron
dynamics. We have focused on the two classes of materials, nucleobase passivated Ag
nanoclusters, and Pb and Cd chalcogenide nanocrystals like PbX (X=S, Se) QDs, PbCl;
incorporated PbSe NPL, and CdSe|PbSe Janus QD.

In chapter 3, it was shown that the inclusion of polar solvent in calculations significantly
change the nucleobases’ hydrogen bond network. In response to it, a nanoclusters structure and
optical response are significantly modified. Besides, the redox potential of an Ag nanocluster
determines the most probable oxidation states in the reaction mixture. Ag nanoclusters have
alternative high-low reduction potential, where the difference in reduction potential decreases
with increasing the cluster size. Accurate prediction of redox potential helps to determine the
thermodynamically favorable cluster size and oxidation states. On the other hand, different
structural isomers from the different nucleobase passivation have smaller energy difference,
which suggests that they can coexist in a solution. Among the three nucleobases C, G, and T,
cytosine (C) has stronger binding energy. Despite the different binding energy and structural
differences, all Age clusters shown the characteristic three absorption peaks in the energy range
of 2.5-4.5 eV. The lowest energy transition of open-shell nanoclusters is always dark, while it
can be bright in a closed shell structure depending on the structure and nucleobase type. The
absorption peaks' intensities are shown a correlation with the charge transfer to the cytosine and

s+p—+d hybridization. The optically active transitions of energy higher than >5.0 eV are
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predominately ligand to metal type transitions and which are mainly Ag-d orbital localized
states. Besides the effects of nucleotide passivation, the effect of the size of the clusters is
explored in the next sub-chapter. It was found that the three characteristics absorption bands
become dark while size increases to 18-20 atom.

In chapter 4, we have explored the surface passivation and surface bond effects on the
photoexcited electron transfer to the perylene diimides (PDI). The frontier electronic states'
energies can be tuned by ligand dipole. Besides, the total dipole of the PbS-PDI system is PDI
axis angle-dependent. PDI linker group and attached PbS facet lead to a different structural
isomer. Our study hypothesizes that the PDI core and PbS QD surface interaction would increase
the PDI redox potential and initiate an additional electron transfer pathway, which could increase
the photoexcited electron transfer rate.

The excited carrier dynamics of the PbCl> incorporated PbSe NPL and PbCl, passivated
PbSe QD are studied in chapter 5. PbSe NPL has a direct bandgap at L high symmetry point in
the first Brillion zone, where the conduction band has sub-gap in the conduction band. The
density of states (DOS) of the valance band and conduction band of QDs are homogeneously
distributed due to the confinement and high degree of surface reorganization. In both NPL and
QD, the frontier bands are mostly distributed on Pb and Se. The overall relaxation rate is slower
in NPL than QDs because of smaller coupling terms and wider intraband energy splitting. It was
shown that increasing the initial excitation in NPL increases the ensemble average hot hole
energy. The hole energy dissipation rate is higher due to the denser valance band, in result
stronger coupling and smaller average intraband energy difference. It is also shown that the
initial excited hole and electron state energy in QD dissipated via coupling with lower energy

acoustic phonon mode while NPL states show coupling with 150-250 cm™ phonon mode. We
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have found that the initial hot e-h states are localized on the core layer of the NPL. e-h are
separated by 1 ps where the hole states are predominately localized on the surface layers, which
should increase the hole relaxation state. The separation of electron and hole would prevent the
Auger process and could increase the CM process in QDs.

The interface and lattice structure-dependent electronic properties of the Janus QD are
studied in chapter 6. Interface along (100) facet of the rocksalt lattice has a higher lattice
mismatch due to stoichiometric Pb and Se balanced interface. On the other hand, (111) interface
creates Pb or Cd enriched Janus QDs where frontier states are PbSe part originated and shows
energy offset between Pb and Cd originated valance band states. The interfacial mismatch is
minimum in the model prepared from the wurtzite and rocksalt lattice despite it shows a trap
state localized on the interface on the QD surface. Capping the surface could prevent the trap

states.
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