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Abstract

Semiconductor photocatalysis technology has attracted much attention in recent years, it can
convert solar energy into chemical energy and store it in solar fuel, which is regarded as an
effective way to resolve energy and environmental crises nowadays. Covalent organic
frameworks (COFs) are a kind of very potential photocatalytic material. Despite the well-
documented recent advances in material development and photocatalytic application of those
COFs structures, the fundamental catalytic process, especially, excited-state dynamics that
dominate the catalytic performance has not been fully understood. In particular, the photo-
generated excitons or charge carriers can undergo transfer and recombination within a broad
temporal regime, containing multiple charge separation mechanisms. Therefore, it is
necessary to create a systematic profile to review such photophysical processes and
consequently rationalize the high catalytic activity of COFs photocatalysts. In this thesis, the
excited state kinetics of two covalent organic backbone materials modified by metal-
complexes molecular catalysts, (i.e. Re-TpBpy and Ni-TpBpy), were explored
experimentally by advanced spectroscopic measurements and theoretical by time-dependent
density functional theory (TD-DFT) calculations. The results are utilized to explain the

photocatalytic performance. The main contents are as follows:

1) TpBpy, a two-dimensional (2D) COFs with 2,2'-bipyridine, was successfully prepared by
a one-step reversible Schiff base reaction and one-step irreversible enol keto tautomerism,
then Re-TpBpy and Ni-TpBpy were obtained by modifying TpBpy with Re and Ni-based
metal-complex catalysts using impregnation method. Various characterization techniques
showed that the two materials possess high crystallinity, large specific surface area, good
chemical stability, and perfect visible light response. Both Re-TpBpy and Ni-TpBpy exhibit
excellent CO; reduction activity in photocatalytic measurement. However, the catalytic
performance is excitation wavelength-dependent: CO, reduction can only be observed when
excited with high-energy photons well above the band edge (i.e. 440 nm). We put our
assumption to explain such phenomenon based on the electronic structure and charge carrier
dynamics after excitation. In addition, the CO yield in Ni-TpBpy is higher than that of Re-
TpBpy. We interpret such differences by comparing the morphology and intrinsic
photophysics of the two structures. We concluded that: 1) the CO; adsorption capacity of Ni-
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TpBpy is higher than that of Re-TpBpy; 2) the electronic structure of Ni-TpBpy is more

conducive to the separation and transfer of photogenerated charges.

2) We revealed the excited-state structure in TpBpy, Re-TpBpy, and Ni-TpBpy by TD-DFT
calculation. We found that the light absorption of the three samples can be classified by low
energy and high energy optical transitions. The low-energy optical transition of TpBpy, Re-
TpBpy, and Ni-TpBpy are barely in Bpy moiety. The high energy optical transition of TpBpy
and Re-TpBpy is evenly distributed at the whole COFs moiety, while the high energy optical
transition of Ni-TpBpy is partially distributed throughout the COFs and partially in the Ni%*,

3) Through steady-state and time-resolved spectroscopy methods, such as ultraviolet-visible
(Uv-Vis) absorption spectroscopy, time-resolved photoluminescence (TRPL) spectroscopy,
femtosecond transient absorption (fs-TA) spectroscopy, and femtosecond time-resolved mid-
infrared absorption (fs-TRIR) spectroscopy, the excited state dynamics of these three samples
were explored. We demonstrate that the coupling of metal-complex catalysts can indeed
facilitate the charge transfer in COFs, where an efficient electron transfer process from COFs
to Re/Ni can be observed. Moreover, we found such an electron transfer process together
with excited-state lifetime is highly dependent on excitation phonon energy. The photo-
generated electrons and holes tend to separate in metal-center and COFs moiety after charge
transfer under band-edge excitation. When excited with high energy photon (400 nm, 3.1 eV)
much larger than the band-gap, the generated hot carriers will undergo different relaxation
pathways depends on the initial orbital they locate. The photo-generated electrons can reside
both in COFs moiety and metal center simultaneously in this case, which promotes the two-
electron-mediated CO, reduction. In addition, such phenomenon is produced in Ni-TpBpy
compared with Re-TpBpy due to its more diverse excited structure that allows the relaxation

of excited electrons and holes highly depends on the initially excited orbitals.
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Abstract — Danish

Halvlederfotokatalyseteknologi har tiltrukket sig stor opmerksomhed de seneste ar, den kan
konvertere solenergi til kemisk energi og gemme den i solbrendstof, hvilket betragtes som
en effektiv méade at lose energi og miljokriser i dag. Kovalente organiske rammer (COF'er)
er en slags meget potentielt fotokatalytisk materiale. Pa trods af de veldokumenterede nylige
fremskridt inden for materialeudvikling og fotokatalytisk anvendelse af disse COFs-
strukturer er den grundleeggende katalytiske proces, der er specielt ophidset, dynamik, der
dominerer den katalytiske ydelse, ikke blevet forstdet fuldt ud. Iser kan de foto-genererede
excitoner eller ladningsbarere gennemgé overforsel og rekombination inden for et bredt
tidsmaessigt regime, der indeholder flere ladningsseparationsmekanismer. Derfor er det
nedvendigt at oprette en systematisk profil for at gennemga sddanne fotofysiske processer og
dermed rationalisere den heje katalytiske aktivitet af COFs fotokatalysatorer. I denne
athandling blev den exciterede tilstandskinetik af to kovalente organiske rygradsmaterialer
modificeret af metalmolekylere katalysatorer (dvs. Re-TpBpy og Ni-TpBpy), undersagt
eksperimentelt ved avancerede spektroskopiske mélinger og teoretisk ved tidsathangig
densitetsfunktionsteori DFT) beregninger. Resultaterne bruges til at udforske den

fotokatalytiske ydeevne. Hovedindholdet er som folger:

1, TpBpy, en 2D-kovalent organisk ramme (COF'er) med 2,2'-bipyridin, blev med succes
fremstillet ved en et-trins reversibel Schiff-basereaktion og et-trins irreversibel enol-keto-
tautomerisme, derefter blev Re-TpBpy og Ni-TpBpy opnéet ved at modificere TpBpy med
Re- og Ni-baserede metal-komplekse katalysatorer ved hjelp af impraegneringsmetode.
Forskellige karakteriseringsteknikker viste, at de to materialer besidder hej krystallinitet,
stort specifikt overfladeareal, god kemisk stabilitet og perfekt synligt lysrespons. Bade Re-
TpBpy og Ni-TpBpy udviser fremragende CO,-reduktionsaktivitet i fotokatalytisk maling.
Den katalytiske ydeevne er imidlertid excitationsbelgeleengdeathengig: CO,-reduktion kan
kun observeres, nar den exciteres med hgjenergifoton langt over bandkanten (440 nm). Vi
leegger vores antagelse til at forklare et sddant faanomen baseret pa den elektroniske struktur
og ladningsbaererdynamik efter excitation. Derudover er CO-udbyttet i Ni-TpBpy hgjere end
Re-TpBpy. Vi fortolker sddanne forskelle ved at sammenligne morfologien og den iboende
fotofysik af de to strukturer. Vi konkluderede, at: 1) CO,-adsorptionskapaciteten for Ni-

TpBpy er hgjere end for Re-TpBpy; 2) energibandstrukturen i Ni-komplekset matches bedre
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med TpBpy end Re-TpBpy, hvilket er mere befordrende for adskillelse og overforsel af

fotogenererede ladninger.

2, Vi afslerede den ophidsede tilstandsstruktur i TpBpy, Re-TpBpy og Ni-TpBpy ved
tidsafthengig-DFT-beregning. Vi fandt ud af, at lysabsorptionen af de tre prever kan
overvages af optiske overgange med lav energi og hej energi. Den optiske lavenergiovergang
af TpBpy, Re-TpBpy og Ni-TpBpy er neppe i Bpy-del. Den hgje energi optiske overgang af
TpBpy og Re-TpBpy fordeles jevnt ved hele COF-delen, mens den hgje energi optiske
overgang af Ni-TpBpy er delvist fordelt gennem COF'erne og delvist i Ni? ™,

3, Gennem steady-state og tidsopleste spektroskopimetoder, sdsom ultraviolet-synlig (Uv-
Vis) absorptionsspektroskopi, tidsoplest fotoluminescens (TRPL) spektroskopi og
femtosekund transient absorption (fs-TA) spektroskopi og Femtosekund tidsoplest midt-
infrared absorption (fs-TRIR) spektroskopi blev den ophidsede tilstandsdynamik af disse tre
praver undersegt. Vi viser, at koblingen af metal-komplekskatalysatorer faktisk kan lette
overforslen af ladning i COF'er, hvor effektiv elektronoverferselsproces fra COF'er til Re /
Ni kan observeres. Desuden fandt vi, at en séddan elektronoverforselsproces sammen med
ophidset tilstands levetid er meget afthengig af excitationsfononenergi. De foto-genererede
elektroner og huller har tendens til at adskilles i metal-center- og COF-dele efter overforsel
af ladning under bandkant-excitation. Nar de ophidses med hgjenergifoton (400 nm, 3,1 eV),
der er meget storre end bandgabet, vil de genererede varme barere gennemga forskellige
afslapningsveje athanger af den oprindelige orbitale, de finder. De foto-genererede
elektroner kan ligge bade i COF-enheden og metalcenteret simutaonouly i dette tilfelde,
hvilket fremmer den to-elektron-medierede CO,-reduktion. Derudover er et sddant fenomen
udtalt i Ni-TpBpy sammenlignet med Re-TpBpy pa grund af dets mere varierede ophidsede
struturer, der tillader afslapning af ophidsede elektroner, hvor huller i hej grad afhenger af

de forste exciterede orbitaler.
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Chapter 1

Introduction

The gradual increase in fossil fuel and energy consumption has caused global warming,
attracting more and more concerns. Moreover, industrial organic chemicals and pollutants
affect the ecological environment system in various ways. People seek effective ways to solve
this problem with various methods to overcome pollution and other environmental problems.
Although there is no immediate solution to environmental and energy-related issues,
photocatalysis is a promising solution. Photocatalysis can convert clean solar energy into
electrical and chemical energy to be used in various aspects, for instance, hydrogen or oxygen
evolution, CO; conversion, batteries devices manufacturing, pollutants/dyes degradation, and
other bionic experimental research. Therefore, as a "green", pollution-free, and sustainable

reaction method, photocatalysis exhibits great application value.

Photocatalysis makes it possible to use light to drive catalytic reactions. The extra energy
introduced by the photons can promote kinetic hindered reactions.! Its photosensitive center
can be highly chemically active and regioselective in the reaction if the photocatalyst is
adequately selected. In addition, photocatalysis is also highly efficient and "green" in nature,

which complies with the sustainable development within the green transition framework.

In general, photocatalytic technology involves the multidisciplinary combination of various
research fields such as electrochemistry, photochemistry, catalysis, and biochemistry. I also
derive many research directions, such as wastewater treatment, water decomposition, air
purification, and photocatalytic sterilization. However, up to now, the fundamental
understanding of the photocatalysis process is still very limited, while most of the current
studies focused on the synthesis and screening of the catalysts. There is little knowledge on
the structure correlation on the catalytic performance, the dynamics of catalytic reactions,
and the role of photophysics, etc. This has greatly hindered the actual application of efficient
photocatalysts.
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1.1 Semiconductor Photocatalysts

1.1.1 Mechanism of semiconductor photocatalysis

Semiconductor photocatalysis is promising for solar energy absorption and conversion®? as
their strong continuous light absorption capacity (compared with molecular absorption
system),**> low cost (compared with noble metal plasma photocatalyst),>” and simple
preparation technology. The optical band gap and the position of the conduction band (CB)/
valence band (VB) edges of photocatalyst, which determines the optical absorption capacity
and thermodynamics of the catalytic reaction, are the first crucial characteristics of the
photocatalyst. During the photocatalytic process, excitation of the catalysts first leads to the
transition of electrons from VB to CB, leaving holes in VB. As shown in Figure 1-1, the
mechanism of semiconductor photocatalysis generally includes the following processes®: (1)
Light absorption, the light radiation with energy equal or greater than the bandgap triggers
the generation of electron and hole pairs in the semiconductor; (2) Separation and transfer of
photo-generated charges, here photo-generated electrons and holes migrate to the spatially
separated semiconductor surface through a series of pathways; (3) some of the excited
electrons will be back to the ground state and recombine with the holes, releasing energy in
other forms such as heat and photoluminescence; the separated electrons will migrate to the
semiconductor surface and be captured by electron acceptors (such as reductive cocatalyst)
to reduce H,O or CO; to high valued H; and hydrocarbons; the remaining holes are used for

oxidation process, (e.g. H>O to O, oxidation or organic pollutants degradation).

The interface charge transfer process of photocatalysis mainly includes the charge transfer
among semiconductors and cocatalyst, active sites, and reaction species. Those multi-stepped
kinetic processes of photocatalysis interact and compete with each other and ultimately
determine photocatalytic efficiency. Therefore, it is necessary to study the photophysical and

photochemical processes to understand the mechanism of semiconductor photocatalysis.

The state-of-the-art application of semiconductor photocatalysts focused mainly on
photocatalytic water splitting, photocatalytic reduction of CO», and photocatalytic
degradation of pollutants, etc. In the following, the detailed catalytic process in

photocatalytic CO; reduction, which is the main focus of our thesis, will be introduced.
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Fig. 1-1 The general process of semiconductor-based photocatalysis.

1.1.1.1 Mechanism of photocatalytic CO: reduction

Table 1 The main products of CO, reduction and corresponding reduction potentials

regarding NHE at pH=7 in aqueous solution, 25 °C.

Reactions E°® redox/V (vs. NHE)
COyte —COy™ -1.85
CO,+2H*+2e—HCOOH —-0.61
CO,+2H"+2e—CO+H,0 —0.53
CO,+4H"+4e~—HCHO+H,0 -0.48
COx+4H +4e —C+2H,0 —0.20
CO+6H™+6e—CH3;0H+H,0 -0.38
CO,+8H™+8e —CH4+2H,0 -0.24
2CO,+12H"+12e —C,H4+4H,0 -0.34
2CO,+12H"+12¢"—C,HsOH+3H,0 -0.33
2CO,+14H"+14e—C,Hs+4H,0 -0.27
2H"+2e —H; -0.42

17



With the rapid consumption of fossil fuels, in the past century, the concentration of CO; in
the atmosphere is overtopped, which limits social development and leads to increasingly
serious environmental problems.’!? Photocatalytic converting CO; into renewable fuels, such
as CO, CHs, HCOOH, CH30H, and other hydrocarbons are considered one of the most

promising strategies to reduce greenhouse concentration and solve the energy shortage.!' !

Thermodynamically, CO, is an extremely stable molecule, the dissociation energy of the C=0
bond (750 kJ-mol') is significantly higher than the C-H bond (430 kJ-mol-') and C-C bond (
336 kJ-mol™!) bond, which means that a large amount of energy needs to be injected into the
system to trigger the activation and conversion of CO,'* As shown in Table 1, in the
photocatalytic reaction, CO, can usually be reduced to CO, CH4, HCOOH, or ethanol and
other substances, and accompanied by the side reaction of water reduction to hydrogen,

t.13 However, to achieve

which significantly reduces the selectivity of the target produc
efficient photocatalytic CO, reduction, the challenge in conversion efficiency and selectivity
remains to be solved. To obtain higher efficiency of CO» photoreduction, the catalyst needs
to have not only an appropriate energy band structure with decent light harvest capability but
also an optimal surface and electronic structure to guarantee the chem-adsorption and

activation of CO,."

Fig. 1-2 Schematic illustration of reaction steps in photocatalytic CO; reduction.
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Similar to many photocatalytic reactions, the reaction of CO; photocatalytic reduction can be
divided into three steps: charge generation, charge diffusion to surface, and charge transfer
for the oxidation and reduction reaction'* (see Fig. 1-2): However, the detailed mechanism
of CO» reduction is complicated, and the products may be obtained through different reaction

paths for different catalysts.'>!4

In CO; photocatalytic reduction, CO, molecules are first bonded to the surface of the catalyst
through chemical adsorption, the reaction intermediate is obtained through the activation
process, and then the final product is obtained through complex multi-step transformation.
Nowadays, there are two main views on the above process, namely, single-electron transfer
and proton-coupled multiple-electron transfer (PCMET).' In the process of single electron
transfer, a curved and unstable CO;"" active intermediate was formed when the CO, adsorbed
on the catalyst surface and activated by a single electron. It can be seen from Table 1 that the
reduction electrode potential is —1.85 V, which is far beyond the reduction ability of photo-
generated electrons in most photocatalysts, so it is thermodynamically unfavorable. In
contrast, PCMET is thermodynamically much easier. The reaction system always maintains
the zero net charge when electrons and protons migrate to the reactants synchronously, which
is conducive to reducing the activation energy. Therefore, the reduction potential is
significantly reduced. However, PCMET requires sufficient electrons and protons to
participate in the reaction at the same time.'* Therefore, increasing the local charge density
and accelerate the CO, reduction kinetics has been considered as effective strategies to realize

the PCMET.
1.1.2 Factors affecting photocatalytic performance

Generally speaking, several main photophysical factors are affecting the photocatalytic
conversion efficiency of a semiconductor catalyst system'>: 1) The light absorption capacity:
The higher the absorptive capacity of the catalyst in the visible light region (A=420 nm), the
more sunlight will be utilized to generate electrons and holes, thereby enhancing the
photocatalytic activity. 2) The efficient carrier charge separation: This is to ensure sufficient
electrons and holes involved in the photocatalytic reaction before they recombine. In contrast,
inefficient charge separation is associated with a short excited-state lifetime and small charge

diffusion length, which prevents the charge carriers to migrate to the surface of the catalyst.
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Therefore, effective suppression of electron-hole recombination is the key to improving

photocatalytic activity.

The cognition of the above-mentioned physical processes encourages people to achieve high-
efficiency photocatalytic reactions through the reasonable construction of composite
photocatalysts. For example, a heterojunction catalyst is based on two kinds of
semiconductor materials. By forming an interface region through the close contact of
different semiconductors, an electric field will be formed due to the potential difference
between the different electronic structures of the semiconductors. Under the action of this
electric field, the photogenerated electrons and holes will migrate rapidly, promoting the

effective separation of electron-hole pairs and thus enhancing the photocatalytic efficiency.'®
1.1.3 The charge separation that determines the photocatalytic efficiency

The charge separation and transfer play a decisive role in the overall efficiency of
photocatalytic solar energy conversion.!””'® In general, electron-hole pairs are
photoexcited within fs, while the timescale for the surface reaction with
photogenerated electrons and holes is ms. Within such a huge time gap, recombination
or defect state trap can all occur to prevent the charge carrier migration and transfer
into the reaction system.2%22 Therefore, the final concentration of charges that can be
transferred to the semiconductor surface to participate in the chemical reaction is very
limited, which is also the fundamental reason for the low efficiency of the
photocatalytic reaction. In recent years, a series of strategies have been developed to
improve charge separation and enhance photocatalytic efficiency.?® These strategies
mainly include the construction of heterojunctions,?* phase junctions,?® co-catalysts,?°

28,29

nanosteps,?’ interfaces or crystal facet engieering, and so on.

Loading cocatalyst is the most widespread method to improve the efficiency of photo-
generated charge separation, that is, to improve the efficiency of photocatalytic reduction
(oxidation) reaction by depositing cocatalyst particles which can guide electron (hole)
transfer on the surface of semiconductor photocatalysts.>** Due to the difference in energy
level, after the promoter contacts the semiconductor, a driving force for the charge separation
is formed at the interface, which leads to the directional transfer of electrons or holes and

consequently improves the photocatalytic activity.
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A good heterojunction needs not only above mentioned band matching but also lattice
matching. This is because the interface defect states induced from the lattice mismatch
usually act as recombination centers to increase the probability of charge
recombination. Lattice matching can reduce the formation of interface defect states to
inhibit charge recombination.>*3* In contrast, homojunction may have more potential
for efficient carrier interface transfer due to reduced interfacial lattice mismatch.2>36-37
These strategies prove that building an asymmetric driving force in the photocatalyst

to efficiently separate electrons and holes in space is the fundamental way to improve

the efficiency of photocatalysis.
1.2 Semiconductor photocatalytic materials

In 1972, Fujishima and Honda®® made the pioneering discovery of photocatalytic hydrolysis
in a titanium dioxide electrode system. Four years later, Carey et al.*® reported the
photocatalytic decomposition of organic pollutants in the presence of titanium dioxide

photocatalysts, and Inoue et al.*

published that the photocatalytic reduction of carbon
dioxide in aqueous suspensions of semiconductor powders (e.g., titanium dioxide, zinc oxide,
cadmium sulfide, gallium phosphide, and silicon carbide suspensions) in 1979. Since then,
more and more researchers have started their research on efficient and stable semiconductor

photocatalysts, as reported in the literature.*'~*

At the early time, most studied photocatalytic materials are wide bandgap semiconductors
such as titanium dioxide, bismuth phosphate, zinc oxide, tin dioxide, and bismuth chloride
oxide. However, they exhibit the limitation on the light absorption only within the ultraviolet
light region. The narrow bandgap semiconductor photocatalysts were then developed,
including bismuth vanadate, copper oxide, tungsten oxide, cadmium sulfide, iron oxide, and

carbon nitride.* 8

1.3 Covalent organic framework (COFs) photocatalytic materials

Visible light materials have received much attention in the field of photocatalysis as visible
light (400-700 nm) accounts for about 43 % of the total solar spectrum while UV light (300-
400 nm) accounts for only about 5 %.4°4 Therefore, it is of great research significance to

develop photocatalysts for CO, reduction that respond to visible light>® A variety of
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semiconductor-based visible light catalysts have been developed, but most of them are

limited by the poor catalytic efficiency and instability during the catalytic reaction.

Fig. 1-3 Structural representations of (A) COF-1 and (B) COF-5 based on powder diffraction
and modeling projected along their ¢ axes (H atoms are omitted). This figure was taken from

Reference [60] with permission.

In recent years, researchers gradually focus on organic polymer materials. The most
prominent example recently in this category is covalent organic frameworks (COFs). COFs
are highly crystalline porous polymers composed of lightweight elements with ultra-high

surface area and chemical stability.

COFs are usually formed by the expansion of organic monomers in two or three dimensions
through covalent bonding.>-%* The history of COFs can be traced back to 2005, Yaghi et al®
formed covalent organic frameworks (COF-1 and COF-5) (Fig. 1-3) through the direct
condensation reaction of two organic monomers (phenylboronic acid and
hexahydroxytriphenyl), marking the advent of COFs materials. The structural units of this
new type of material can be ordered in atomic dimensions by utilizing the reversible reactions
in dynamic covalent chemistry, which leads to the formation of a periodic crystalline mesh
skeleton structure. Different from the conventional covalent bond formation via kinetic
control, this kind of dynamic covalent chemistry is controlled by thermodynamics where the
process of "self-diagnosis" and "self-repair” is continuously cycled in a reversible reaction

system until the thermodynamic stable structure is formed.
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Fig. 1-4 Developmental milestones of COF-based materials: single COFs to functionalized

COFs. This figure was taken from Reference [69] with permission.

Fig. 1-5 Topology diagrams for designing 2D COFs and 3D COFs (a). This figure was taken
from Reference [69] with permission. Schematic illustration of the photoinduced charge

transfer (b). This figure was taken from Reference [77] with permission.

In recent years, COFs have attracted extensive attention from researchers, and a variety of
COFs with different structures and functions have been reported (Fig. 1-4).°47% According to
their molecular dimensionality, it can be divided into 2D COFs and 3D COFs (Fig.1-5a).° In
the 2D-COFs, the organic building blocks are connected by covalent bonds and extend in an
ordered manner in the 2D plane, and the individual 2D-COFs layers are further stacked by nt-
7 interactions to form a crystalline laminar structure.’”-63747 The close eclipsed stacking
leads to large electronic coupling between the m-orbitals in the molecular units, n-matrix,

which is difficult to obtain through traditional chemical bonding methods. The m orbitals in
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this "n-matrix" configuration provide enhanced intramolecular electronic coupling and open

up efficient charge transport pathways along the © channel (Fig. 1-5b).7%77
1.3.1 Synthesis of COFs

The key to achieving long-range ordered networking in COFs is the thermodynamic
equilibrium state of the reaction during the formation of covalent bonds. Here a variety of
factors need to be considered in regulating such thermodynamic equilibrium state, including
reaction temperature, time, pressure, and solvent environment, etc. In the past decade,
scientists have developed several successful methodologies to synthesize COFs materials,
involving solvothermal, ionothermal, microwave, mechanochemical, and light-induced

processes, etc (Fig. 1-6).383%6278

Fig. 1-6 Schematic representation of the properties and advantages of various synthetic routes

toward COFs. This figure was taken from Reference [78] with permission.

Solvothermal is one of the most widely used and applicable synthetic methods. The COFs is
obtained by the solvothermal with the advantages of high crystallinity, high specific surface
area, and good reproducibility. However, this method requires high temperature and pressure,
with an extremely long reaction time (usually 2-8 days), which is unsuitable for large-scale
production. Moreover, some of the COFs constructed from boric acid are not stable in wet
environments and are prone to hydrolysis, which hinders the practical application of these

materials.”®* The ionothermal synthesis method uses ionic liquids or low eutectic mixtures
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as a medium in a high-temperature environment. The reaction conditions of this method are
harsh, and the obtained Covalent Triazine Framework (CTFs) are defective. Meanwhile, the

selection of the building units is limited by the ultra-high temperature reaction, and the

obtained CTFs are mostly amorphous without long-range ordered structures.?*3¢ Table 1

summarizes the advantages and disadvantages of the synthesis methods investigated so far.”®

Table 1-1 Comparison of the advantages and disadvantages of the synthesis strategies of

COFs.This table was taken from Reference [78] with permission.

Methods Advantages Disadvantage
Solvothermal * Widely used methods due to the * Products are insoluble and
simplicity and providing high unprocessable powders, which
crystalline products, with almost potentially limiting their
100% defects healing applications
* A large combination of solvents can | ¢ Long reaction time (3—5
be used days)
 Can not be used for insoluble
building blocks
Ionothermal « Significantly shorter reaction time * Require high temperature
(12 h) when compared with the times | * Undesirable decomposition
required for traditional solvothermal | and side reactions
methods (3—7 days)
Microwave * Generate fast and clean products * Not as simple as other
* The ability to monitor the phase methods
behavior
« Simultaneous control of reaction
temperature and pressure
Sonochemical * Rapid and economic * Only applicable for small
* Increased the reaction batch size up | COFs
to05L
Mechanochemical * Room temperature synthesis * Only applicable for small
* Requires only manual grinding building blocks.
* Simple, rapid, solvent-free, and * Does not have a medium for
environmentally friendly synthesis orientation and crystalline
* Provide exfoliated structure arrangements.
Light-induced * Use of abundant light as an energy * Limited to the synthesis of
source conjugated COFs structures
* Simple and solvent-free
* Improved crystallinity
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1.3.2 Application of COFs in photocatalytic CO reduction

COFs materials can be a powerful candidate for photocatalysts mainly because of the
following advantages: (1) The large chemical tunability of COFs can be merit to optimize the
basic functions of light capture, charge separation, and transport in the photocatalytic process;
(2) COFs possess permanent nanoscale pore structure and ultra-high specific surface area,
which allows rapid diffusion of photo-generated charges to the surface for the catalytic
reaction. The large specific surface area also promotes the participation of sensitizers,
electrolytes, sacrificial agents, and co-catalysts in the reaction; (3) Compared with molecular
catalysts, COFs lock the photoactive building blocks in the rigid structure to prevent the
collisional deactivation of photon thereby to prolong the lifetime of the excited state, and
strong m-conjugation in the structure increase the mobility of charge carriers; (4) The good
crystallinity of COFs reduces the possibility of charge trapping at defect sites; (5) COFs
possess excellent chemical stability. (6) COFs are composed of light elements with low-

density characteristics.?”™!

However, COFs are metal-free polymers, the most significant disadvantage of COFs
materials is the lack of bare metal active centers that can be used for photocatalytic reactions,
so there are some problems such as low catalytic activity and poor selectivity. Therefore,
molecular metal catalyst-modified COFs as photocatalysts are the current research hotspots

for improving their photocatalytic activity.

Rhenium complexes are the most frequently selected co-catalyst as they serve as an excellent
class of homogeneous CO; reduction photocatalysts.”>°* Cao et al.” synthesized a pyridine-
containing CTF and obtained a CO»-reducing photocatalyst, Re-CTF-py, by anchoring the
Re(CO);Cl complex with pyridine nitrogen atoms in the organic backbone. Re-CTF-py has
high stability, strong CO» adsorption capacity, and good photoactivity. The reduction rate of
COz to CO was 353.05 umol-h'!-g"! with high selectivity under visible light irradiation with
triethanolamine as the cavity sacrificial agent. The leaching of Re(CO);Cl can be effectively
avoided in Re-CTF-py due to the coordination effect of pyridine, which provides excellent

recyclability.
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Fig. 1-7 (a) Synthesis of COFs and Re-COFs; (b) Side View and (c) Unit Cell of AA
Stacking COFs; (d) Proposed Catalytic Mechanism for CO, Reduction. This figure was

taken from Reference [96] with permission.

Yang et al.” reported a new molecular photocatalyst (Re-COFs) formed by using a 2D
triazine COFs as a photosensitizer combined with a Re complex (Fig. 1-7). Such a hybrid
system successfully achieved CO; reduction to CO with high selectivity (98 %). It exhibits
much better CO» reduction activity and stability than the Re counterpart. They investigated
the mechanism of CO, reduction by transient absorption (TA) spectroscopy, X-ray transient
absorption (XTA) spectroscopy, and in situ diffuse reflectance spectroscopy, which shows
that the photoexcited electrons are transferred from COFs to Re, and the charge lifetime
increases significantly with the intramolecular charge transfer. Therefore the anchoring of
Re-complex on COFs can not only provides catalytic sites but also contribute to inhibiting

the recombination of photo-generated charge carriers.
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1.3.3 Photo-induced charge separation and transfer in COF materials

As mentioned in the previous sections, the excited state dynamics, especially the capability
of photo-induced charge separation and/or transfer significantly dominate the photocatalytic
performance. Such processes had thereby also been investigated in COFs-based

photocatalysts.

In 2019, Tae Wu Kim et al.”” constructed a 2D donor-acceptor (D-A) COFs by combining the
3,4,9,10-perylenetetracarboxylic acid diimide (PDI) and porphyrin building blocks and
studied its ultrafast excited-state dynamics by femtosecond optical spectroscopy and non-
adiabatic molecular dynamics simulation. The result shows that the initial excitation in the
COF exhibits dynamics spatial localization. The charge generated by the photoexcitation is
first located in the PDI unit of COFs, and then the holes are injected into the porphyrin ring
from the PDI chromophore, leading to the appearance of polarons in the framework lattice.
The charge transfer with a time constant of 124 fs is assisted by the phonons of the scaffold,
particularly through the motion of the phenyl ring connected to the porphyrin core (Fig. 1-8).

Such instantaneous charge separation should be a merit for the catalytic reaction.

Fig. 1-8 Schematic of charge carrier dynamics in photoinduced 2D D-A COFs. This figure

was taken from Reference [97] with permission.

In the same year, jakowetz et al.”® investigated the ultrafast excited-state dynamics of a series
of imine-linked fully conjugated 2D COFs using highly sensitive optical spectroscopy and
proposed a general model. They suggest that the excited state dynamics are independent of

the topology of the COFs with fixed excite state depopulation pathways. However, the initial
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photogenerated singlet states diffuse through the framework and possibly collide, and these
singlet-singlet annihilations will produce spatially isolated charges with lifetimes of tens of
microseconds, which is several orders of magnitude longer than that of the charge in the

classical polymer system (Fig. 1-9).

In summary, COFs materials can serve as an essential stepping stone towards sustainable and
inexpensive photocatalytic systems. In detail, COF's utilize as perfect photosensitizers in the
photocatalytic system due to their excellent crystallinity, porosity, stiffness, stability, as well
as perfect photophysical feature including decent light-harvesting, efficient charge
separation, and transport capabilities. More importantly, the easy access to the cooperation
of molecular metal catalysts in the pore structure can effectively promote the separation of
photogenerated electron-hole pairs and prolong the lifetime of the excited states, thus
improving the photocatalytic activity. However, the excited state dynamics in such a hybrid
system is still to be known. Therefore, this paper focuses on studying the photophysics of
this metal-complex/COFs hybrid system through a complementary study between theoretical

calculation and experimental spectroscopy characterization.

Fig. 1-9 Model of the photoinduced electronic processes in COFs. (a) The formation of
singlet excitons. (b) These singlets diffuse and collide leads to singlet—singlet annihilation.
(c) isolated free charges with long lifetimes over tens of microseconds. This figure was taken

from Reference [98] with permission.
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Chapter 2

Experimental Methods

To investigate the underlying mechanism of the photocatalytic reaction in metaled COFs
materials, which is the main focus of this thesis, we mainly utilize various optical
spectroscopic technics to reveal the photophysical processes. This chapter briefly introduces
the spectroscopic methods involved in the study, which consists of both steady-state and time-

resolved spectroscopies.
2.1 Steady-state spectroscopy

2.1.1 Ultraviolet-visible (UV-Vis) Absorption spectroscopy

Ultraviolet-visible (UV-Vis) absorption spectroscopy technology is a mature technology that
can probe the optical transitions of the sample. UV-Vis spectroscopy is used to analyze the
electron transition when the electromagnetic (EM) radiation incident on the sample is in the
range of 190-900 nm (that is, the ultraviolet-visible range). Taking molecular system as
examples, band-edge excitation will usually trigger the optical transition from the VB to the
CB, which involves three types of ground state orbitals, o and  bonded orbitals, and n non-
bonded orbitals, as well as two excited state orbitals, namely antibonding orbitals, o* and m*.
The valence electron in the molecule will transition to an excited state when the organic
compound absorbs ultraviolet or visible light. There are four main types of transition modes,
o0—0*, n—c*, n—1*, n—on*. In general, the energy required for various transitions is: 6—c*
>n—c* > 1—n* > n—n*. 6—c*: With the largest transition energy, the ¢ electron can only
be excited when absorbing the photon with the energy in far-ultraviolet light. The optical
absorption of saturated alkanes appears in the far ultraviolet region (the absorption
wavelength A < 200 nm, which can only be detected by a vacuum ultraviolet
spectrophotometer). The absorption wavelengths to a typical n—c* transition are around 150
- 250 nm. The saturated hydrocarbon derivatives containing non-bond electrons (heteroatoms
such as N, O, S, and halogen atoms) all exhibit this transition. The favored transitions mode
in a molecular system is =—m* transition. Without conjugation, the absorption band is usually
located around 200 nm. In a conjugated system, the absorption band shifts to a longer
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wavelength, which is between 200-700 nm. The absorption wavelengths of n—n* transition
are around 300 nm, which is common in unsaturated organic compounds containing

heteroatoms ( such as C=0, C=S, O=N-),%-100
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Fig. 2-1 Typical electronic transitions for organic molecules.
2.1.2 Steady-state photoluminescence (PL) spectroscopy

Photoluminescence spectroscopy is a widely used technique to measure the optical emission
of semiconductors and molecules. In general, PL is a de-excitation process that occurs when
the molecules are excited by photons. After molecules are excited to excited states, most
molecules will dissipate the excess energy as heat by colliding with other molecules; while
some molecules release this energy in the form of light with a wavelength different from that
of the absorbed radiation, the latter process is called PL.''"'% A Jablonski diagram is
commonly used to describe the relaxation of a molecule to its ground state in the form of

luminescence, as in Fig. 2-2.1°!

Each molecule has a series of strictly discrete electronic energy levels, and each electronic
energy level contains a series of vibrational and rotational energy levels, as seen in Fig. 2-2.
In the figure, the ground state is represented by SO, the first excited singlet state and the
second excited singlet state are represented by S1 and S2, respectively, and T1 is the first
excited triplet state. At room temperature, most molecules are in the lowest vibrational energy
level of the ground state. Molecules in the ground state are excited to the excited state after

absorbing energy. The excited state is unstable, and electrons may return to the ground state
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through de-activation processes such as radiative transition and non-radiative transition.
There are several basic de-activation processes, (1) Vibrational relaxation, (2) Internal

conversion, (3) Fluorescence, (4) Intersystem crossing, and (5) Phosphorescence.

Fig. 2-2 Jablonski Diagram.

It is worth noting that the actual pathway of the excitation depopulation depends on the time
scale of each channel. The faster the transition, the more likely it is to occur.!?:194105 Table
2-1 summarize some basic radiative and non-radiative timescales in molecular system (table

2-1).
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Table 2-1 A timescale table for basic radiative and non-radiative timescales.

Transition Time Scale Radiative Process?
Absorption 1055 s yes
Internal Conversion 101410 s no
Vibrational Relaxation 101410 s no
Fluorescence 10°-107 s yes
Intersystem Crossing 108-107 s no
Phosphorescence 104101 s yes

In our work, all the steady-state PL spectra were acquired via Spex Fluorolog 1681 standard

spectrofluorometer under a specific excitation wavelength.
2.2 Time-resolved spectroscopy

The above spectroscopic methods can only characterize the steady-state optical feature of the
materials, and cannot reflect the dynamic evolution of the samples at the excited state after
excitation. Ultrafast laser pulses make such characterization feasible. A series of time-
resolved ultrafast spectroscopy techniques have been developed using precision controlling
the time decay between excitation and signal probing. The ultrafast spectroscopy techniques

employed in this thesis are described below.
2.2.1 Time-resolved PL (TRPL) spectroscopy

For materials with fluorescence emission, the time-resolved detection of the fluorescence
lifetime can directly reflect the decay characteristics of the fluorescence emission state, so
the Time-resolved PL (TRPL) spectra also become one of the most important kinetic

properties of such materials.!!'1% Several techniques can be used to obtain temporal and

33



spectral information on PL emission from semiconductors, such as time-correlated single-

photon counting (TCSPC) and streak cameras.'!'"!!?

2.2.1.1 Time correlated single photon counting (TCSPC)

Time correlated single photon counting (TCSPC) is a common method to monitor the time-
resolved photoluminescence (TRPL) spectrum, which was first proposed by Bollinger and
Thomas in 1961.1'%!15 TCSPC technology can effectively detect weak signals from
fluorescence with high sensitivity and high accuracy. It is based on the principle of
continuously irradiating the sample with a high repetition rate pulsed light source, which
makes the sample emit photons followed by collecting the fluorescence signal of the sample
in a direction perpendicular to the incident light to avoid the interference of the incident light,
which is especially important for the study of weakly fluorescent sample components. During
the measurement, a temporal counter is set to synchronize with the excitation pulse to trigger
the count. When the detector receives a photon, the counter stops timing and records the
number of photons in the corresponding time channel. After collecting the fluorescence signal
into the spectrometer, the fluorescence lifetime of the sample can be obtained by
deconvolution analysis of the signal, collecting multiple cycles of photons through periodic
excitation, and then constructing a single cycle of decay processes through the collected
single-photon events. By repeatedly recording the time difference between the collected
single photon and the corresponding excitation pulse, the histogram of the photon arrival
counts in each time gate is accumulated to represent the time decay.!!*"!!® The principle is

illustrated in Fig. 2-3.
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Fig. 2-3 Schematic diagram of TCSPC measurement mode.

The time resolution of this method generally depends on the pulse width of the excitation
light source and the time response of the detector. In this thesis, we used a pulse diode laser
triggered externally at 2.5 MHz (TCSPC device of PicoQuant) to excite the sample at 438
nm. After passing through a 470 nm long band-pass filter, the emitted photons are detected
by a rapid avalanche photodiode (SPAD), and the response time is less than 50 ps.

2.2.1.2 Streak camera

Streak camera is another TRPL characterization methodology. Its key functional concept is
to scan and map the indistinguishable ultrafast time axis information can convert it into
spatial axis information that can be visualized on the fluorescent screen. In basic frontier
science research fields such as biomedicine, materials science, condensed matter physics, and
photochemistry, a streak camera is a key tool for the measurement of ultrafast emission-

related phenomena. 19126
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Fig. 2-4 Schematic diagram of streak camera measurement mode.

In our work, the streak camera is employed to measure the TRPL of our samples. Fig. 2-4
shows the schematic diagram of how such measurement is achieved. A short laser pulse at
800 nm with a 100 fs pulse duration and repetition rate of 80 MHz was frequency-doubled
to 400 nm for the excitation. The transient PL signal is collected by two quartz plano-convex
lenses and focused on the input slit of the spectrometer, which is converted into a one-
dimensional optical signal when passing through the slit, and then clearly imaged and
photoelectrically converted on the photocathode, obtaining a one-dimensionally distributed
electron beam in space, due to the photocathode having a linear response interval in which
the number of photoelectrons is proportional to the radiation intensity. These photoelectrons
are accelerated and focused by the high-voltage electric field provided by the high-voltage
power supply module. Afterward, they will enter the scanning system consisting of a
scanning plate, where the plate is provided with a high-voltage ramp-like scanning voltage
(scanning speed can reach 2c~3c, c is the speed of light). Therefore the super-fast scanning
of the electronic signal is realized. Within the linear range of the voltage, the vertical distance
between the position of the photoelectron and the original direction of motion is proportional
to the time when the photoelectron enters the scanning plate, thus realizing the conversion
from time information to space information. At this stage, the image signal is still too weak

to be recorded. The image intensifier is then used to enhance the image signal which
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bombards the phosphor screen to get the fluorescent image. The photosensitive surface of the
CCD recording system detects and records the fluorescence image, and finally uses the
correlation between the spatial information of the light signal and the scanning speed of the

streak camera to obtain the time information of the light signal.
2.2.2 Femtosecond transient absorption (fs-TA) spectroscopy

Transient Absorption (TA) spectroscopy technology can probe the excited state dynamics of

samples with both radiative and non-radiative pathways.

It is essentially a pump-probe technology (Fig. 2-5). During the operation, the laser pulses

are divided into two beams, 27128

one beam is usually used to excite the sample defined as
pump pulse, and the other ultra-short pulse (probe pulse) is used to detect the transient change
in absorbance of the sample before and after excitation, and the signal obtained is the transient
absorption signal.'”!3® TA measurements can be achieved using a precision optical
displacement stage to change the time delay between the pump pulse and the probe pulse.
The TA has become one of the important experimental tools to investigate the excited state

dynamics due to it can effectively monitor this series of processes.

Fig. 2-5 Schematic diagram of femtosecond transient absorption.

Since transient absorption detects the change in absorbance of the sample before and after

excitation, the transient absorption signal A OD can be defined as:

AOD = ODpump—on* ODpumpfoff (2'1)
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where O Dpump-on and O Dpump-off denote the absorbance of the sample with and without pump
pulse, respectively. We assume that the extinction coefficient and concentration of a molecule
in the ground state are € and c, respectively. According to the Lambert-Beer law, O Dpump-off

can be expressed as:
ODpump—off =¢lc (2-2)

A certain concentration of transient component X will be produced when the sample is
excited, which has a specific extinction coefficient &' and concentration C'. In this case, the
overall absorbance of the sample is composed of the absorbance of the remaining ground-

state molecules and the absorbance of the transient component X. which is:
ODpump—on= (C -’ ) +¢&' I’ (2-3)

The transient absorption signal and be obtained by substituting Egs. (2-4) and (2-5) into Eq.
(2-1).

AOD =(¢' —¢)' (2-4)

From Eq. (2-4), the signal of transient absorption is proportional to the concentration of
transient component X. Therefore, observing the evolution of transient absorption signal with
time can reflect the kinetic properties of transient component X. in general, the transient
absorption signal obtained in the experiment is a two-dimensional data matrix concerning the

wavelength A and time t. The signal can be expressed as:
A4, t) =[£'(4) — e(D)]lc'(t) (2-5)

For transient processes that undergo only photophysical changes, the transient absorption
spectral data mainly contains three kinds of signals (Fig. 2-6).!?” (1) Ground state bleach
(GSB). After the sample is excited by the pump pulse, the number of molecules in the ground
state will be relatively reduced. As a result, the intensity of the ground state absorption
spectrum is weakened, which is lower than the absorption without excitation. According to
equation (2-1), the transient absorption signal measured in the experiment is a negative
signal, which reflects the change of the number of molecules in the ground state. The GSB
signal usually appears in the region of ground-state absorption wavelength. (2) Excited-state
absorption (ESA). After the sample is excited by the pump pulse, the molecules in the excited

state will absorb the energy of the probe pulse and transition to a higher energy level. For
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example, the molecules on the single or triplet excited state can absorb energy and transition
to the higher level of the singlet or triplet excited state, respectively. Such a physical process
will weaken the intensity of the detection pulse, and lead to the enhancement of the absorption
spectrum intensity of the sample, which will show a positive signal in the transient absorption
spectrum. Some of the hidden information of the molecules in the excited state within or
between different states, such as molecular intra-transitions, vibrational chirality and inter-
system crossing, and a series of other processes, can be obtained from the excited state
absorption signal. (3) Stimulated emission (SE). SE is mainly due to the interaction of the
molecules in the excited state of the sample with the pump pulse and appears as a negative
signal in the transient absorption spectrum. For a two-energy molecular system, the Einstein
coefficients (Ai2) for the energy absorbed by the molecule from the ground state to the excited
state are the same as the exciting emission coefficients (A»;) for the molecule from the excited
state to the ground state. In the process of stimulated emission, the molecule in the excited
state is induced by the photon in the probe pulse and emits another photon, which has the
same energy and momentum as the photon in the probe pulse. The band range of stimulated
emission is consistent with the steady-state fluorescence spectrum of the sample. The
physical process will enhance the intensity in the direction of the probe pulse, thus disguising
the weakening of the absorption spectrum of the sample, which leads to a negative signal
shows in the TA spectrum. SE only occurs during transitions permitted by optics.
Theoretically, there is an obvious stokes shift between the SE signal and the GSB signal. But
in the actual measurement process, these two kinds of negative signals often overlap in the

spectrum and give a wider absorption spectrum finally.
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Fig. 2-6 Schematic diagram of the composition of singles in the TA spectrum.

The fs-TA setup used in our work is mainly composed of the following three parts. (1) A Ti:
Sapphire amplifier (Coherent Legend) with a center wavelength of 800 nm. Its pulse width
is about 120 fs, and its repetition rate is 3 kHz. (2) An optical parametric amplifier (Topas C,
Light Conversion) for generating pump light at different wavelengths (400 nm and 530 nm
were used in our work). (3) A commercially available TA spectrometer. After beam splitting,
one part of the primary beam generated by the laser enters the optical parametric amplifier to
generate excitation light, and the other part generates a white light continuum as the detection

beam through CaF».

2.2.3 Femtosecond time-resolved mid-infrared absorption (fs-TRIR)

spectroscopy

Conventional steady-state IR spectroscopy measures the vibration and rotation modes of
molecules. The TA technology and IR spectroscopy technology are combined to obtain the
femtosecond time-resolved infrared absorption spectroscopy technology (TRIR). Since IR
spectra can provide fingerprints on molecular functional groups and chemical bonds, fs-TRIR
spectra not only reflect molecular excited states dynamics but also provide the structural
dynamic information of such molecules. The schematic diagram of the femtosecond time-
resolved infrared spectrum device is shown in Fig. 2-7, which is similar to the fs-TA device

except the probe light is IR pulse, and the detector is also changed to the IR-detector.
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Fig. 2-7 Femtosecond time-resolved mid-infrared absorption (fs-TRIR) spectroscopy.

As for the TRIR experiment in this thesis, the laser source is a Ti: sapphire amplifier (Spitfire
Pro, Spectra-Physics). The laser emits fundamental frequency light with a central wavelength
of 800 nm, a repetition frequency of 1 kHz, and pulse width (full width at half-height,
FWHM) of 45 fs. The 800 nm fundamental frequency light is then split into two paths, one
of which enters the commercial optical parametric amplifiers (TOPAS-C, Light Conversion),
which generate the visible pump at 418 nm and the mid-IR probe (1850—2200 cm™!) pulses.
Before reaching the sample, the probe beam was split into equal intensity probe and reference
beams using a wedged ZnSe window. Both beams pass through the sample, but only the
probe beam interacts with the photoexcited volume of the sample. All beams are focused with
a single f= 10 cm off-axis parabolic mirror to a ~70 pum spot size in the sample. The pump
intensity was attenuated to 650 uW. The probe and reference beams were dispersed by a
commercial monochromator (Triax 190, HORIBA Jobin Yvon) equipped with a 75
groove/mm grating and detected on a dual array, 2 X 64-pixel mercury cadmium telluride
detector (InfraRed Associates, Inc.). The instrument response function for the experiments

was approximately 100 fs. The sample was mounted in a Harrick flow cell.
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Chapter 3

Results & Discussion

3.1 Photocatalytic Reduction of CO2 by Metaled 2,2'-bipyridine

Covalent Organic Framework (Paper I)

Efficient solar-driven photocatalytic CO, reduction capture to fuel materials (i.e. CO, CHa,
HCOOH, and CH3OH) has been considered as a promising strategy to tackle the issue of
fossil fuel storage and global warming.>!0 40-131-134 A mentioned in Chapter 1.3.2, COFs-
based photocatalytic material as one kind of semiconductor material is considered to be
promising photocatalytic materials due to their unique structural characteristics. Despite the
above-mentioned advantages, the photocatalytic CO, activity of pure COFs has been proved
unsatisfactory due to the rapid charge recombination.!3> Therefore, the loading of metal
nanomaterials such Rh, Ru, Ir, Co, Ni, or Re catalytic complexes into COFs to enhance the
charge carrier separation and provide catalytic reaction sites have been implemented to
improve the catalytic performance.’?”?” Among them, the Re-complex/COFs and Ni-
complex/COFs hybrid systems are the benchmark systems to exhibit high CO, reduction
activity selectivity in separate reports.'3¢!41-143 However, there is no systematic comparison
between those two photocatalysts in terms of intrinsic structures, morphology, electronic

states as well as catalytic performance.

In this chapter 3.1, we first compared the structure, morphology, and electronic structures
between Ni-TpBpy and Re-TpBpy catalysts. The photocatalytic CO; reduction experiments
using triethanolamine (TEOA) as the sacrificial agents demonstrate the higher catalytic
performance of Ni-TpBpy than Re-TpBpy. We attributed such difference to the different CO,
capture capability and internal charge transfer efficiency. In addition, both catalysts exhibit
highly excitation wavelength-dependent catalytic activity, which should require the study of

detailed excited state dynamics, which will be presented in Chapters 3.2 and 3.3.
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Fig. 3-1 (a) Schematic presentation of the synthesis of TpBpy, Re-TpBpy, and Ni-TpBpy. (b)
PXRD of TpBpy (cyan curve), Re-TpBpy (green-blue curve), Ni-TpBpy (blue curve),
simulated AA stacking mode (purple curve), and simulated AB stacking mode (pink curve).

A two-dimensional (2D) COFs (TpBpy) with 2,2'-bipyridine was synthesized by the
condensation of 1,3,5-triformylphloroglucinol and 5,5'-diamino-2,2'-bipyridine under
solvothermal conditions, both Re-TpBpy and Ni-TpBpy are prepared by a simple solvent
immersion method, as shown in Fig. 3-1a. The experimental PXRD patterns of these three
samples match well with the simulated AA stacking structure of COFs, which demonstrates
the unchanged crystalline structure of TpBpy after Re-complex or Ni-complex incorporation
(Fig. 3-1b). The overview spectrum of the X-ray photoelectron spectroscopy (XPS) (Fig. 3-
2a) and EDX mapping analysis of Re-TpBpy and Ni-TpBpy (Fig. 3-2e&f) suggesting the
actual incorporation of the Re-complex or Ni-complex in the host COFs. In addition, the N
Is spectra bands ( Fig. 3b-d) indicate that the Re-complex or Ni-TpBpy is anchored to the
TpBpy only through its bipyridinic units.
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Fig. 3-2 (a) XPS overview of TpBpy, Re-TpBpy, and Ni-TpBpy, (b), (c), and (d) correspond
to the XPS N 1s core-level spectra of TpBpy, Re-TpBpy, and Ni-TpBpy, respectively. EDX
mapping analysis of Re-TpBpy (E), Ni-TpBpy (F).

Before the photocatalytic measurement, we first evaluated the in-situ gap adsorption
capability of both samples, which should be the first dominant factor that influences
photocatalytic performance. N, adsorption isotherms were measured at 77 K to investigate
the porosity of TpBpy, Re-TpBpy, and Ni-TpBpy (Fig. 3-3a). TpBpy, Re-TpBpy, and Ni-
TpBpy showed type I reversible N»-sorption isotherms with a steep nitrogen gas uptake
indicating the predominance of microporous. The surface area of pristine TpBpy is 952.49
m? g! according to Brunauer-Emmett-Teller (BET) calculations, while the surface area of
both Re-TpBpy and Ni-TpBpy decreases (648.75 m? g!' and 679.9 m? g!). The reduced
surface area should be due to the Re(CO);Cl and Ni(Il) occupying part of the pore space in
COF. It is noteworthy that the BET-specific surface area of Re-TpBpy and Ni-TpBpy are still
high, meaning the porous structure is well preserved. This ensured the high accessibility of
Re or Ni active sites in the COFs channel. The impregnation of polar rhenium and nickel
complexes contributes to increasing the polarity of TpBpy, which in turn facilitates the
improvement of CO; adsorption capacity. As shown in Fig. 3-3b, the CO, adsorption volume
of Re-TpBpy and Ni-TpBpy is 37.5 cm® g 39.5 cm® g, respectively. In addition, compared
with TpBpy, Re-TpBpy and Ni-TiBpy show a steeper CO; uptake at lower relative pressure,
which implies a stronger interaction of CO, in Re-TpBpy and Ni-TpBpy (see the inset of Fig.
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3-3b). The higher adsorption capacity and stronger interactions Re-TpBpy, as well as Ni-

TpBpy, can be considered as merits for promising CO» photocatalysts.

In addition, given that Ni-TpBpy has a higher specific surface area and better CO, capture
capacity than Re-TpBpy, they should exhibit better performance in photocatalytic reduction
of CO,. We then evaluate their photocatalytic efficiency for CO, conversion in gas-solid
reaction systems. Figure 3-3c¢ displays the amount of CO production from Re-TpBy and Ni-
TpBpy catalysts at 440 and 520 nm wavelengths. Neither TpBpy nor Ni-TpBpy produces CO
after irradiating with 520 nm light for 8§ h. However, the CO production of Re-TpBpy and
Ni-TpBpy increased substantially under 400 nm light. Here the yield of CO from Ni-TpBpy
(192.6 umol g'!) is indeed higher than that from Re-TpBpy (131 umol g'!), which is consistent
with our conjecture, i.e. the large specific surface area and high CO, adsorption rate are more
favorable for photocatalytic CO, conversion. The excitation-dependent photocatalytic
performance, i.e. there is CO production upon 440 nm excitation but not upon 520 nm
excitation can be attributed to the different excited state dynamics between two excitation
conditions that modulate the charge transfer for the catalytic reduction or oxidation process.
Therefore, we assume that the electronic structure of Ni complexes is better matched to
TpBpy than the energy bands of Re complexes and are more favorable for the charge

separation and transfer. We will confirm the above assumption in the following two chapters.

Fig. 3-3 (a) N, adsorption isotherm of TpBpy, Re-TpBpy, and Ni-TpBpy, (b) CO, uptakes on
TpBpy, Re-TpBpy, and the Ni-TpBpy at 298 K. The inset image zoom on the low pressure.
Time course of CO production during photocatalytic CO, reduction on Re-TpBpy, and Ni-
TpBpy photocatalysts under 440 nm and 520 nm. Py here refers to the 1.0 bar.

45



3.2 Ultrafast charge transfer dynamics in 2D Covalent Organic
Frameworks/Re-complex hybrid photocatalyst: Hot electrons vs. cold

electrons (Paper II)

In the previous chapter, we mentioned that in the photocatalytic CO, reduction experiment,
neither Re-TpBpy nor Ni-TpBpy produced CO when excited upon band edge at 520 nm, and
the CO yield of Ni-TpBpy was higher than that of Re-TpBpy upon 440 nm excitation. We
assume that in addition to the CO» adsorption capacity mentioned in the previous chapter,
such phenomenon is strongly related to the excited-state dynamics. In this chapter, we
systematically investigate the excited state dynamics and charge transfer process in the Re-
TpBpy. The time-dependent density functional theory (TD-DFT) calculations first display
the available electronic transition after excitation of the hybrids. The femtosecond transient
visible (fs-TA) and Time-resolved infrared (fs-TRIR) absorption spectroscopies provide
complementary information for the charge transfer dynamics. Photons with energy close to
the bandgap of the COFs directly excite the electron from the ground state to the excited
states within Bpy moiety in the COFs followed by sub-picosecond electron injection to
Re(CO)s;Cl. However, the injected electrons rapidly undergo geminated recombination with
the residual holes in the COFs moiety within 13 ps. When the excitation is well above the
band edge, hot electrons would directly inject into the higher energy orbital of Re(CO)3Cl
within 2 ps and rebound to the Bpy within 24 ps. The hot holes slowly relax to the HOMO
level of COFs (340 ps). The prolonged excited electron lifetime in Re(CO)3;Cl and the higher
energy levels, together with the additional long-lived free electrons in COF moiety

contributes as merits for a two-electron transfer mediated CO, catalytic reaction.

To clarify the ground state features of the Re-TpBpy hybrid and its units. Steady-state
absorption and PL spectra were employed (Fig. 3-4a). The absorption spectrum of TpBpy
and Re-TpBpy exhibit dual absorption bands, a narrow bipyridine n—n* transition band as
well as broadband for delocalized 7 electrons'*®. Similarly, there is still a slight blue shift of
the spectrum for Re-TpBpy compare to TpBpy, which also should be due to the metal-to-
ligand charge transfer (MLCT) [d(Re)-n*(bpy)].
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Fig. 3-4 (a) Normalized UV—vis absorption (black) and steady-state photoluminescence
spectra excited at 400 nm (red) and 530 nm (blue) of TpBpy, Re-TpBpy and their starting
materials dispersed in Nafion (5% w/w in water and 1-propanol); (b) Tauc plots of the
absorption spectra determining the optical band gap of TpBpy, Re-TpBpy, and their starting
materials; (¢) XPS VB spectra, and (d) band alignment established from XPS and UV-vis
measurement of TpBpy, Re-TpBpy, and their starting materials.

Fig. 3-4a also shows the emission spectra of all samples excited at the band edge (530 nm,
blue curve) and well above the band edge (400 nm, red curve). Upon the 400 nm excitation,
TpBpy and Re-TpBpy exhibit dual emission bands (i.e., 427 nm and 531 nm for TpBy, 431
nm, and 562 nm for Re-TpBpy), which supports that the excited state depopulation should
involve two parallel processes with radiative recombination from the higher level and lowest
excited state. When excited at 530 nm, the emission spectra of TpBpy and Re-TpBpy are
identical with emission bands at 620 nm. This indicates similar emissive states from

delocalized & electrons in the two samples.
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Fig. 3-5 (a) and (b) Steady-state PL emission spectra of TpBpy and Re-TpBpy normalized
according to the absorbance at the excitation wavelength; (b) PL decays measured in TCSPC
of the TpBpy and Re-TpBpy. Excitation wavelength=438 nm; (c¢) PL decays of the TpBpy

and Re-TpBpy measured with streak camera excited at 400 nm.

In the next step, the photoluminescence (PL) dynamics of the samples were studied. Fig. 3-
5a and Fig. 3-5b show that the steady-state PL spectra of TpBpy and Re-TpBpy are identical
in terms of emission energy and spectral shapes. However, the relative PL quantum yield
(extracted from absorption calibrated PL intensities) of Re-TpBpy is significantly lower. This
should be attributed to the PL quenching by the integration of the Re-complex. The time-
correlated single-photon counting (TCSPC) identified the Re-TpBpy with a shorter PL
lifetime, which verifies the additional non-radiative process (Fig.3-5¢). In addition, a faster

decay rate of Re-TpBpy was observed by streak camera (Fig. 3-6).
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Fig. 3-6 UV—vis absorption spectra of (a) TpBpy and (b) Re-TpBpy compared with TD-DFT

calculated fragment.

To obtain insight into the excited-state structure of the compounds, the time-dependent
density functional theory (TD-DFT) calculation at the M06-L!#4147 /def 2 TZVP'“%14° [evel
of theory was employed to calculate the electronic structure and model the electronic
transitions. Fig. 3-6 exhibits the calculated electronic excitation spectra of the TpBpy and Re-
TpBpy (orange curves), and the experimental absorption spectra (red curves). This

calculation is found to be in line with the experimental results.

The excited-state dynamics of the samples were explored by transient absorption (TA)
spectroscopy. Upon 530 nm excitation, the TA spectra of TpBpy show a wide negative ground
state bleach (GSB, B1) and two positive excited absorption bands (ESA, Al and A2) (Fig. 3-
7a). However, Re-TpBpy shows only one A2 in addition to one B1 (Fig. 3-7b), this has shown

the charge transfer of the excited state.
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Fig. 3-7 Transient absorption (TA) spectra under 530 nm excitation at the fluence of 2x10'3
ph/cm? and the respective SVD fitting results of TpBpy (a), and Re-TpBpy (b). TA kinetics
at some characteristic wavelength of B1 at 535 nm (c), Al at 625 nm (d), and A2 at 675 nm

(e). All the samples were measured in Nafion (5% w/w in water and 1-propanol) solution.

Then use singular value decomposition (SVD) fitting for more quantitative analysis (Fig. 3-
7a&b, lower panel). The TA dynamics of TpBpy can be decomposed into four decay-
associated components (t; = 2 ps, t2 = 70 ps, t3 = 4 ns and one ultra-long component). TA
kinetics at the A1 (Fig. 3-7d) and A2 (Fig. 3-7¢) reveal the concurrent rising of Al and decay
of A2. This indicates the transformation of the lowest excited state (e.g. polaron formation)
within 2 ps corresponding to the transition of ESA from A2 to A1l in TA spectra. Components
2 and 3 exhibits the same spectral feature corresponding to the depopulation dynamics of the
same lowest excited state. The slowest component 4 featured as a broad negative band with
a lifetime exceeding the TA time window. This can also be visualized in the TA kinetics in
Fig. 7c-e. After functionalization by the Re-complex, the TA dynamics of Re-TpBpy can also
be decomposed into four components (t; = 990 fs, to = 13 ps, t3 = 262 ps and one ultra-long
component) ((Fig. 3-7b). Component t1- t3 of Re-TpBpy resembles the GSB feature as
TpBpy while the ESA bands are completely absent in components t2 and t3. This suggests
the ultrafast charge transfer from the excited-state S; instead of relaxing down to the lowest

excited state S;.

50



Fig. 3-8 Two-dimensional transient absorption (TA) spectra under 400 nm excitation at the
fluence of 2x10'3 ph/cm? and the respective SVD fittings of TpBpy (a), Re-TpBpy (b). TA
kinetics of two samples at various emission wavelengths representing B1 (c), B2 (d), Al (e),

A2 (f). All spectra are recorded in Nafion (5% w/w in water and 1-propanol).

To monitor the dynamics of hot carriers, high energy excitation has also been employed in
both samples. Compared with TA spectra excited at 530 nm, one additional negative band
(B2) around 450 nm appears in both TpBpy and Re-TpBpy, which should be attributed to the
population of high energy/hot levels in the COFs unit. Four main components of TpBpy can
be obtained by SVD fitting, t; = 2 ps, t» = 34 ps, t3 = 480 ps, and one ultra-long component.
In the PL decay of TpBpy (Fig. 3-5¢), a lifetime (481ps) similar to the lifetime of component
t3 can also be extracted, indicating the radiative recombination of the band-edge charge
carriers. TA spectra of Re-TpBpy can also be fitted with four main components (t; = 2 ps, t2
=24 ps, t3 = 340 ps and one ultra-long component). The additional B2 band and the wider
ESA band in components t1, t3 reflect the long-live hot excited level population. On the other
hand, the absence of Al in component t, confirms the charge transfer of hot electrons to Re!
centers within 2 ps. In addition, the lifetime t; (340 ps) can be obtained from the TRPL decay
in Fig. 3-5¢, manifesting radiative recombination with hot carriers, which accounts for the

high energy emission band in the steady-state PL spectrum (Fig. 3-4a).
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Fig. 3-9 TRIR spectra of TpBpy, Re-Bpy, and Re-TpBpy excited at 530 nm (a-c) and 400 nm
(e-g). (d) TRIR kinetics at 2040 cm™ of Re-TpBpy excited at 530 nm. (h) TRIR kinetics at
2040 cm! (red), 1850 cm™! (blue), and their differential curve (orange) of Re-TpBpy excited
at 400 nm. The kinetics at 2040 cm-1 of Re-Bpy excited at 400 nm is also presented (green).

All spectra are recorded in Nafion (5% w/w in water and 1-propanol).

To further characterize the excited state dynamics at the two excitation wavelengths, we
measured the time-resolved IR (TRIR) spectra of the samples. When excited at 530 nm
(Fig.3-9a and Fig. 3-9b), only Re-TpBpy exhibits fingerprint features of excited
[Rel(bpy)(CO)3]*. The TRIR kinetics in Fig. 3-9d suggests that the rising of transient Re™
radical formation spectra, which combined with the sub-picosecond depopulation of excited
states in the TA spectra demonstrated the electron transfer from the LUMO located at Bpy to
the Re! center within 0.8-0.9 ps. However, according to the TD-DFT calculation, the holes
can reside both at Tp and Bpy. Therefore, we can expect different depopulation pathways of
those holes after electron injection corresponding to two-lifetime components in TA (t2 and
t3) (Fig. 3-7b). The holes on Bpy should undergo rapid initiation and recombination with the
electrons in the Re' center, while the holes on Tp will cool to the HOMO level in a relatively
long time (262ps), which is still strongly localized in Tp. The above analysis shows that the
low-energy excitation in Re-TpBpy is very close to the Re-COFs interface, which promotes

the injection of electrons from the COFs to the Re! center. However, due to the close spacing
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between the injected electrons and the residual holes in the COFs, the Gemini recombination

is also effective.

When excited at 400 nm, the TRIR spectra of both TpBpy and Re-TpBpy are dominated by
the featureless positive absorption (Fig. 3-9 e&g), which is widely accepted as the sign of
free carrier generation in semiconductor materials.!**'>2 This means that the hotly excited
states reflected by the B2 and the broad A1 band in TA should all be populated by free carriers
when excited at 400 nm. Combining with the remaining of A2 after 2 ps in TA measurement
(Fig. 3-8a), suggest that the initial fastest component t; in TA measurement should be related
to the partial polaron formation where some of the generated species also remain as free
carriers. Moreover, the TRIR spectrum in Re-TpBpy features additional differential dips of
the Re! radical, indicating the COFs-Re electron transfer occurs. The kinetics shows in Fig.
3-9h proves the process of electron transfer from COFs to Re' center and back to COFs, and
back transfer or geminate recombination of injected electrons in the Re' center is faster than

the electron-hole recombination in the Re'(bpy) moiety.

In conclusion, as summarized by Fig. 3-10. Upon 530 nm excitation, the excited state
dynamics of TpBpy (Fig. 3-10a) undergoes 2 ps formation of exciton polarons, 70 ps exciton
polarons annihilation in COFs materials. 4 ns excitonic recombination within the same COFs
sheet, and the ultra-long lived electrons and holes recombination at a different sheet of COFs.
For Re-TpBpy (Fig. 3-10b), excited-state depopulation follows sub-picosecond electron
transfer from the Bpy to the Re' center, 13 ps recombination of holes at Bpy with electrons
at the Re! center. Moreover, holes at Tp cool down to the HOMO level within 262 ps and this
is another ultra-long component of the recombination of holes at Tp with electrons at the Re!
center. When excited at 400 nm, TpBpy will undergo fast polaron formation followed by
radiative recombination between the electron at LUMO+1 and the hole at HOMO-3 as well
as the recombination between electrons and holes relaxed to the HOMO and LUMO levels
(480 ps) (Fig. 3-10c). For Re-TpBpy (Fig. 3-10d), the excited electron at LUMO+2 and
LUMO+1 would be injected to Re' center within 2 ps and then recombines to HOMO at Bpy
within 24 ps, such a 24 ps lifetime for such intermediate excited state can be a merit for hot-
carrier harvesting. After hot carrier cooling, the depopulation of the excited states depends
on the spatial location of the charge carriers. If the hole is located at Bpy orbitals (HOMO-

4 level), the hot carrier emission will occur similarly to the case of TpBpy with a lifetime of
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340 ps. If holes locate at Tp orbitals in HOMO, it will recombine with the relaxed electron at
LUMO both radiatively and nonradiative but with a longer lifetime.

Fig. 3-10 Schematic diagram of the pathway and lifetime excited state dynamics of TpBpy
and Re-TpBpy under (a&b) 530 nm, and (c&d) 400 nm excitation.

Fig. 3-11 Photocatalytic evolutions of CO by Re-TpBpy under 520 nm and 440 nm excitation
(a) and Schematic diagram to rationalize the catalytic performance under two excitation

conditions (b).

The evolution of CO by our Re-COFs catalyst exhibit a much higher yield when 440 nm
excitation is used compared with band-edge excitation at 530 nm (Fig. 3-11a), this can be
perfect rationalized by the above-conclusion photophysics: 1) injected electrons are located
at high energy levels in Re! centers with a longer lifetime which favorable for the electron
transfer process for the CO, reduction, and 2) when excited with high energy besides the

injected electrons to Re' center, there remain long-lived electrons in COF moiety which is
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transferred back from Re'. This makes the two-electron reaction of CO, conversion to CO

work as illustrated in Fig. 3-11b.
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3.3 Ultrafast Excited-state Dynamics in a Ni-2,2'-Bipyridine Covalent
Organic Framework Photocatalyst (Paper I1I)

In the last chapter, we discussed the excited state dynamics of the Re!(bpy)(CO)s/TpBpy
hybrid photocatalyst. The results show that the coupling of the Re' complex indeed promotes
the separation of photogenerated charges, which is beneficial for photocatalytic CO,
reduction. However, rhenium is a noble metal with high cost, which seriously affects its large-
scale application. Recently, nickel (Ni (II)) has been reported as a promising alternative to
Re-complex to be integrated into COFs structures with moderate photocatalytic activity for
the reduction of CO,.!4>!33154 However, such a system currently operates as a “black box”
since neither the charge relaxation dynamics nor the transfer pathways within the Ni-
modified COFs hybrids are known. In this chapter, we will discuss the excited-state dynamics

of Ni-TpBpy, which is constructed by Ni(ClO4),-6H,0O and TpBpy.

Fig. 3-12 displays the steady-state absorption and PL emission of Ni-TpBpy and TpBpy. The
shape of the absorption spectrum of TpBpy and Ni-TpBpy are similar, both exhibit a narrow
n—n* transition band ascribed to bipyridine and broadband ascribed to the delocalized =
electrons.'*® However, the bipyridine n—n* transition of Ni-TpBpy with a bathochromic shift,
which stems from a Stark effect on the bipyridine due to the charged central Ni** ion.!5
Under band-edge excitation at 530 nm, both TpBpy and Ni-TpBpy exhibit an emission band.
Interestingly, the emission spectra of Ni-TpBpy exhibit one board band at 473 nm when

excited at higher energy (i.e. 400 nm), which is different from the dual emission peak

observed in TpBpy (Fig. 3-12a).

To obtain detailed insight into photogenerated carrier dynamics, the Time-resolved
Photocluminisence (TRPL) measurements of TpBpy and Ni-TpBpy were measured. Fig.3-
12b showed the PL kinetics measured by time-correlated single-photon counting (TCSPC)
focusing on long time window and streak camera technique focusing on a short time scale.
Overwell, the PL lifetime of Ni-TpBpy is longer than that of TpBpy, indicating the existence

of an additional non-radiative process to quench the emissive states.
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Fig. 3-12 (a) Normalized UV—vis absorption and steady-state photoluminescence spectra
excited at 400 nm (pink) and 530 nm (blue) of TpBpy and Ni-TpBpy. (b) PL decays measured
in TCSPC of the TpBpy and Ni-TpBpy, excitation wavelength=438 nm; (c) PL decays of the
TpBpy and Ni-TpBpy measured in streak camera.

To obtain the intrinsic electronic excited-state structure of the samples, we used the same
calculation method as the previous chapter to calculate. The difference is that this calculation
is more detailed because it starts from 200 nm. In addition, Open-shell calculations have been
carried out using a spin-unrestricted formalism as Ni*" is an open-shell system with a 3d?
ground state. Thus, the initial calculations were carried out for two sets of orbitals, namely
for spin-up (a orbitals) electrons and spin-down (b orbitals) electrons, respectively. Fig. 3-
13 displays the calculated electronic excitation spectrum (blue curves) of TpBpy and Ni-
TpBpy with the comparison to the experimental absorption spectra (purple curves).
Compared with TpBpy, the low energy electronic transition in Ni-TpBpy involves the
promotion of electronic density at the linked moieties Bpy and Ni (II) complex. Compared

with Re-TpBpy in Chapter 3-2, both HOMO and LUMO in Ni-TpBpy are in metallic nickel.
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Fig. 3-13 UV—vis absorption spectra of (a) TpBpy and (b) Ni-TpBpy compared with the
Calculated DFT fragment.

Next, we analyze the excited state dynamics of Ni-TpBpy by fs-TA using the excited-state
calculations described above as references. We first excited the samples at 530 nm, which
corresponds to energy close to their optical bandgap. In this case, all the excited species are
expected to populate the lowest excited state quickly. The excited-state dynamics of TpBpy
has been discussed in the last chapter (Fig. 3-14a),

After loading the Ni-complex, the fs-TA spectrum (Fig. 3-14b) exhibits one additional
negative band (B2) around 470 nm. The SVD fitting can extract three components with a
lifetime of 11 = 5 ps, 7. = 68 ps as well as an ultra-long lifetime (the lower panel of Fig. 3-
14b). The absence of ESA in t1 and t2 could be attributed to charge transfer from the initial
excited states, which should occur only by electron injection from a orbital sets due to
LUMOy is located at the Ni?" cation. The existence of B2 in the components t1 and t2 are
contributed by the population of the LUMOy to cause the breach of the calculated S2
transition shown in Fig. 3-14b. The amplitude ratio of B1 over B2 significantly decreases in
the t2 component. This should be attributed to the hole relaxation from deeper levels
(HOMOy.> and HOMO,.») to the HOMOs (HOMOy, and HOMO, ) levels. However, the long-
lived t3 only exhibits a single B1 band without B2, which indicates that not all the hot holes
have relaxed to the HOMO level over the early timescale (t1). From Fig.3-14b, we can see

that HOMOj, locates at Ni>* where all the deep HOMO level of b orbital set at COFs moieties,
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while all the energy level of a orbital at COFs moieties, so the relaxation from the HOMOy,.,
to the HOMOy, should be less efficient than the relaxation from a orbital set. Therefore, the
B1 in the t3 should be attributed to the recombination of holes at HOMO,., and electrons at
LUMOg. In this scenario, the holes in the b orbital sets with higher energies, leading to a
potentially complex process of compounding with electrons, accounting for such a long
recombination time. On the contrary, the holes at HOMO,., should quickly relax to the lowest
excited level (HOMO,) within COFs moiety as shown in Fig. 3-14b. The t, component (68
ps) is attributed to the recombination of electrons and holes at a orbital sets (i.e. hole at

HOMO, and electron at Ni?*) where the population at HOMO, leads to the bleach at B2.

Fig. 3-14 Transient absorption (TA) spectra under 530 nm (a),(b) and 400 nm (c), (d)
excitation at the fluence of 2x10'3 ph/cm? of TpBpy and Ni-TpBpy.

When excited at 400 nm with photon energy (3.1 eV) much larger than the band-gap, the
excited state evolution becomes more complicated. In Ni-TpBpy, The fs-TA spectra can also
be fitted by four components with lifetimes of t; = 4 ps, t, = 59 ps, t3 = 517 ps together with
an ultra-long lifetime (Fig. 3-14d). Components t1 and t2 exhibit characteristics similar to
those in pure TpBpy but with longer lifetimes (Fig. 3-14c&d). Therefore, t1 should be
attributed to the cooling of photo-generated hot electrons and holes at the deep levels to the
lower orbitals and/or polaron formation (Fig. 3-14d). The lifetime of the t, component (59 ps)
is similar to the value obtained for t2 at 530 nm excitation (Fig. 3-14b). In addition, the
spectral lineshape shows the same coexistence of B1 and B2. Therefore, it should also be
assigned to the same recombination of injected electrons at Ni?* and holes at HOMO, at a

orbital set (Fig. 3-14d). On the other hand, t3 exhibits distinctive features, combining B2,
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Al and a red-shifted B1. As the electrons and holes at a orbital sets have already undergone
fast geminate recombination as discussed above. We believe this t3 component should be
assigned to the radiative recombination between hole at HOMOy.; and electrons at LUMOg+1.
The longest component t4 in Ni-TpBpy features the individual B1 band corresponding to the
band-edge recombination process. This should correspond to the recombination of electrons
at LUMOy in Ni?* directly excited from S2 transition and the holes at HOMOy, directly excited

from S4 transition.

The above-excited state dynamics of Ni-TpBpy have been summarized in Fig. 3-15. In
summary, upon 530 nm excited. Ni-TpBpy will first undergo fast hot hole cooling together
with the electron injection from COFs to Ni** at the a orbital set (5 ps) followed by 68 ps
geminate recombination of electron and hole. T3 component refers to the electron-hole
recombination at the b orbital set. Under 400 nm excitation, excited state dynamics vary at a
and b orbital sets. At the a orbital sets, exciting hot electrons and holes will quickly cool down
to the band edge followed by the electron injection from COF moiety to Ni**. At b orbital
sets, hot electrons and holes excited at COF unity will lead to hot emission due to the less
efficient cooling process while electrons directly excited at Ni* will live a longer lifetime

before recombining with residue holes in the COFs.

Fig. 3-15 Schematic diagram of the pathway and lifetime excited state dynamics of Ni-
TpBpy under a&b) 530 nm, and c&d) 400 nm excitation.
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Finally, we did the photocatalytic CO; reduction reaction with Ni-TpBpy as a photocatalyst.
From fig. 3-16 (a) we can see that the evolution of CO exhibits a much higher yield when
440 nm excitation is used compared with band-edge excitation at 530 nm, which is similar
to Re-TpBpy. However, the detailed dynamics account for this phenmenon is different as
mentioned above. We believe 1) the two sets of photo-generated electrons at b orbital set (i.e.
electrons at Ni** and electrons at LUMOy,; in COFs) enable the stable donation of two
electrons for CO; reduction. 2) long-lived holes at both a and b orbitals can promote the hole
injection to the scavengers to prevent the hole accumulation that can lead to the deactivation

of the photocatalytic performance.

Fig. 3-16 Photocatalytic evolutions of CO by Ni-TpBpy under 520 nm and 440 nm excitation
(a) and Schematic diagram to rationalize the catalytic performance under the two excitation

conditions (b).
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Conclusions

In this thesis, two metaled COFs photocatalysts Re-TpBpy and Ni-TpBpy were obtained and
various characterization techniques showed that the two materials with high crystallinity,
specific surface area, good stability, and decent visible light response. Both Re-TpBpy and
Ni-TpBpy exhibit excellent photocatalytic reduction activity. However, the reduction is only
efficient when the excitation photon energy is well above the band edge. Moreover, the CO
yield produced by Ni-TpBpy is higher than that of Re-TpBpy. This is due to 1) the CO,
adsorption capacity of Ni-TpBpy is higher than that of Re-TpBpy; 2) different excited state
dynamics. To better understand the latter factor, we conducted systematic steady-state and
time-resolved spectroscopic studies on the excited state dynamic process Re-TpBpy and Ni-
TpBpy combining with the analysis from the TD-DFT calculations. We confirmed the
intramolecular charge transfer pathways in Re-TpBpy and Ni-TpBpy strongly dependent on
the excitation wavelength. For Re-TpBpy, the electrons excited at the LUMO level of Re-
TpBpy can to quickly injected from Bpy moiety into the Re' center within ps but followed
by fast-backward geminate recombination (13 ps). Under excitation with high energy photon,
however, the photo-generated hot-electrons are first injected into the higher unoccupied
orbitals of the Re' center within 1-2 ps and then relax back to the HOMO in COF with longer
time (24 ps). In addition, there remain long-lived holes in the COFs. For Ni-TpBpy, under
band-edge excitation, the electrons of LUMOa level are quickly injected into Ni*" center
within 5 ps but recombine with the holes residing in TpBpy for a short time (68 ps). Electrons
at orbital b are directly excited to Ni** center and recombined with holes localized in TpBpy
for a much longer time. Under high energy excitation, the dynamics of excited charges at the
a orbital remain the same with under band-edge excitation whereas the hot electrons at b
orbital at TpBpy can only relax down to the second-lowest excited states remaining in COFs
moiety. Through the above analysis, we know that the intromolecue charge transfer in Ni-
TpBpy is more instantaneous and long-lived, which should explain why the photocatalytic

performance of Ni-TpBpy is better than that of Re-TpBpy.

Our in-depth understanding of the complex charge separation and transfer processes in COFs
modified with metal-molecule photocatalysts on femtosecond to second-time scales will

provide important guidance for the understanding and rational design of efficient
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photocatalysts, as well as expand the practical applications of COFs materials and initiate the

research on photocatalysis of COFs materials.
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ABSTRACT: Metal-complex incorporated covalent organic frameworks (COFs) emerge as promising photocatalyst for CO, reduc-
tion. In the paper, the photocatalytic CO, reduction in two kinds of metaled 2, 2'-bipyridine COFs (i.e. Re-TpBpy and Ni-TpBpy) has
been studied and compared. Both catalysts exhibit good CO, reduction performance with long-term stability. While the CO yield
from Ni-TpBpy was obtained to be 192.6 umol g™, which is higher than that from Re-TpBpy (131 umol g!). We first characterized
the structure, morphology, fundamental optical properties, and electronic states of both catalysts. The BET characterization, as well
as N, and CO; uptake experiment, indicates Ni-TpBpy possesses a high surface ratio with better CO, capture capability, this could
be the main reason accounting for the better photocatalytic performance. In addition, we found both catalysts exhibit highly excitation
wavelength-dependent catalytic activity. Photocatalytic CO; reduction is efficient under high-energy excitation at 440 nm. On the
other hand, no catalytic performance was observed when excited at the band edge of both catalysts (i.e. 520 nm). We believe such
dependence should be related to the intrinsic electronic structure as well as photo-induced excited state dynamics of two catalysts

which need to be further explored.

INTRODUCTION

Efficient solar-driven photocatalytic CO2 reduction capture to fuel
materials (i.e. CO, CHs, HCOOH, and CH30H) has been consid-
ered as a promising strategy to tackle the issue of fossil fuel storage
and global warming."? 37 In recent years, covalent organic frame-
works (COFs) have attracted particular attention as an excellent
category of photocatalysts.®'3 COFs can be defined as crystalline
porous polymeric material constructed by organic building blocks
through covalent bonds in two-dimensional (2D) and three-dimen-
sional (3D) directions.'*!” According to the literature reports, 2D
COFs have special photo-catalytic advances.'®'$20 In 2D COFs,
the COF monolayers are stacked by n—n interaction to form an or-
dered column z-array structure perpendicular to the COFs layers.
Therefore, by selecting the organic building blocks to accommo-
date different n-conjugated modules, electron donors, and acceptor
groups, the optical absorption bands of COFs can be tuned from
ultra-violet (UV), visible-light (Vis) to near-infrared light (NIR) re-
gions. The inter-layer n—r interaction between the stacked layers
also promotes the charge carrier mobility for efficient charge
transport. Besides these, the intrinsic pore structure of COFs pro-
vide an ideal scaffold for CO> adsorption, diffusion, and activation.
Despite the above advantages, the photocatalytic COz activity of
pure COFs has been proved unsatisfactory due to the rapid charge
recombination.?! Therefore, the loading of metal nanomaterials
such Rh, Ru, Ir, Ni, Co, or Re catalytic complexes into COFs to
enhance the charge carrier separation and provide catalytic reaction
sites have been implemented to improve the catalytic perfor-
mance.”>?” Among them, the Re-complex/COFs and Ni-com-
plex/COFs hybrid systems are the benchmark systems to exhibit

high COzreduction activity selectivity in separate reports.'%?® Their
good catalytic performance has been rationalized as efficient intro-
molecular charge transfer to broaden the visible light absorbance
and prevent photodecomposition.?>?%2° However, there is no sys-
tematic comparison between those two photocatalysts in terms of
intrinsic structures, morphology, electronic states as well as cata-
lytic performance. Due to the different molecular topology, oxida-
tion states, etc, clarification on the difference in catalytic behavior
between these two systems can help us to optimize the selection of
the metal-complex in metaled COFs hybrid catalysts.

In this paper, we first compared the structure, morphology, and
electronic structures between Ni-TpBpy and Re-TpBpy catalysts
via XRD, SEM, XPS, and EDX characterization. In particular, the
surface ratio and CO:z capture capability of both compounds are
evaluated by the BET and gas uptake experiment, respectively. The
photocatalytic CO2 reduction experiments using triethanolamine
(TEOA) as the sacrificial agents demonstrate the higher catalytic
performance of Ni-TpBpy than Re-TpBpy. We attributed such dif-
ference to the different CO2 capture capability and internal charge
transfer efficiency. In addition, both catalysts exhibit highly excita-
tion wavelength-dependent catalytic activity, which should require
the study of detailed excited state dynamics in the future.

RESULTS AND DISCUSSION

In this study, a two-dimensional (2D) COFs (TpBpy) with 2,2'-bi-
pyridine was synthesized by the condensation of 1,3,5-tri-
formylphloroglucinol (Tp) and 5,5'-diamino-2,2'-bipyridine (Bpy)
through the Schiff base reaction under solvothermal conditions.
Through the Schiff base reaction, Tp and Bpy are connected by the



B-ketoenamine bond to form a hexagonal structure, which extends
into 2D layers. These 2D layers form a layered crystal structure by
n-n stacking along the Z-axis (Fig. 1a & S4)). This COFs was cho-
sen because of its excellent chemical stability and easily accessible
active sites to metal ions. The Re-complex incorporated TpBpy
(Re-TpBpy) was prepared by refluxing TpBpy and Re(CO)sCl in
toluene solution, and Ni-TpBpy was prepared by solution dipping
method to implant the Ni-complex into TpBpy (Ni-TpBpy) in ace-
tonitrile solution. The crystalline structures of the as-obtained
TpBpy, Re-TpBpy, and Ni-TpBpy were confirmed by the powder
X-ray diffraction (PXRD) measurement as shown in Fig. 1b. The
experimental PXRD patterns of these three samples match the sim-
ulated AA stacking structure (Fig. S4) of COFs in the hexagonal
space group (P6). The pronounced peak at 20 of 3.6° of both sam-
ples can be assigned to the (100) plane of the TpBpy, demonstrating
the unchanged crystalline structure of TpBpy after Re-complex or
Ni-complex incorporation. As mentioned above, the 2D COFs lay-
ers are aggregated by non-bonding (n-7) in the z-axis direction, and
the tolerances accumulated in the long-range can easily cause the
peaks to broaden. The broad peak between 20 = 25.1°-28.1° is
caused by the diffraction peak formed by the (001) crystal plane

Figure 1. (A) Schematic presentation of the synthesis of
TpBpy, Re-TpBpy, and Ni-TpBpy. (B) PXRD of TpBpy (cyan
curve), Re-TpBpy (green-blue curve), Ni-TpBpy (blue curve),
simulated AA stacking mode and (purple curve), and simulated
AB stacking mode (pink curve).

perpendicular to the z-axis.3**! From the thermogravimetric analy-
sis (TGA) curves, TpBpy did not show any significant decomposi-
tion under nitrogen until 400°C. The decomposition of Re-TpBpy
started at 350 °C while Ni-TpBpy started at 280°C. Moreover, due
to the embedded crystal water, the mass loss of Ni-TpBpy was
more severe than that of Re-TpBpy and TpBpy at about 100 °C
(Figure S4).

The chemical composition and the surface chemical state of the ma-
terials were characterized via X-ray photoelectron spectroscopy
(XPS). As shown in Fig. 2a, the overview spectra of Re-TpBpy and
Ni-TpBpy display the presence of the Re, Ni, and Cl elements in
addition to C, O, N in pristine TpBpy. This suggests the actual in-
corporation of the Re-complex or Ni-complex in the host COFs.
More importantly (Figure 2b), the two N 1S bands observed at
400.03 eV and 398.71 eV can ascribe to the secondary nitrogen and
pyridinic nitrogen in TpBpy, respectively.?>-3? Such pyridinic nitro-
gen bands in both Re-TpBpy and Ni-TpBpy, are shifted to higher
binding every (i.e. from 398.71 eV to 399.39 eV and 399.7 eV for
Re-TpBpy and Ni-TpBpy, respectively) with the peak position of
the secondary nitrogen (Fig. 2¢ and d) remains unchanged. This in-
dicates that the Re-complex or Ni-TpBpy is chemically anchored
to the TpBpy only through its bipyridinic units, which consistent

Figure 2. (A) XPS overview spectra of TpBpy, Re-TpBpy, and
Ni-TpBpy, (B), (C), and (D) correspond to the XPS N 1s core-
level spectra of TpBpy, Re-TpBpy, and Ni-TpBpy, respectively.

with the literature reports on Re-complex/COFs and Ni-com-
plex/COFs hybrid has revealed that the complexation of Re or Ni
to the TpBpy matrix by its bipyridinic units only (Fig.1a).?%?32533

Afterward, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and partial energy dispersive X-ray
(EDX) spectroscopy were utilized to further evaluate the incorpo-
ration and distribution of rhenium and nickel in Re-TpBpy and Ni-
TpBpy, respectively. According to the microscopic observation,
there is no noticeable morphological difference between the neat
TpBpy and the TpBpy COFs functionalized by the metal-complex
catalyst. (Figure S5 and S6). In particular, those metal-COFs still
preserve the two-dimensional (2D) layered structure of neat COF.
(Figure S3). In addition, the TEM image in Figure S6 proved the
absence of metal aggregates or clusters in either Re-TpBoy or Ni-
TpBpy. Finally, it is worth noting that the elemental mapping in
TEM characterization confirmed the even distribution of Re, Ni, N,
C, and O in Re-TpBpy and Ni-TpBpy, respectively (Figure 2). This
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Figure 3. Elemental mapping results of Re-TpBpy (A), Ni-TpBpy (B).

means that the dispersion of rhenium and nickel species in Re-
TpBpy and Ni-TpBpy should all be highly homogeneous. In addi-
tion, the atomic ratios of N to Re and Ni in Re-TpBpy and Ni-
TpBpy are 5:1 and 6:1 according to their EDX Spectrum (Fig.
S8&S9), respectively, which are much less than the theoretical

Figure 4. (A) N2 adsorption isotherm of TpBpy, Re-TpBpy,
and Ni-TpBpy, (B) CO:z uptakes on TpBpy and Re-TpBpy,
and the Ni-TpBpy at 298 K. The inset image zoom on the low
pressure. Po here refers to the 1.0 bar.

value of 3:1 where each pore in the COFs contains one metal-com-
plex, further suggest that Re and Ni are not aggregated in Re-
TpBpy and Ni-TpBpy.

Before the photocatalytic measurement, we first evaluated the in-
situ gap adsorption capability of both samples, which should be the
first dominant factor that influences photocatalytic nice perfor-
mance. N2 adsorption isotherms were measured at 77 K to investi-
gate the porosity of TpBpy, Re-TpBpy, and Ni-TpBpy (Figure 4a).
TpBpy, Re-TpBpy, and Ni-TpBpy showed type I reversible N2-
sorption isotherms with a steep nitrogen gas uptake at low relative
pressure (P/Po < 0.001) according to the IUPAC (International Un-
ion of Pure and Applied Chemistry) classification, indicating the
predominance of microporous. In addition, there is a significant
hysteresis and a slight increase in the medium and high-pressure
regions, indicating the existence of medium and large pores, re-
spectively.>* The surface area of pristine TpBpy is 952.49 m? g'!
according to Brunauer-Emmett-Teller (BET) calculations, while
the surface area of both Re-TpBpy and Ni-TpBpy decreases
(648.75 m? g'! and 679.9 m? g!). The reduced surface area should
be due to the Re(CO)3Cl and Ni(II) occupying part of the pore space
in COF. It is noteworthy that the BET-specific surface area of Re-
TpBpy and Ni-TpBpy are still high, meaning the porous structure
is well preserved. This ensured the high accessibility of Re or Ni
active sites in the COFs channel. In short, the N2 adsorption iso-
therms suggest that TpBpy and its composites with a high specific
surface area and abundant ultramicroporous properties, which in-
spired us to investigate their gas uptake capacity since it is known
that the CO: absorption capacity of porous polymeric materials is
related to their physical adsorption and that CO2 adsorption on the
catalyst surface is a prerequisite for subsequent catalytic pro-
cesses.>>¥ The porous structures in Re-TpBpy and Ni-TpBpy may
facilitate COz capture and play a critical role in facilitating CO2
conversion. The impregnation of polar rhenium and nickel com-
plexes contributes to increasing the polarity of TpBpy, which in
turn facilitates the improvement of CO: adsorption capacity. As
shown in Figure 4b, the CO2 adsorption volume of Re-TpBpy and
Ni-TpBpy is 37.5 cm® g'! 39.5 cm?® g!, respectively. In addition,
compared with TpBpy, Re-TpBpy and Ni-TiBpy show a steeper
COz uptake at lower relative pressure, which implies stronger
chemisorption of COz in Re-TpBpy and Ni-TpBpy (see the inset of
Figure 4b). The higher adsorption capacity and stronger chemisorp-
tion in Re-TpBpy as well as Ni-TpBpy render more promising CO2
photocatalysts.

The above characterization indicates a higher specific surface area
and better CO2 capture capacity of Ni-TpBpy than Re-TpBpy,
which is favorable for photocatalytic COz reduction. Therefore, we
investigated their photocatalytic efficiency for CO2 conversion in
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gas-solid reaction systems. The reaction conditions were similar to
those used in the literature,??, except for the controlled excitation
conditions. Re-TpBpy and Ni-TpBpy compounds were first dis-
persed in acetonitrile and an aqueous solution containing triethan-
olamine (TEOA) as a sacrificial reagent. These solutions are then
purged with argon to ensure an oxygen-free environment. An LED
lamp was used as a light source with a selected excitation wave-
length region during the test. Figure 5 display the CO production
from Re-TpBy and Ni-TpBpy catalysts with excitation wave-
lengths from 440 and 520 nm as a function of illumination time. No
CO production was observed for both Re-TpBpy and Ni-TpBpy
with 520 nm excitation up till 8 h. However, the CO production of
Re-TpBpy and Ni-TpBpy increased substantially under 400 nm
light. More interestingly, the yield of CO from Ni-TpBpy (24.1
umol g'h™!) is higher than that from Re-TpBpy (16.4 pmol g'h™),
which is consistent with the above assumption for structural char-
acterization of both samples. The excitation wavelength-dependent
photocatalytic performance of both samples should be attributed to
the excited state dynamics at these two excitation conditions, which
is related to the electronic structure and optical transition. As well
accepted, the internal charge transfer in hybrid catalysts systems
dominantly influences the photocatalytic performance since such

Figure 5. Time course of CO production during photocatalytic
CO2 reduction on Re-TpBpy, and Ni-TpBpy photocatalysts un-
der 440 nm and 520 nm.

process determines the lifetime and transport pathway of the ex-
cited charges to be utilized for the reduction or oxidation process
in the medium.?>?%3738 1In this scenario, we can expect more effi-
cient inter-molecular charge transfer as well as a longer excited-
state lifetime when excited at high energy compared with the situ-
ation in band edge excitation for our samples. However, detailed
ultrafast photophysical studies are needed in the future to confirm
such assumptions.

CONCLUSIONS

In this work, we investigated the photocatalytic CO2 reduction of
Re-TpBpy and Ni-TpBpy with systematic materials characteriza-
tion of two systems. The structural characterization and gas adsorp-
tion uptake measurement indicates Ni-TpBpy exhibited a higher
surface ratio and COz capture capability. This can partially ration-
alize the better CO2 reduction activity in Ni-TpBpy compared to
Re-TpBpy. In addition, we found the catalytic performance of both
samples is highly excitation wavelength dependent. Excitation with
higher photon energy well above the band edge (i.e. 440 nm) pro-

vides more efficient photoreduction of CO2 than band-edge excita-
tion. We expected it to be due to the favorable internal charge trans-
fer and enhanced excited state lifetime under high energy excita-
tion.

Supporting Information

Materials, methods, detailed characterization of TpBpy, Re-TpBpy,
and Ni-TpBpy, and DFT calculations (PDF). This material is avail-
able free of charge via the internet at http://pubs.acs.org.
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Materials and methods

5,5'-diamino-2,2"-bipyridine (95%, Yuhao Chemical), Pentacarbonylchlororhenium (98%, Sigma-
Aldrich), 2,2'-bipyridine (> 99%, Sigma-Aldrich), Ni(ClO4)2:6H>0 (> 98.0 %, Sigma-Aldrich),
Triformylphloroglucinol (95%, Yuhao Chemical), Mesitylene (98%, Sigma-Aldrich), 1,4-
Dioxane (anhydrous, 99.8%, Sigma-Aldrich), glacial acetic acid (ACS reagent, Aldrich), Nafion
(10 wt% in H20), 1-Propanol ( for HPLC, > 99.9%, Sigma-Aldrich), Toluene (for HPLC, VWR
Chemicals), Acetonitrile (for HPLC, VWR Chemicals), Tetrahydrofuran (for HPLC, VWR
Chemicals), Methanol (for HPLC, VWR Chemicals), Triethanolamine (TEOA) (= 99.0 %, Sigma-
Aldrich).

Synthesis of TpBpy. TpBpy was prepared according to literature methods with a little
modification.! A Pyrex tube (0.d. % i.d. = 10 x 8 mm? and length 25 cm)) was charged with
triformylphloroglucinol (Tp) (21 mg, 0.10 mmol), 5,5’- diamino-2,2’- bipyridine (Bpy) (27.9 mg,
0.15 mmol), 0.5 mL 1,4-dioxane, 0.5 mL mesitylene, 0.ImL 6 M aqueous acetic acid. This mixture
was sonicated for 20 min to get a homogeneous dispersion. The tube was flash-frozen in a liquid
nitrogen bath, evacuated to an internal pressure of ca.0.15 mmHg, and flame-sealed. The tube was
placed in an oven at 120 °C for 5 days upon warming to room temperature to afford an orange-red
precipitate. The precipitate was isolated by filtration over a medium glass frit and washed with
anhydrous tetrahydrofuran (THF, 20.0 mL). The product was immersed in anhydrous THF (20.0
mL) for 8 h, during which the activation solvent was decanted and freshly replenished four times.
The solvent was removed by filtration and the precipitate dried under vacuum at 60 °C overnight
to afford TpBpy (42 mg, 86%).

Synthesis of Re(bpy)(CO)3Cl. This complex was prepared with slight modifications to literature

methods.?* Re(CO)sCl (0.3020 g, 0.83 mmol) was dissolved in 50 mL of hot toluene, then 2,2-
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bipyridine (0.130 g, 0.83 mmol) was added, the mixture was stirred and reflux for 1h to get yellow
product. Upon cooling, the product was filtered, washed with methanol for 3 times, dried under
vacuum at 60 °C overnight and used without further purification. 'H NMR (5, 400 MHz, DMSO-
ds): 9.02 (d, 1H), 8.77 (d, 1H), 8.34(t, 1H), 7.76(t, 1H).

Synthesis of Re-TpBpy. The process of synthesis Re-TpBpy was similar to that of Re-Bpy.
Re(CO)sCI (10 mg, 0.025 mmol) were dispersed in 10 mL hot toluene, then TpBpy (25 mg) was
added, the mixture was refluxed 40 min while stirring. The scarlet products were filtered, washed
with methanol 3 times, dried under vacuum at 60 °C overnight, and used without further
purification.

Synthesis of Ni-TpBpy. Ni-TpBpy was prepared according to literature methods with a little
modification.! Ni(ClO4),-6H20 (30 mg) were dispersed in 20 mL acetonitrile, then TpBpy (50 mg)
was added, the mixture was stirred for 8 h at room temperature. The orange products were filtered,
washed with acetonitrile 3 times, dried under vacuum at 60 °C overnight, and used without further
purification.

Photocatalytic Reduction of CO2. The method of photocatalytic reduction of CO> was carried
out according to literature methods with a little modification. TpBpy, Re-TpBpy, or Ni-TpBpy (1
mg) was dispersed in 3 mL of CH3CN, and 0.2 mL of TEOA (triethanolamine) in 11 mL septum-
sealed glass vials. The mixture was purged with Ar for 5 min and CO; for 15 min first, then
irradiated by a LED lamp with 520 nm and 440 wavelengths for 8 h and kept stirring during the
photocatalytic reaction. The amount of CO generated was quantified using Shimadzu gas

chromatography (GC-2010) by analyzing 500 pL of the headspace.
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Computational methods

To investigate the relationship of the optical properties with molecular structures and electronic
structures, we used a triformylphloroglucinol (Tp) terminated bipyridine (Bpy) molecular
fragment (Fig. S10) to represent the COFs structure. An implicit solvent model was used to reflect
the solvation environment and implemented using SMD solvation model* in Gaussian 16 package.’
Considering the transition metal complex in the fragment, M06-L%!! was selected as the functional
and def 2-TZVP'>!3 was selected as the basis set for DFT calculations. Water and n-propanol
parameters were used to represent the solvents in the SMD models.!* Time-dependent density
functional theory (TD-DFT) calculations were also performed using these parameters. The UV-

vis absorption spectra and electron excitations were analyzed using the Multiwfn program. !

Characterization

PXRD data were collected by using Rigaku Miniflex600 at room temperature with Cu Kal source
(L =1.5418 A) over the range of 20 = 3.0—-40.0° with a step size of 0.02° and a counting time of 1
s per step. X-ray photoelectron spectroscopy (XPS) data were obtained by using XPS-
ThermoScientific with Al Ka (1486 eV) as the excitation X-ray source. The peak of C 1s at about
284.8 eV was used to calibrate the energy scale. The pressure of the analysis chamber was
maintained at 2x107'° mbar during measurement. The sample material was prepared by dispersing
it in ethanol and then dripping it onto a silicon wafer sprayed with 39.7 nm gold by Quorum Coater,
then dried in air. N> adsorption and desorption isotherms were carried out at 77k using
Micromeritics ASAP 2020. Prior to the measurement, samples were outgassed under vacuum at
120 °C for 10h. The surface area was calculated using the Brunauer-Emmett-Teller (BET) method
based on the adsorption branch of nitrogen adsorption/desorption isotherms. Thermal gravimetric

(TGA) were measured under N atmosphere with a ramping rate of 10 °C min~! and heated up to



103 800 °C. Scanning electron microscopy (SEM) images were obtained by using AFEG 250
104  Analytical ESEM at an accelerating voltage of 20.0 kV. Transmission electron microscopy (TEM)
105 images and Energy dispersive X-ray (EDX) mapping images were obtained with a Tecnai G2 T20

106 TEM.

107 Supplementary Figures

108



109  Supplementary Figure 1: Crystalline Structures of TpBpy, top-view and side-view of 1 unit cell

110  and 4 unit cells.

111



112 Supplementary Figure 2: Crystalline Structures of Re-Tp-Bpy, top-view and side-view of lunit

113  cell and 4 unit cells.

114

115  Supplementary Figure 3: Crystalline Structures of Ni-TpBpy, top-view and side-view of lunit

116  cell and 4 unit cells.
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119  Supplementary Figure 4: Simulated structure of AA (B) and AB stacking (C) using Materials
120  Studio software package.'¢

121

122

123 Supplementary Figure 5: TGA spectra of TpBpy (red), Re-TpBpy (green) and Ni-TpBpy

124  (blue).
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Supplementary Figure 6: SEM imange of TpBpy (A), Re-TpBpy (B), and Ni-TpBpy (C).

Supplementary Figure 7: HR-TEM image of TpBpy (A), Re-TpBpy (B), and Ni-TpBpy (C).
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Supplementary Figure 8: EDX Spectrum of Re-TpBpy.

Supplementary Figure 9: EDX Spectrum of Ni-TpBpy.
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Supplementary Table

Table 1. Atomistic coordinates of TpBpy.

Space group: P-6;

a=b=29.7171 A, c=3.6389 A;

a=p=90"y=120°.

Atom x/a Y 14
C 0.49116 -0.53801 -0.5
C 0.46237 -0.59268 -0.5
C 0.48805 -0.62084 -0.5
C 0.5425 -0.59427 -0.5
C 0.56808 -0.53958 -0.5
N 0.54351 -0.51267 -0.5
N 0.56825 -0.62263 -0.5
C 0.61968 -0.60395 -0.5
C 0.64178 -0.63547 -0.5
C 0.60945 -0.69194 -0.5
o 0.72587 -0.5605 -0.5
H 0.54775 -0.66336 -0.5
C 0.46618 -0.50549 -0.5
N 0.49804 -0.45354 -0.5
C 0.4775 -0.42303 -0.5
C 0.42373 -0.44121 -0.5
C 0.39028 -0.49511 -0.5
C 0.41183 -0.52713 -0.5
N 0.40769 -0.40456 -0.5
C 0.35901 -0.41314 -0.5
C 0.34736 -0.37339 -0.5
C 0.3885 -0.31912 -0.5
0] 0.25741 -0.43582 -0.5
H 0.4349 -0.36467 -0.5
H 0.42004 -0.61353 -0.5
H 0.46641 -0.66325 -0.5
H 0.61053 -0.51653 -0.5
H 0.64576 -0.56197 -0.5
H 0.5046 -0.38099 -0.5
H 0.3482 -0.51194 -0.5
H 0.3859 -0.56908 -0.5
H 0.32677 -0.45314 -0.5
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146

147

Table 2. Atomistic coordinates of Re-Tp-Bpy.

Space group: P3;
a=b=29.712 A, c=9.4234 A,

a=pF=90"y=120°.

Atom x/a /b e

Re 0.57908 0.57082 0.5352
C 0.60166 0.58892 0.34135
Cl 0.54602 0.54449 0.78023
0] 0.68667 0.58674 0.61612
C 0.64675 0.582 0.58653
C 0.60202 0.64273 0.5769
0] 0.61562 0.60044 0.22551
0] 0.61466 0.68552 0.60177
C 0.48933 0.46083 0.49026
C 0.4618 0.40629 0.48633
C 0.48793 0.37874 0.49493
C 0.54243 0.40611 0.50666
C 0.56796 0.4605 0.51088
N 0.54246 0.48739 0.50342
N 0.56875 0.37811 0.51435
C 0.62057 0.39706 0.51711
C 0.64222 0.36509 0.52049
C 0.60939 0.30854 0.52068
0] 0.7267 0.4395 0.52

H 0.54844 0.33716 0.51562
C 0.46514 0.49306 0.47984
N 0.49831 0.54578 0.48838
C 0.47857 0.57783 0.47794
C 0.42546 0.55988 0.45909
C 0.39141 0.50598 0.44906
C 0.41174 0.47313 0.45927
N 0.40945 0.59684 0.45145
C 0.36015 0.5875 0.44806
C 0.348 0.62692 0.44386
C 0.3888 0.6815 0.44366
0] 0.25812 0.56379 0.44451
H 0.43625 0.63703 0.45091
H 0.41962 0.38518 0.47753
H 0.46677 0.33636 0.49251
H 0.60991 0.48385 0.52191
H 0.64687 0.439 0.51552
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149

150

151

152

H 0.5062 0.61931 0.48614
H 0.34989 0.48991 0.43266
H 0.38579 0.43139 0.45068
H 0.32813 0.54743 0.45028

Table 3. Atomistic coordinates of Ni-Tp-Bpy.

Space group: P3;

a=b=29.6054 A, c=6.7459 A,

a=pF=90"y=120°.

Atom x/a /b 4

C 0.48835 0.45996 0.51269
C 0.46385 0.40563 0.5146
C 0.49363 0.38167 0.50214
C 0.54815 0.41251 0.48114
C 0.57116 0.46714 0.47916
N 0.54182 0.49007 0.50206
N 0.57597 0.38615 0.46617
C 0.6278 0.40405 0.46445
C 0.64607 0.36881 0.45813
C 0.60982 0.31246 0.45734
0) 0.73301 0.43897 0.45732
H 0.55549 0.34457 0.46268
C 0.46283 0.49073 0.51279
N 0.49765 0.54347 0.51113
C 0.47998 0.57736 0.49147
C 0.42635 0.56011 0.48045
C 0.39056 0.50629 0.49013
C 0.40922 0.47184 0.50474
N 0.41118 0.59773 0.46279
C 0.36164 0.58839 0.4559
C 0.34889 0.62739 0.44725
C 0.38933 0.68238 0.44523
0) 0.25894 0.5631 0.44317
H 0.43856 0.63775 0.45794
H 0.42157 0.38265 0.52789
H 0.47545 0.33933 0.50782
H 0.61294 0.49319 0.46352
H 0.65551 0.44595 0.4713
H 0.50935 0.61862 0.48823
H 0.34873 0.4911 0.48462
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153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

H 0.38218 0.42995 0.50912
H 0.32949 0.5482 0.45867
Ni 0.56516 0.55921 0.55635
0 0.63354 0.57479 0.58413
0 0.5853 0.62747 0.61781
Cl 0.65469 0.56006 0.77388
Cl 0.57472 0.64226 0.83148
0 0.68182 0.53487 0.69448
0 0.61018 0.52489 0.89207
0 0.68905 0.60748 0.87343
0 0.53568 0.5947 0.92518
0 0.55577 0.67765 0.79144
0 0.62311 0.66643 0.93546
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Ultrafast charge transfer dynamics in 2D Covalent Organic Frame-
works/Re-complex hybrid photocatalyst: Hot electrons vs. cold electrons
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Abstract: Rhenium(I)-carbonyl-diimine complexes have emerged as promising photocatalysts for CO2 reduction since their electronic
structure is favorable for the two-electron transfer mediated reduction processes. Covalent organic frameworks (COFs) are recognized as
perfect sensitizers for such Re-complexes catalysts as well as scaffold support to improve the COz capture. Such Re-complexes/COF hybrid
catalysts have demonstrated high CO: reduction activities, but the underlying photophysical mechanism has yet to be rationalized. In this
paper, we systematically investigated the excited state dynamics of hybrid catalysts two-dimensional (2D) COF (TpBpy) with 2,2'-bipyridine
incorporating Re(CO)sCl (Re-TpBpy). The time-dependent density functional theory (TD-DFT) calculation first identified that the light
absorption of Re-TpBpy is mainly contributed by a low energy optical transition barely in Bpy moiety, and the high energy optical transition
evenly distributed at the whole COF moiety. Combining the studies from transient visible and infrared spectroscopies, we provided a full
picture of the excited state dynamics in Re-TpBpy. The pathways of internal photo-induced charge transfer are highly excitation energy-
dependent. Under band-edge excitation, the electrons excited at the LUMO level are quickly injected from Bpy moiety into Re' center within
ps followed by backward geminate recombination about 13 ps. Under excitation with high energy photon, the photo-generated hot-electrons
are first injected into the higher unoccupied level of Re! center within 1-2 ps and then relax back to the HOMO in COF with longer time (24
ps). In addition, there remain long-lived free electrons in the COF moiety. This can rationalize the excitation energy-dependent COz reduction
performance of the hybrid catalysts.

Introduction

The solar-driven photocatalytic conversion is regarded as one of
the most promising approaches for CO2 transformation to tackle the
rising issue of greenhouse gas emission'~’. Among the state-of-the-
art photocatalysts for COz reduction, Rhenium(I)-carbonyl-diimine
complexes have attracted considerable attention due to their high
photocatalytic quantum yield and selectivity for CO2 reduction®'2,
In general, one photon excitation in the molecule can usually trig-
ger one-electron transfer highly endergonic for CO: reduction'®,
The one-electron reduced (OER) Re-complexes is still energeti-
cally favorable to donate the second electron. This is vital for CO2
reduction which is usually mediated by a two-electron transfer pro-
cess®>11-15 However, the short excited-state lifetime and accessible
annihilation of multi-excitons in the molecules remains an obstacle
for such a process. In addition, the intrinsic 'MLCT absorption tran-
sition in Re-complexes covers a limited spectral region (350-450
nm)'>1, Therefore Re-complexes are usually paired with suitable
photosensitizer to provide efficient and long-lived excited electrons

for photocatalytic reaction'”2°. One emerging stradigy is to immo-
bilize such Re-complexes into porous scaffolds such as covalent
organic frameworks (COFs) to construct heterogeneous molecular
photocatalysts?->4. COFs are porous crystalline polymeric materi-
als constructed by covalently bonded organic building blocks with
highly ordered and periodic network structures>>?%, The extended
n-conjugation ensures broad light absorption and high charge con-
ductivity??. Equally important, the porous structure with the large
surface area provides numerous active sites for CO2 capture and
catalytic reaction®’-, Recent studies reported high photocatalytic
CO:z reduction activity on such Re-complex/COFs hybrid systems,
which were rationalized by the efficient intramolecular charge
transfer (ICT) from COF units to Re-complexes?>?* However, the
detailed charge transfer dynamics have not been thoroughtly under-
stood. In fact, the charge transfer pathways in Re-complex/COFs
hybrids can be complicated. Taking the two-dimensional (2D) do-
nor-acceptor (2D D-A) COFs as an example, the high degree of n-
conjugation imparts a semiconducting behavior while the polaron
formation reduces the exciton binding energy 2°3°. In addition, the



early-time (i.e. subpicosecond to picosecond) excited state dynam-
ics in COFs comprises multi-steps inter-unit charge transfer. Such
process may compete or modulate the ICT, which should occur
within a similar time scale®.

Another imperative topic worth investigating is the dynamics of the

energy-dependent photocatalytic reaction mechanism in such Re-
complex/COFs hybrid system, which can be beneficial for future
materials engineering towards optimal photocatalytic performance.

Results

Figure 1. (a) Schematic structure of the Re-TpBpy; (b) FT-IR spectra of TpBpy, Re-TpBpy and their
starting materials with the right panel showing the molecular structure of the corresponding unit.

hot carriers excited by the high energy photons above the bandgap
of the COFs. In traditional semiconductors, the hot carriers quickly
thermalize to the band edge. Harvesting the energy of the hot car-
riers without loosing it as thermal energy is a crucial step to break
the 33% Shockley—Queisser thermodynamic efficiency limit of a
standard single-junction solar cell’!. The same gain in energy con-
version efficiency can be expected in photocatalytic reactions 3133,
Considering exsitance of inter-unit charge transfer during the ex-
cited state relaxation process in 2D D-A COFs which can be gov-
erned by the molecular assembly, the hot carrier collection should
be feasible in Re-complex/COFs but requires experimental evi-
dence.

Herein, taking a 2D COF (TpBpy) with 2,2'-bipyridine incorporat-
ing Re(CO)sCl, named Re-TpBpy, as an example, we demonstrate

the excited state dynamics and charge transfer process in the hybrid.

The time-dependent density functional theory (TD-DFT) calcula-
tions first displays the available electronic transition after excita-
tion of the hybrids. The femtosecond transient visible (fs-TA) and
Time-resolved infrared (fs-TRIR) absorption spectroscopies pro-
vide complementary information for the charge transfer dyanmics.
Photons with energy close to the bandgap of the COF directly ex-
cite the electron from ground state to the excited states of Bpy fol-
lowed by sub-picosecond electron injection to Re(CO);Cl. How-
ever, the injected electrons rapidly undergo geminated recombina-
tion with the residual holes in the COFs moiety within 13 ps. When
the excitation is well above the band edge, the hot electrons and
holes are initially generated evenly crosswise the entire COF. Hot
electrons would directly inject into the higher energy orbital of
Re(CO);ClI within 2 ps and rebound to the Bpy within 24 ps. The
hot holes slowly relax to the HOMO level of COFs (340 ps). The
prolonged excited electron lifetime in Re(CO)3Cl and the higher
energy levels, together with the additional long-lived free electrons
in COF moiety contributes as merits for a two-electron transfer me-
diated CO: catalytic reaction. Our study rationalizes the excitation

Characterization of TpBpy and Re-TpBpy.

Re-TpBpy is constructed by long-range ordered 2D sheets through
the layer to layer stacking as shown in Fig.1a. The characterization
of TpBpy and Re-TpBpy was achieved by powder X-ray diffraction
(PXRD), X-ray photoelectron spectroscopy (XPS), and Fourier
Transform Infrared (FT-IR). PXRD patterns of both TpBpy and
Re-TpBpy match well with the simulated AA stacking structure in
the hexagonal space group (P6). After Re-complex incorporation,
the crystalline structure of TpBpy remains unchanged. The XPS
spectra confirmed the anchoring of Re-complex to the host TpBpy
only through its bipyridinic units?* (for detailed XRD and XPS
characterization, see Fig. S2 and S3 in the supporting information).
The FT-IR spectrum (Fig. 1b) of Re-TpBpy manifest the preserved
chemical functionalities of pristine TpBpy while two additional
peaks arising at 2025 cm™' and 1887 cm™! can be attributed to the
C=0 stretching vibration in the Re(CO)3;Cl moiety?3. Additionally,
compared with the FT-IR spectrum of Re(CO)sCl and TpBpy, the
C=0 stretching bonds and the broadened C-N peak in the Re-
TpBpy are slightly red-shifted, indicating the coordination of
Re(CO)3Cl to the bipyridinic N atoms in the TpBpy. Our FT-IR
result also excludes the existence of residual Tp and Bpy in both
as-synthesized TpBpy and Re-TpBpy.

Steady-state spectroscopic study

Steady-state absorption and PL spectra first clarified the ground
state features of the Re- TpBpy hybrid and its individual units (Fig.
2a). The absorption spectra of the pure Tp and Bpy both showed a
single distinct absorption band of Tp (350-400 nm) and S1 of Bpy
(380 nm). The absorption spectrum of Re-Bpy is identical to Bpy
except for a subtle blue shift (maxima absorption at 360 nm) owing
to the metal-to-ligand charge transfer (MLCT) [d(Re)-n*(bpy)]*®7
On the contrary, the absorption spectrum of TpBpy exhibits dual

2



Figure 2. (a) Normalized UV—vis absorption (black) and
steady-state photoluminescence spectra excited at 400 nm (red)
and 530 nm (blue) of TpBpy, Re-TpBpy and their starting ma-
terials dispersed in Nafion (5% w/w in water and 1-propanol);
(b) Tauc plots of the absorption spectra determining the optical
band gap of TpBpy, Re-TpBpy, and their starting materials; (c)
XPS VB spectra, and (d) band alignment established from
XPS and UV-vis measurement of TpBpy, Re-TpBpy, and their
starting materials.

absorption bands with a narrow bipyridine n—=n* transition band
(324 nm) as well as a broad band at 508 nm for delocalized 7 elec-
trons®®. The similar absorption spectra between Re-TpBpy and
TpBpy suggest the high ligand stability (i.e. chromophore function)
after functionalization®*. The slight blue shift of the spectrum for
Re-TpBpy should be due to the metal-to-ligand charge transfer
(MLCT) [d(Re)-m*(bpy)].

Fig. 2a also shows the emission spectra of all samples excited at the
band edge(530 nm, blue curve) and well above the band edge (400
nm, red curve). Tp and Bpy share the same emission band at 500
nm upon the 400 nm excitation with moderate Stokes shift. In con-
trast, the emission spectrum of the Re-Bpy (Aem = 585 nm) is broad
with large Stokes shift (AA=225 nm), which can be attributed to the
existence of a triplet metal-to-ligand charge-transfer (*MLCT)
states 3°. When excited at 530 nm, the emission spectra of TpBpy
and Re-TpBpy are identical with emission bands at 620 nm. This
indicates similar emissive states from delocalized = electrons in the
two samples. When excited at higher energy (400 nm), the emission
spectra of TpBpy and Re-TpBpy exhibit dual emission bands (i.e.,
427 nm and 531 nm for TpBy, 431 nm, and 562 nm for Re-TpBpy).
The origins of such multi-emission bands in COFs can be compli-
cated where one hypnosis is the radiative recombination in the sin-
gle units of the COF.*’ We can obtain the same conclusion in the
following analysis of the excited states. In summary, the optical
transitions of TpBpy and Re-TpBpy are distinct from the ones of
their original building block units. We can further calculate the op-
tical band gaps (E¢) of Tp, Bpy, Re-Bpy, TpBpy and Re-TpBpy
from the Tauc plots of the absorption spectra (Fig. 2b) to be 3.14
eV,2.79eV,2.90eV,2.26 eV, and 2.17 eV, respectively. The char-
acterization with XPS determines the valence band maximum
(VBM) position of Tp, Bpy, Re-Bpy, TpBpyand Re-TpBpy to be
1.43eV,1.99¢eV, 0.96 eV, 1.89 eV, and 0.99 eV corresponding to
the Fermi level, respectively (Fig. 2¢). Based on such values, we
can determine the band energy alignment of the samples, as shown
in Fig. 2d.

Excited state structures

In order to obtain insight into the excited-state structure of the com-
pounds, we used a triformylphloroglucinol (Tp) terminated bipyri-
dine (Bpy) molecular fragment (Fig. 3) to represent the COF struc-
ture. The TD-DFT at the M06-L*~# /def 2 TZVP*3%¢ level of the-
ory has been employed to calculate the electronic structure and
model the electronic transitions. Fig. 3 exhibits the calculated elec-
tronic excitation spectra of the TpBpy and Re-TpBpy (orange
curves), which can resemble the experimental absorption spectra
(red curves). The calculated spectrum of TpBpy mainly consists of
two electronic excitation bands at 528 nm (S1) and 436 nm (Sz),
where high energy band Sz is equally contributed by the electronic
transition (HOMO-3 — LUMO+1) and (HOMO — LUMO+2).
The low energy band S: is dominated by the electronic transition
from HOMO to LUMO level as illustrated in Fig. 3a. The low en-
ergy optical transition only occurs at the Bpy moiety whereas the
high energy transition involves the electron population at both Tp
and Bpy in the COF moieties. The modeled spectrum of Re-TpBpy
also shows two pronounced electronic excitation bands where the
high energy band is contributed by two electronic transition S3
(HOMO — LUMO+2, 427 nm) and S2 (HOMO-4 — LUMO+1,
441 nm) (Fig. 3b). The low energy band consists of one electronic
transition S1 (HOMO-2 — LUMO+1, 558 nm). Compared with
TpBpy, the low energy electronic transition in Re-TpBpy involves
the excitation of the electron from the orbital in both Tp and Bpy
moieties. The detailed calculated orbitals for both samples have
been summarized in the supporting information.

Figure 3. UV—vis absorption spectra of a) TpBpy and b) Re-
TpBpy compared with TD-DFT calculated fragment.

Time-resolved Photoluminescence

In the next step, we studied the photoluminescence (PL) dynamics
of the samples. The steady-state PL spectra of TpBpy and Re-
TpBpy are identical in terms of emission energy and spectral
shapes (Fig. 4a). However, the relative PL quantum yield (extracted
from absorption calibrated PL intensities) of Re-TpBpy is much
lower. This should be attributed to the PL quenching by the inte-
gration of the Re-complex. The shorter PL lifetime of Re-TpBpy
measured from time-correlated single-photon counting (TCSPC)
verify the additional non-radiative process (Fig.4b). The exponen-
tial fitting can resolve two components with lifetimes of 1.1ns
(91%), 19ns (9%) for TpBpy and 716ps (92%), 40ns (8%) for Re-
TpBpy. However, the lifetime of the fast components (i.e. 1.1 ns
for TpBpy and 716 ps for Re-TpBpy) are limited by the response
function in the TCSPC measurement. Therefore streak camera
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technique was employed to explore the ultra-fast process. A similar
faster PL decay of Re-TpBpy than TpBpy can be observed in
Fig.4c. The PL decays can be fitted by tri-exponential functions.
The two fast components can then be fitted as 106 ps (74%), 481
ps (24%) for TpBpy and 98 ps (66%), 340 ps (31%) for Re-TpBpy.

(A1) where the excitons are self-trapped within the local structure
of the COF?. Such polaron formation also complies with the sig-
nificant stokes shift from the PL spectra, as shown in Fig. 2a.

Figure 4. (a) Steady state PL emission spectra of TpBpy and Re-TpBpy normalized according to the
absorbance at the excitation wavelength; (b) PL decays measured in TCSPC of the TpBpy and Re-
TpBpy. Excitation wavelength=438 nm; (c) PL decays of the TpBpy and Re-TpBpy measured with

streak camera excited at 400 nm.
Femtosecond transient visible absorption spectroscopy.

The excited-state dynamics of the samples were explored by tran-
sient absorption (TA) spectroscopy. We first excited the samples
close to their band edge at 530 nm. In this case, all the excited spe-
cies should populate the lowest excited states instantly. The TA
spectra of TpBpy exhibit one broad negative band (B1) from 450
to 595 nm attributed to the band-edge ground state bleach (GSB)
together with two positive excited state absorption bands (ESA, Al
and A2) from 600 nm to 700 nm (Fig. 5a). According to the above
DFT calculation in Fig. 3a, 530 nm excitation will only trigger the
transition to the lowest excited state (i.e. HOMO to LUMO) in
TpBpy. Hence, Al and A2 here should not be attributed to different
levels of the excited state. One possible explanation is the excited
state transform from a normal exciton state (A2) to a polaron state

For Re-TpBpy, only one B1 can be observed with the absence of
long-lived ESA (Fig. 5b). This already indicates the charge transfer
from the excited states. A more quantitative analysis was then im-
plemented using singular value decomposition (SVD) fitting (Fig.
S5a&b, lower panel). The TA dynamics of TpBpy can be decom-
posed into four decay-associated components (ti- t4). The first
three components (ti- t3) shared the same negative GSB signal with
the identical position (B1), denoting the population of the lowest
excited state. The difference between the first component (t1 = 2
ps) with the second and third components (t2 = 70 ps and t3 = 4 ns)
appears as the blue-shifted ESA band from A2 to Al by about 50
nm. TA kinetics at the Al (Fig. 5d) and A2 (Fig. 5e) reveal the
concurrent rising of Al and decay of A2. This indicates the trans-
formation of the lowest excited state (e.g. polaron formation)
within 2 ps corresponding to the transition of ESA from A2 to Al

Figure 5. Transient absorption (TA) spectra under 530 nm excitation at the fluence of 2x10'3 ph/cm? and the respective SVD fitting
results of TpBpy (a), and Re-TpBpy (b). TA kinetics at some characteristic wavelength of B1 at 535 nm (c), Al at 625 nm (d), and A2
at 675 nm (e). All the samples were measured in Nafion (5% w/w in water and 1-propanol) solution.



in TA spectra. Components 2 and 3 exhibits the same spectral fea-
ture corresponding to the depopulation dynamics of the same low-
est excited state. The slowest component 4 featured as broad neg-
ative band with a lifetime exceeding the TA time window. This can
also be visualized in the TA kinetics in Fig. 5c-e. After functional-
ization by the Re-complex, the TA dynamics of Re-TpBpy can also
be decomposed into four components (ti- t4) with lifetime of t; =
990 fs, t2 = 13 ps, t3 = 262 ps accompany with one ultra-long com-
ponent ((Fig. 5b). Component ti- t3 of Re-TpBpy resembles the
GSB feature as TpBpy but with shorter lifetimes as evidenced by
the comparison of B1 kinetics in Fig. 5c. Most importantly, ESA
bands are completely absent in components t2 and t3. This suggest
the ultrafast charge transfer from the lowest excited state. In addi-
tion, the longest component t4 also exhibits narrower GSB at the
band edge position compared with GSB in component t4 of TpBpy.

=2 ps, t2 = 24 ps, t3 = 340 ps and one ultra-long component). The
features of component t1 resemble those of TpBpy with a similar
lifetime of 2 ps. Compared with 530 nm excitation, B2 with 400
nm excitation are long-lived in both ti- t3 up to 340 ps. The pro-
longed B2 band in Re-TpBpy suggests that the long-lived high en-
ergy level population in contrast to TpBpy as further illustrated by
the TA kinetics in Fig. 6d. Furthermore, Al disappears in compo-
nent t2 and reoccurs in t3. This is consistent with the different A1l
kinetics (Fig. 6e, red curve) from the Bl and B2 kinetics (Fig.
6c&d, red curve) especially at the timescale between 5 to 20 ps.
The absence of A1 in component t> can be induced by two possible
scenarios: 1) there exist two pools of Re-TpBpy where electron
transfer from TpBpy to Re' occurs in one pool and absent in the
other. 2) the charge transfer of hot electrons from the COFs to Re!
centers is followed by the back-transfer to the LUMO level. In the

Figure 6. Transient absorption (TA) spectra under 400 nm excitation at the fluence of 2x10'3 ph/cm? and the respective SVD fitting
results of TpBpy (a), and Re-TpBpy (b). ). TA kinetics of two samples at various emission wavelengths representing B1 (c), B2 (d), Al
(e), A2 (f). All spectra are recorded in Nafion (5% w/w in water and 1-propanol).

In order to monitor the dynamics of hot carriers, high energy exci-
tation has also been employed in both samples. Compared with TA
spectra excited at 530 nm, here the TA spectra of both TpBpy and
Re-TpBpy (Fig.6a&b) exhibit one additional negative band (B2)
around 450 nm (Fig. 6) with the slight red-shifted B1 to 515 nm.
Since B2 appears in both TpBpy and Re-TpBpy, the additional
bleach band should be attributed to the population of high en-
ergy/hot levels in the COFs unit. SVD fitting indicates that the dy-
namics of TpBpy can be described by four main components. The
fastest component t; (2 ps) consists of B1, B2, and A1. Component
t2 (34 ps) features the same B1 and B2 bands but the ESA is blue-
shifted to A2. The component t3 (480 ps) lifetime shares almost the
same spectral features of component 2 except for the absence of
B2. A similar lifetime (481 ps) can also be extracted in the PL de-
cay of TpBpy (Fig. 4c), manifesting the radiative recombination of
the band-edge charge carriers. The component t4 only contains B1
but the contribution is negligible. The above SVD analysis indi-
cates the long-lived B1 versus short-lived B2 as also evidenced by
the extracted TA kinetics in Fig. 6¢ and d (blue curve).

On the other hand, both A1 and A2 appear instantaneously which
is different from the one observed for 530 nm excitation. TA spec-
tra of Re-TpBpy can also be fitted with four main components (ti

following, we will demonstrate the latter is more likely evidenced
by time-resolved IR spectroscopy results, which probes the transi-
ent population of electrons at Re! centers. The lifetime t3 (340 ps)
can be obtained from the TRPL decay in Fig. 4c, manifesting radi-
ative recombination with hot carriers, which accounts for the high
energy emission band in the steady-state PL spectrum (Fig. 2a).
Identical to TpBpy, component 4 of Re-TpBpy comprises only B1
with negligible amplitude. In short, the additional B2 band and the
wider ESA band when excited at 400 nm in components ti, t3 reflect
the long-live hot excited level population. On the other hand, the
absence of Al in component t2 confirms the charge transfer of hot
electrons to Re' centers within 2 ps.

Femtosecond transient infrared absorption spectroscopy

In order to further characterize the excited state dynamics at the two
excitation wavelengths, we measured the time-resolved IR (TRIR)
spectra of the samples. TRIR can probe photo-induced electronic
transitions at low energy such as molecular vibrations or intraband
free carriers*’!.  No TRIR signal can be observed in neither
TpBpy nor Re-Bpy when excited at 530 nm (Fig.7a and Fig. 7b).
However, the TRIR spectrum of Re-TpBpy exhibits pronounced
differential dips at 1850 cm! and 2040 cm! (Fig. 7c¢), resembling
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the spectral feature of pure Re-Bpy excited at 400 nm (Fig.7f). Such
differential dips are the fingerprint features of excited
[Re'(bpy)(CO)3]* as the C-O stretching vibration is perturbed due
to the formation of Re radical species®. The TRIR kinetics in Fig.
7d suggests that the Re! radical is formed within 0.6 ps (rising time
of the kinetics) together with 2 decay lifetimes (15 ps and 2.3 ns).
Such formation time of the Re! radical is consistent with ti in TA
components (0.99 ps) (Fig. 5b), confirming the sub-picosecond
electron transfer from TpBpy to the Re! center after excitation. The
15 ps decay lifetime is identical to the component t3 in TA (Fig.
5b). When excited at 400 nm, the TRIR spectra of both TpBpy and
Re-TpBpy are dominated by the featureless positive absorption
(Fig. 7 e&g), which is widely accepted as the sign of free carrier
generation in semiconductor materials*’*>***, This means that the
hot excited states reflected by the B2 and the broad A1 band in TA
should all be populated by free carriers when excited at 400 nm.
Moreover, the TRIR spectrum in Re-TpBpy features additional dif-
ferential dips of the Re! radical, indicating the COFs-Re electron
transfer occurs. We can decompose the dynamics of Re! radical (or-
ange curve, Fig. 7h) by subtracting the TA kinetics at such mixed
region (2040 cm’!, red curve, Fig. 7h) by the kinetics at the region
only showing positive absorption (1850 cm™, blue curve, Fig. 7h).
Here the intensity of TA kinetics at 1850 cm! is scaled up by the
amplitude ratio between 1850 cm™! and 2040 cm™! as extracted in
Fig. 7g (A2040 cm-1 /A1850 em-1 = 1.9) with only free carrier contribu-
tion in COFs. The deferential kinetics (i.e. the orange curve in Fig.
7H) shows a 0.8 ps building up time followed by a 26 ps decay,
which is consistent with the above argumentation that the hot elec-
trons are injected to Re! center within the picosecond and rebounce
to the Si level of TpBpy in 26 ps. We also notice that such kinetics
is different from the depopulation of photo-excited pure

[Re!(bpy)(CO)3]* (green curve, Fig. 7h). This means the back
transfer or geminate recombination of injected electrons in Re' cen-
ter is faster than the electron-hole recombination in the Rel(bpy)
moiety.

Discussion

Cold Electron Injection

The TD-DFT calculations indicate the 530 nm excitation can only
generate an electronic transition from HOMO to LUMO (S) in
TpBpy, which merely locates at Bpy moiety (Fig. 3a). The TRIR
results further suggest that the dominant excited species are exci-
tons. Such bounded exciton formation is reasonable as the photo-
generated electrons and holes are close in space in Bpy. The ESA
transition from A2 to A1l in TA spectra in Fig. 5a should represent
the formation of exciton polarons from initially generated excitons.
The following up excited state depopulation at hundreds of ps can
be observed in both the TA and TRPL results. We confirmed that
the lifetime of such a process is highly dependent upon the excita-
tion intensity (for details, see S8b). This indicates that the high or-
der recombination of excited singlet excitons, which is often ob-
served in conjugated polymers and semiconductor nanostruc-
trues™® . Previous research reports such ultrafast singlet-singlet
exciton annihilation in COFs materials followed by the formation
of ultra-long-lived specially separated charges®’. However, the ab-
sence of free carriers over the whole time-window suggests that the
residual excited state species are still excitons instead of free carri-
ers in our COF. However, the lifetime of such excitons varies ac-
cording to the relative spatial location. The short lifetime (4 ns)
should refer to the excitonic recombination within the same COFs
sheet, while the ultra-long lived exciton may contain the electrons

Figure 7. 7 TRIR spectra of TpBpy, Re-Bpy, and Re-TpBpy excited at 530 nm (a-c) and 400 nm (e-g). (d) TRIR kinetics at 2040 cm™!
of Re-TpBpy excited at 530 nm. (h) TRIR kinetics at 2040 cm™! (red), 1850 cm™' (blue) and their differential curve (orange) of Re-
TpBpy excited at 400 nm. The kinetics at 2040 cm! of Re-Bpy excited at 400 nm is also presented (green). All spectra are recorded in

Nafion (5% w/w in water and 1-propanol).



and holes at a different sheet of COFs3%%°. Fig. 8a summarizes the
observed excited-state dynamics.

In Re-TpBpy, the electronic transition from the HOMO-2 to the
LUMO (Fig. 3b) corresponds to a partial charge transfer state as the
HOMO-2 locates at the orbitals over both Tp and Bpy moiety ac-
cording to the calculation. The sub-picosecond depopulation of ex-
cited states in the TA spectra combined with rising of transient Re'*
radical formation spectra in TRIR can be unambiguously assigned
to the electron transfer from the LUMO located at Bpy to the Re!
center within 0.8-0.9 ps as shown in Fig. 8b. However, as holes can
reside both at Tp and Bpy, we can expect different depopulation
pathways of those holes after electron injection corresponding to
two-lifetime components in TA (t2 and t3) (Fig. 5b). Holes at Bpy
should undergo fast germinate recombination with electrons at Re!
center due to the short distance between electrons and holes (13 ps),
which is consistent with the same decay component (15 ps) in TRIR
(Fig. 7d) demonstrating the concurrent depopulation of electrons.
On the other hand, those holes at Tp should be implausible to re-
combine with remote electrons at Re! directly, instead, they will
cool down to the HOMO level with relatively long time (262 ps)
which is still strongly localized in Tp (for detailed electronic struc-
ture see Table S3). Such slow cooling time may be due to the nec-
essary inter-unit (e.g. Tp to Bpy, or Bpy to Tp) charge transfer in
the cooling pathway. Therefore recombination between those holes
and electrons in Re! center will be inefficient, corresponding to the
long component in both TA (Fig. 5b) and TRIR (Fig. 7d). The
above analysis suggests the low energy excitation in Re-TpBpy is
very close to the Re-COF interface, thus facilitating the electron
injection from the COFs to the Re! center. However, geminate re-
combination is also efficient due to the close spacing between the
injected electron and residual holes in COF moiety, as summarized
in Fig. 8b.

Hot Electron Injection

TD-DFT calculation demonstrates at high-energy photon excitation
condition, TpBpy will have a transition from HOMO—LUMO+2
and HOMO-3—LUMO-+1 (Fig. 3a), while Re-TpBpy will exhibit
an electronic transition from HOMO—LUMO+2 and HOMO-
4—LUMO+1 (Fig. 3b). Compared with low energy excitation, the
excited states are distributed more evenly through the Tp and Bpy.
In addition, the TRIR results suggest that the initially excited spe-
cies include free carriers resided at those high energy levels. The
initial fastest component t1 in TA measurement (Fig. 6a) should be
related to the partial polaron formation where some of the gener-
ated species also remain as free carriers as evidenced by the remain-
ing A2 after 2 ps and the free carries absorption in the TRIR spec-
tra. The dual emission band in steady state PL of Fig. 2a supports
that the excited state depopulation should involve two parallel pro-
cesses with radiative recombination from the higher level and low-
est excited state. In TpBpy, the population of hot electrons at the
LUMO+2 and the LUMO+1 as well as hot holes at the HOMO-3
contributed to the B2 in Fig. 6a while hole population at HOMO
leads to the B1 consistent with the band edge GSB at 530 nm exci-
tation. t2 component in TA (Fig. 6a) features concurrent Bl and B2
should then be attributed to the radiative recombination between
the electron at LUMO+1 and hole at HOMO-3 leading to the high
energy PL emission. T3 component, on the other hand, should be
attributed to the recombiniation bewteen electrons and holes re-
laxed to the HOMO and LUMO level. Fig. 8¢ summarized the state
dynamics.

As summarized in Fig. 8d, at Re-TpBpy, the excited electron at
LUMO+2 and LUMO+1 would be injected to Re' center within 2
ps and then recombines to HOMO at Bpy within 24 ps resolved by
the complementary dynamics observed in the TA and TRIR meas-
urements, as shown in Fig. 8d. This can be due to either the hot
electron injection through the higher excited states in Re! center or
to the formation of a charge-transfer state (CTS) due to the
Coloumbic attraction between injection electron in Re' and residual

Figure 8. Schematic diagram of the pathway and lifetime excited state dynamics of TpBpy and Re-TpBpy under a&b) 530 nm, and

c&d) 400 nm excitation.



hole in COF followed by the dissociation of such CTS. Both path-
ways are well-observed in other molecular or semiconductor sys-
tems®®61. Such a 24 ps lifetime for such intermediate excited state
can be a merit for hot-carrier harvesting. After hot carrier cooling,
the depopulation of the excited states also depends on the spatial
location of the charge carriers. If the hole locates at Bpy orbitals
(HOMO-4 level at Sz in Fig. 3b), the hot carrier emission will occur
similarly to the case of TpBpy with lifetime of 340 ps correspond-
ing to the t3 component observed in TA (Fig. 6b), since the hot hole
cooling to the HOMO in Re-TpBpy is hindered by the additional
Bpy-to-Tp charge transfer. If hole locates at Tp orbitals in HOMO
(S3 in Fig. 3b), it will recombine with the relaxed electron at LUMO
both radiatively and nonradiatively but with a longer lifetime as
observed in both the TA and TRPL spectras.

energy bands contributed by the transition from ground state to ex-
cited state barely in Bpy moiety and the high-energy bands features
the unoccupied orbital is contributed evenly by the whole COFs
moiety. Combining the observations of the excited dynamics re-
solved both in TA and TRIR, entirely different inter-unit charge
transfer pathways in Re-TpBpy can be identified. Under band-edge
excitation, the electrons excited at the HOMO level would quickly
injected into Re'(bpy)(CO)3Cl within ps timescale and recombine
within ns with the holes residing in Bpy close to Re center at about
13 ps. Under excitation with high energy photon, the photo-gener-
ated hot-electron is first injected into the highly excited level of
Re!(bpy)(CO)3 within 1-2 ps and recombine to the HOMO in COF
within 24 ps. In addition, there remains long-lived free carriers in
the COF moiety. This can rationalize the good photocatalytic CO2
reduction performance of the obtained catalysts.

Figure 9. Photocatalytic evolutions of CO by Re-TpBpy under 520 nm and 440 nm excitation (a) and Schematic diagram to rationalize

the catalytic performance under two excitation conditions (b).

Influence to the photocatalytic reaction:

The above analysis on the excited state dynamics of TpBpy and Re-
TpBpy suggest that anchoring Re-complex into COFs structure
does facilitate the charge separation for the photocatalytic reduc-
tion process. However, when high excitation photon energy is
used, efficient hot electron injection would occur from TpBpy to
higher energy orbital of Re-complex with the electron lifetime at
Re! center almost doubled compared to the lifetime with 530 nm
excitation. In contrast to the conventional semiconductor where the
photo-generated hot electrons will quickly dissipate energy and re-
lax to the lowest excited state, the unique electronic structure of the
Re-TpBpy catalyst is expected to boost the photocatalytic perfor-
mance from hot carriers. The following CO2 photocatalytic reduc-
tion experiment confirmed our assumption. The evolution of CO
by our Re-COFs catalyst exhibit a much higher yield when 440 nm
excitation is used compared with band-edge excitation at 520 nm
(Fig. 9a), which should be attributed to 1) injected electrons are
located at high energy levels in Re! centers with longer lifetime
which favorable for the electron transfer process for the CO2 reduc-
tion, and 2) when excited with high energy besides the injected
electrons to Re' center, there still remain long-lived electrons in
COF moiety which is transferred back from Re!. This makes the
two-electron reaction of COz conversion to CO to work as illus-
trated in Fig. 9b.

Conclusion

In this paper, we investigated the excited state dynamics with focus
on the ultrafast charge transfer in Re'(bpy)(CO)3/TpBpy hybrid
photocatalyst by complementary time-resolved laser spectrosco-
pies and numerical methods. We first determine the electronic tran-
sition of the hybrid structure using time-dependent DFT calcula-
tions to model the optical absorption. We found that the absorption
spectrum of Re-TpBpy mainly consists of two bands with the low
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Materials and methods

5,5'-diamino-2,2"-bipyridine (95%, Yuhao Chemical), Pentacarbonylchlororhenium (98%, Sigma-Aldrich),
2,2'-bipyridine (= 99%, Sigma-Aldrich), Triformylphloroglucinol (95%, Yuhao Chemical), Mesitylene
(98%, Sigma-Aldrich), 1,4- Dioxane (anhydrous, 99.8%, Sigma-Aldrich), glacial acetic acid (ACS reagent,
Aldrich), Nafion (10 wt% in H»O), 1-Propanol ( for HPLC, > 99.9%, Sigma-Aldrich), Toluene (for HPLC,
VWR Chemicals), Methanol (for HPLC, VWR Chemicals), Tetrahydrofuran (for HPLC, VWR Chemicals).
Synthesis of Re(bpy)(CO);Cl. This complex was prepared with slight modifications to literature
methods'2. Re(CO)sClI (0.3020 g, 0.83 mmol) was dissolved in 50 mL of hot toluene, then 2,2-bipyridine
(0.130 g, 0.83 mmol) was added, the mixture was stirred and reflux for 1h to get yellow product. Upon
cooling, the product was filtered, washed with methanol for 3 times, dried under vacuum at 60 °C overnight
and used without further purification. '"H NMR (8, 400 MHz, DMSO-ds): 9.02 (d, 1H), 8.77 (d, 1H), 8.34(t,
1H), 7.76(t, 1H).

Synthesis of TpBpy. TpBpy was prepared according to literature methods with a little modification®. A
Pyrex tube (0.d. x i.d. = 10 x 8 mm? and length 25 cm)) was charged with triformylphloroglucinol (Tp) (21
mg, 0.10 mmol), 5,5'- diamino-2,2'- bipyridine (Bpy) (27.9 mg, 0.15 mmol), 0.5 mL 1,4-dioxane, 0.5 mL
mesitylene, 0.1mL 6 M aqueous acetic acid. This mixture was sonicated for 20 min in order to get a
homogeneous dispersion. The tube was flash-frozen in a liquid nitrogen bath, evacuated to an internal
pressure of ca.0.15 mmHg and flame-sealed. The tube was placed in an oven at 120 °C for 5 days upon
warming to room temperature to afford an orange-red precipitate. The precipitate was isolated by filtration
over a medium glass frit and washed with anhydrous tetrahydrofuran (THF, 20.0 mL). The product was
immersed in anhydrous THF (20.0 mL) for 8 h, during which the activation solvent was decanted and
freshly replenished four times. The solvent was removed by filtration and the precipitate dried under
vacuum at 60 °C overnight to afford TpBpy (42 mg, 86%).

Synthesis of Re-TpBpy. The process of synthesis Re-TpBpy was similar to that of Re-Bpy. Re(CO)sCl

(10 mg, 0.025 mmol) were dispersed in 10 mL hot toluene, then TpBpy (25 mg) was added, the mixture
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was refluxed 40 min while stirring. The scarlet products were filtered, washed with methanol for 3 times,
dried under vacuum at 60 °C overnight and used without further purification.

Photocatalytic Reduction of CO;. The method of photocatalytic reduction of CO, was carried out
according to literature methods with a little modification®. Re-TpBpy (1 mg) was dispersed in 3 mL of
CH3CN and 0.2 mL of TEOA (triethanolamine) in 11 mL septum-sealed glass vials. The mixture was
purged with Ar for 5 min and CO> for 15 min first, then irradiated by a LED lamp with 520 nm and 440
wavelengths for 8 h and kept stirring during the photocatalytic reaction. The amount of CO generated was

quantified using Shimadzu gas chromatography (GC-2010) by analyzing 500 pL of the headspace.
Computational methods

To investigate the relationship of the optical properties with molecular structures and electronic
structures, we used a triformylphloroglucinol (Tp) terminated bipyridine (Bpy) molecular
fragment (Fig. 3) to represent the COF structure. An implicit solvent model was used to reflect the
solvation environment, and implemented using SMD solvation model* in Gaussian 16 package.
Considering the transition metal complex in the fragment, M06-L®!! was selected as the functional
and def 2-TZVP!>!3 was selected as the basis set for DFT calculations. N-propanol parameters
were used to represent the solvents in the SMD models'*. Time-dependent density functional
theory (TD-DFT) calculations were also performed using these parameters. The UV-vis absorption

spectra and electron excitations were analyzed using the Multiwfn program .

Characterization

Fourier-Transformed Infrared Spectroscopy (FT-IR) data were obtained by using ALPHA P FT-IR
spectrometer (Bruker). The samples just have to be brought into contact with the measurement interface.
The absorption spectra were measured in a UV-Vis absorption spectrophotometer from Agilent
Technologies (Santa Clara, USA). Photoluminescence (PL) was performed via Spex Fluorolog 1681

standard spectrofluorometer. Time-correlated single photon counting (TCSPC) was performed triggered
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externally at 2.5 MHz to excite the sample at 438 nm. The emitted photons were detected by a fast avalanche
photodiode (SPAD, Micro Photon Device) with response time less than 50 ps after passing through a 470
nm long band pass filter. The Time-resolved Photoluminescence (TRPL) measurements were performed
by time-correlated single photon counting (Picoharp) using a pulsed diode laser (Wavelength: 438 nm;
Frequency: 2.5 MHz; Pulse duration: 40 ps; A long-pass filter from 450 nm) and a fast avalanche
photodiode. It is important to note that during all photophysical measurements the sample s were dispersed
in Nafion (5% w/w in water and 1-propanol) except Tp was dispersed in acetonitrile.

Nuclear Magnetic Resonance (NMR) spectroscopy were acquired on Bruker AVANCE 400 MHz
spectrometer with a 5 mm CryoProbe Prodigy using approximately 1 mg sample dissolved in 2 mL of
deuterated dimethyl sulfoxide (DMSO-ds).

Transient absorption (TA) spectroscopy measurements. Time-resolved experiments were carried out on
laser-based spectroscopy, with laser powers equating to less than one photon absorption per particle.
Samples for transient absorption experiments were kept in dark between each measurement. A Coherent
Legend Ti: Sapphire amplifier (800 nm,100 fs pulse length, 3 kHz repetition rate) was used. The output is
split to pump and probe beams. Excitation pulses at the wavelength of 450 nm were acquired using an
optical parametric amplifier (Topas C, Light Conversion). The probe pulses (a broad supercontinuum
spectrum) were generated from the 800-nm pulses in a CaF; crystal and split by a beam splitter into a probe
pulse and a reference pulse. The probe pulse and the reference pulse were dispersed in a spectrograph and
detected by a diode array. Instrumental response time is ~ 100 fs. Global SVD analysis was performed with

the Glotaran software package (http://glotaran.org).

Transient Mid-IR Absorption Spectroscopy.A frequency doubled Q-switched Nd:YAG laser (Quanta-Ray
ProSeries, Spectra- Physics) was employed to obtain 400 nm and 530 nm pump light, 10 mJ/pulse with a
fwhm of 10 ns. The 400 nm and 530 nm pump light was used through the MOPO crystal to generate ? nm
light to pump the sample. Probing was done with the continuous wave quantum cascade (QC) IR laser with
a tuning capability between 1960 and 2150 cm—1 (Daylight Solutions). For IR detection, a liquid nitrogen-
cooled mercurycadmium- telluride (MCT) detector (KMPV10-1-J2, Kolmar Technologies, Inc.) was used.
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The IR probe light was overlapped with the pump beam in a quasi-co-linear arrangement at 25° angle.
Transient absorption traces were acquired with a Tektronix TDS 3052 500 MHz (5GS/s) oscilloscope in
connection with the L900 software (Edinburgh Instruments) and processed using Origin 9 software '%!7.
Samples were kept in a modified Omni cell (Specac) with with O-ring sealed CaF2 windows and a path
lenth of 1 mm. All samples were prepared in an Ar filled glove box (Unilab, MBraun), and Nafion (5%

w/w in water and 1-propanol) was used as solvent in all experiments. All acids were dried overnight under

vacuum prior to use.

Supplementary Figures

400nm excitation

— TpBpy
e Re-TpBpy

Intensity (a.u.)

. L

400 450 500 550 600 650
Wavelength (nm)

Supplementary Figure 1: Emission spectra of TpBpy and Re-TpBpy calibrated by the absorption at the

400 nm excitation wavelength.
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Supplementary Figure 2: Two-dimensional transient absorption (TA) spectra under 530 nm 500 uW
excitation (a); TA kintecs of TpBpy excited at different excitation intensity of representing B1 (b). All

spectra are recorded in Nafion (5% w/w in water and 1-propanol).
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Supplementary Figure 3: Two-dimensional transient absorption (TA) spectra under 530 nm 100 uW (a)
and 400 nm 500 uW excitation and the respective SVD fittings of Re-Bpy (B). All spectra are recorded in

Nafion (5% w/w in water and 1-propanol).
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Supplementary Figure 4: Crystalline Structures of TpBpy, top-view and side-view.
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Supplementary Tables

Supplementary Table 1: Calculated TD-DFT energy levels of TpBpy fragment.

Orbital Name Orobital Number | Energy (eV) iso-surface images
LUMO+12 240 -0.96886231

LUMO+11 239 -0.969700086

LUMO+10 238 -0.972883907

LUMO+9 237 -0.973715102

LUMO+8 236 -1.068732822

LUMO+7 235 -1.333214011

LUMO+6 234 -1.621848404

10



LUMO+5 233 -1.995218628
LUMO+4 232 -2.034934733
LUMO+3 231 -2.035340048
LUMO+2 230 -2.237486536
LUMO+1 229 -2.576204276
LUMO 228 -2.799618969
HOMO 227 -5.045478166
HOMO-1 226 -5.172556295

11



HOMO-2 225 -5.172573899
HOMO-3 224 -5.365218278
HOMO-4 223 -5.670073594
HOMO-5 222 -5.676649

HOMO-6 221 -5.718600616
HOMO-7 220 -5.940760198
HOMO-8 219 -6.053834645
HOMO-9 218 -6.200828562
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HOMO-10 217 -6.205291056
HOMO-11 216 -6.22438551
HOMO-12 215 -6.279711603

13
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Supplementary Table 2: Calculated TD-DFT energy levels of Re-TpBpy fragment.

Orbital Name Orobital Number | Energy (eV) iso-surface images
LUMO+12 277 -0.98413959

LUMO+I11 276 -0.986257352

LUMO+10 275 -1.078184819

LUMO+9 274 -1.283727355

LUMO+8 273 -1.402089054

LUMO+7 272 -1.867455072

LUMO+6 271 -1.993478502

LUMO+5 270 -2.067937563

14



LUMO+4 269 -2.068107788
LUMO+3 268 -2.196090793
LUMO+2 267 -2.455782405
LUMO+1 266 -2.655408515
LUMO 265 -3.092359577
HOMO 264 -5.197598202
HOMO-1 263 -5.19983685

HOMO-2 262 -5.206329891
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HOMO-3 261 -5.429726984
HOMO-4 260 -5.450935274
HOMO-5 259 -5.529614132
HOMO-6 258 -5.724384074
HOMO-7 257 -5.72505861

HOMO-8 256 -5.811185661
HOMO-9 255 -5.893560943
HOMO-10 254 -6.051646689

16
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177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196

HOMO-11

253

-6.242005536

HOMO-12

252

-6.242635938
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Table S3 | Atomistic coordinates of TpBp-n-propanol.

Atom x/a y/b zlc
C 12.82607 8.28556 2.55511
C 13.45496 7.06020 2.78772
C 14.82914 6.98689 2.77993
C 15.57025 8.13988 2.53708
C 14.86423 9.32363 2.31420
N 13.54423 9.39525 2.32468
N 16.95759 8.05678 2.53155
C 17.82925 9.04245 2.34057
C 19.20221 8.90143 2.34951
C 19.83544 7.61748 2.57592
(6] 19.41644 11.21299 1.93258
H 17.39390 7.14591 2.69329
C 11.35888 8.41665 2.55693
N 10.84719 9.64553 2.72987
C 9.53595 9.79424 2.73398
C 8.63153 8.74398 2.56386
C 9.15480 7.46825 2.37948
C 10.52345 7.31106 2.37884
N 7.27541 9.04021 2.58461
C 6.26091 8.19419 2.43942
C 4.92571 8.54401 2.45996
C 4.50097 9.91679 2.65064
(6] 4.35359 6.28294 2.11228
H 6.98782 10.01278 2.71924
H 12.87726 6.17008 2.99502
H 15.33747 6.04880 2.96769
H 15.38984 10.25146 2.11454
H 17.43134 10.03433 2.16596
H 9.15278 10.80138 2.88183
H 8.51277 6.61066 2.23157
H 10.93942 6.32606 2.21804
H 6.50186 7.14816 2.29282
C 25.17733 2.46452 3.50020
C 25.86933 3.63980 3.24436
C 25.18371 4.82098 3.02469
C 23.78974 4.83829 3.05894
C 23.09088 3.66029 3.31675
C 23.78958 2.48538 3.53452
N 23.15734 6.06423 2.82988
C 21.85689 6.31513 2.79629
C 21.28822 7.55687 2.57191
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C 22.09939 8.73511 2.34742
(6] 19.14747 6.58811 2.77095
H 23.74065 6.88773 2.66708
H 26.95160 3.64009 3.21484
H 25.71928 5.74115 2.82398
H 22.01009 3.65359 3.35105
H 21.18355 5.48187 2.95679
C 0.04363 15.87067 3.39866
C -0.82902 14.80996 3.20089
C -0.34174 13.52688 3.02797
C 1.03246 13.29143 3.05180
C 1.91247 14.35353 3.25108
C 1.41123 15.63239 3.42207
N 1.46192 11.97301 2.87193
C 2.70732 11.52291 2.83768
C 3.07493 10.20092 2.65645
C 2.08920 9.15531 2.48019
(6] 5.34182 10.83295 2.80681
H 0.75538 11.24494 2.74837
H -1.01779 12.69466 2.87235
H 2.98116 14.18948 3.27422
H 2.10149 16.45222 3.57633
H 3.50218 12.24865 2.96017
C -0.88193 2.37933 1.39553
C 0.48865 2.16471 1.36233
C 1.36591 3.21891 1.54322
C 0.87717 4.50677 1.76077
C -0.49874 4.72642 1.79675
C -1.36508 3.66256 1.61334
N 1.81513 5.52899 1.93622
C 1.58419 6.82018 2.12301
C 2.55698 7.78994 2.29141
C 3.96579 7.46304 2.27749
(0] 0.86382 9.41825 2.48944
H 2.80732 5.28467 1.92048
H 2.43699 3.05690 1.51728
H -0.89682 5.71716 1.96830
H -2.43249 3.84183 1.64282
H 0.55064 7.14407 2.14429
C 23.98050 15.84298 0.99744
C 22.59505 15.86256 1.07404
C 21.89144 14.69437 1.30601
C 22.57163 13.48768 1.46447
C 23.96270 13.46287 1.38593
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200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227

C 24.65440 14.63928 1.15440
N 21.80353 12.34220 1.69475
C 22.23372 11.10816 1.91167
C 21.42496 10.00536 2.12426
C 19.98252 10.11167 2.12301
(6] 23.35077 8.66340 2.34530
H 20.78577 12.43383 1.70162
H 22.05530 16.79321 0.95291
H 20.80989 14.70286 1.36812
H 24.50650 12.53533 1.50045
H 23.30532 10.94997 1.92505
H 25.71343 1.54035 3.67234
H 23.23899 1.57478 3.73477
H -0.33747 16.87448 3.53368
H -1.89803 14.98007 3.18032
H -1.56841 1.55483 1.25402
H 0.88091 1.16969 1.19436
H 24.53110 16.75672 0.81572
H 25.73515 14.61171 1.09417

20



228
229

Table S4 | Atomistic coordinates of Re-TpBpy-n-propanol.

Atom x/a y/b zlc
Re 11.90630 11.62434 2.51252
C 13.34728 12.87699 2.65634
C 10.70622 13.11024 2.63530
Cl 11.85313 11.15375 5.00108
C 11.93848 11.86514 0.62711
(¢} 14.22872 13.62434 2.73320
(¢} 11.95970 12.03195 -0.52248
C 12.36680 8.57097 2.46530
C 13.03362 7.34795 2.47652
C 14.40565 7.31227 2.47218
C 15.12441 8.50731 2.45467
C 14.40366 9.69781 2.44060
N 13.07256 9.72446 2.44783
N 16.50632 8.45742 2.44959
C 17.36165 9.48123 2.46355
C 18.73202 9.35907 2.44970
C 19.38389 8.06148 2.41564
(¢} 18.91614 11.71015 2.50207
H 16.96229 7.54094 2.43391
C 10.91775 8.69992 2.46339
N 10.42593 9.96032 2.43986
C 9.11168 10.15747 2.43069
C 8.19155 9.11228 2.44498
C 8.68571 7.80901 2.47030
C 10.04599 7.61402 2.47873
N 6.84848 9.43816 2.43322
C 5.81511 8.59586 2.46421
C 4.49171 8.97248 2.45092
C 4.09511 10.36854 2.39502
(e} 3.87220 6.69893 2.54400
H 6.57596 10.42454 2.39973
H 12.47678 6.42289 2.48958
H 14.93470 6.36784 2.48236
H 14.89880 10.65805 2.42199
H 16.94924 10.48225 2.48916
H 8.76698 11.18404 2.41323
H 8.02260 6.95584 2.48210
H 10.43444 6.60660 2.49837
H 6.03485 7.53606 2.50520
C 24.76904 2.88971 2.22634
C 25.45391 4.09655 2.22124
C 24.76135 5.29355 2.25852
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C 23.36784 5.29346 230188
C 22.67577 4.08401 2.30785
C 23.38128 2.89383 2.26999
N 22.72415 6.53444 2.33863
C 21.42157 6.76927 2.36306
C 20.83528 8.02333 2.39733
C 21.63021 9.23375 2.41268
(6] 18.70857 7.00644 2.40184
H 23.29750 7.38084 2.34571
H 26.53596 4.10934 2.18779
H 25.29117 6.23856 2.25418
H 21.59506 4.06587 2.34335
H 20.76148 5.91038 2.35454
C -0.27387 16.43984 2.20549
C -1.15916 15.37166 2.23481
C -0.68537 14.07275 2.27584
C 0.68756 13.82876 2.28802
C 1.58038 14.89849 2.25971
C 1.09234 16.19315 2.21842
N 1.09932 12.49278 2.32993
C 2.33579 12.02015 2.34076
C 2.67653 10.67841 2.38929
C 1.66925 9.63901 2.43575
(6] 4.95686 11.27640 2.35245
H 0.38072 11.76636 2.35888
H -1.37126 13.23425 2.29864
H 2.64848 14.73007 2.27035
H 1.79204 17.01917 2.19666
H 3.14639 12.73816 2.31010
C -1.45038 2.85445 2.82253
C -0.08566 2.60513 2.79391
C 0.81477 3.65284 2.72234
C 0.35515 4.96856 2.67863
C -1.01454 5.22371 2.70831
C -1.90435 4.16581 2.77945
N 1.31579 5.98285 2.60783
C 1.11268 7.29001 2.54923
C 2.10711 8.25181 2.49334
C 3.50695 7.89552 2.49855
(6] 0.44952 9.92515 2.42745
H 2.30196 5.71531 2.60432
H 1.88145 3.46366 2.69980
H -1.38992 6.23739 2.67764
H -2.96700 4.37220 2.80223
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230

231

232

233

234

235

236

H 0.08613 7.63581 2.54630
C 23.44139 16.48300 2.58323
C 22.05455 16.47459 2.62818
C 21.36202 15.27737 2.60302
C 22.05485 14.06960 2.53203
C 23.44789 14.07316 2.48661
C 24.12811 15.27837 2.51294
N 21.29573 12.89447 2.50883
C 21.73675 11.64677 2.46992
C 20.93991 10.51475 2.45098
C 19.49817 10.60264 2.47005
(6] 22.88169 9.17994 2.39436
H 20.27761 12.97604 2.52581
H 21.50479 17.40559 2.68345
H 20.27934 15.26388 2.63921
H 24.00313 13.14681 2.42971
H 22.80950 11.49906 2.45347
H 25.31104 1.95352 2.19736
H 22.83649 1.95816 2.27540
H -0.64407 17.45620 2.17330
H -2.22727 15.54817 2.22568
H -2.15491 2.03494 2.87864
H 0.28373 1.58804 2.82746
H 23.98364 17.41931 2.60267
H 25.21026 15.27308 2.47690
(0] 9.96839 14.00103 2.69623
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caculated Uv-Vis-TpBpy-n-propanol

# 1 2.3455eV 528.60nm f= 1.66360 Spin multiplicity= 1:
H->L97.9%

# 2 24172eV 51292 nm f= 0.02990 Spin multiplicity= 1:
H-2 -> 1 68.3%, H-1 ->122.8%, H-2 -> L+1 6.5%

# 3 2.4260eV 511.06 nm f= 0.03840 Spin multiplicity=1:
H-1->L67.4%, H-2 -> L 22.5%, H-1 -> L+1 7.3%

# 4 25128eV 493.41nm f= 0.00000 Spin multiplicity= 1:
H->L1+170.7%, H-3 -> L 29.0%

# 5 2.7021eV 458.84nm f= 0.16450 Spin multiplicity= 1:
H-1->1+161.5%, H-2 -> L+1 21.2%, H-1 -> L+2 6.3%, H-1 -> L 5.6%

# 6 2.7238 eV 455.19nm f= 0.21360 Spin multiplicity= 1:
H-2 -> L+1 61.4%, H-1 -> L+1 21.0%, H-2 -> L+2 6.6%, H-2 -> L 5.1%

# 7 27423 eV 452.12nm f= 0.00720 Spin multiplicity=1:
H-3->L63.7%, H -> L+1 24.3%

# 8 2.8424eV 436.20nm f= 0.78090 Spin multiplicity= 1:
H-3 -> L+1 50.4%, H -> L+2 46.2%

# 9 2.8714eV 431.79nm f= 0.00030 Spin multiplicity= 1:
H-4 -> L 99.8%

# 10 2.8780eV 430.80 nm f= 0.00020 Spin multiplicity=1:
H-5->1 100.0%

# 11 2.8904eV 428.95nm f= 0.02010 Spin multiplicity=1:
H-6 -> L 36.7%, H-3 -> L+1 33.4%, H -> L+2 27.6%

# 12 2.9792eV 416.17 nm f= 0.07450 Spin multiplicity=1:
H-2 -> L+2 47.6%, H -> L+4 30.9%, H-1 -> L+2 16.3%

# 13 2.9877eV 41498 nm f= 0.06480 Spin multiplicity=1:
H -> L+3 45.0%, H-1 -> L+2 38.2%, H-2 -> L+2 12.9%

# 14 3.0132eV 411.47 nm f= 0.27840 Spin multiplicity=1:

H-6 -> L 50.5%, H -> L+2 17.6%, H-3 -> L+1 8.4%, H-2 -> L+4 8.2%, H-1 -> L+3 8.1%



# 15 3.0648 eV 404.54 nm f= 0.16330 Spin multiplicity= 1:
H->1+4 58.7%, H-2 -> L+2 13.8%, H-2 -> L+5 13.0%

# 16 3.0873 eV 401.59 nm f= 0.25710 Spin multiplicity= 1:
H->L1+343.9%, H-1 -> L+2 20.5%, H-1 -> L+5 15.8%, H-2 -> L+2 7.1%

# 17 3.0939eV 400.74 nm f= 0.00000 Spin multiplicity=1:
H-4 -> L+1 99.7%

# 18 3.0990eV 400.08 nm f= 0.00380 Spin multiplicity= 1:
H -> L+5 59.0%, H-7 -> L 20.6%, H-3 -> L+2 12.6%

# 19 3.1004 eV 399.90 nm f= 0.00000 Spin multiplicity= 1:
H-5-> L+1 99.5%

# 20 3.1374eV 395.18 nm f= 0.00000 Spin multiplicity=1:

H-2 -> L+3 75.5%, H-1 -> L+3 24.4%



caculated Uv-Vis-Re-TpBpy-n-propanol_exc

# 1 2.1372eV 580.12nm f= 0.02050 Spin multiplicity=1:
H-1->195.2%

# 2 2.1480eV 577.21nm f= 0.03070 Spin multiplicity= 1:
H->L88.0%,H-2->L7.7%

# 3 2.2232eV 557.68 nm f= 1.60280 Spin multiplicity= 1:
H-2 -> L 87.5%, H -> L 8.4%

# 4 2.3480eV 528.04 nm f= 0.14830 Spin multiplicity= 1:
H-3-> L 95.9%

# 5 2.4190eV 512.54nm f= 0.01670 Spin multiplicity= 1:
H-4 -> L 81.5%, H-2 -> L+1 7.6%, H-5-> L 6.1%

# 6 2.4827eV 499.39nm f= 0.02360 Spin multiplicity=1:
H-5-> 1 90.9%

# 7 2.5812eV 480.34nm f= 0.03390 Spin multiplicity= 1:
H->1+180.3%, H-> L+2 8.4%, H-2 -> L+1 7.4%

# 8 2.6335eV 470.80 nm f= 0.00020 Spin multiplicity= 1:
H-6 -> L 99.8%

# 9 2.6347eV 470.58 nm f= 0.00000 Spin multiplicity=1:
H-7 -> L 99.8%

# 10 2.6563eV 466.76 nm f= 0.12160 Spin multiplicity=1:
H-1->1+174.8%, H-1-> 142 17.4%

# 11 2.6722eV 463.98 nm f= 0.00080 Spin multiplicity=1:
H-2 ->1+1 67.4%, H-4 -> L 7.6%, H -> L+1 6.9%

# 12 2.7690eV 447.76 nm f= 0.11400 Spin multiplicity=1:
H-8 -> L 44.0%, H-2 -> L+2 28.0%, H-3 -> L+1 19.4%

# 13 2.7819eV 445.68 nm f= 0.12630 Spin multiplicity=1:
H-3 > L+1 67.6%, H-1 -> L+2 13.5%, H-8 -> L 10.2%

# 14 2.7834eV 44544 nm f= 0.11580 Spin multiplicity= 1:

H-1->1+262.2%, H-1 -> L+1 11.5%, H-3 -> L+1 10.2%, H-2 -> L+2 5.0%



# 15 2.8025eV 442.41 nm f= 0.00130 Spin multiplicity= 1:
H-9->199.7%

# 16 2.8132eV 440.72nm f= 0.44470 Spin multiplicity= 1:
H-4 -> 1L+1 41.1%, H-2 -> L+2 25.6%, H-8 -> L 23.4%

# 17 2.8790eV 430.65nm f= 0.00650 Spin multiplicity=1:
H-5 -> L+1 96.4%

# 18 2.8979eV 427.84nm f= 0.36030 Spin multiplicity= 1:
H->1+2 70.4%, H-2 -> L+2 7.6%, H -> L+1 6.2%

# 19 2.9265eV 423.66 nm f= 0.02490 Spin multiplicity=1:
H-4 -> L+1 41.7%, H-2 -> L+2 19.0%, H-3 -> L+2 13.7%, H-8 -> L 7.3%

# 20 2.9936eV 414.16 nm f= 0.00540 Spin multiplicity=1:

H-3 ->1+2 77.3%, H-4 -> 1L+2 10.1%
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ABSTRACT: Metalized covalent organic frameworks (COFs) have been recognized as emerging photocatalysts for CO, reduction
due to their excellent photocatalytic activity and selectivity. However, the underlying photophysical mechanisms, especially the
photo-induced charge transfer process, remain to be understood. Herein, we explored the excited-state dynamics of Ni metalized two-
dimensional (2D) COFs (Ni-TpBpy) by time-resolved spectroscopy. The time-dependent density functional theory (TD-DFT) calcu-
lations first identified that the optical transition can lead to intramolecular charge transfer from the COFs to the Ni** center. Experi-
mentally we found that the excited-state dynamics are highly correlated to the excitation energy. Under band-edge excitation, the
excited electrons are transferred from the COFs moiety into the Ni** center followed by geminate recombination with holes residing
at the COFs. Under high-energy excitation, the initial optical transition channel creates additional electrons and holes populations.
While some electrons can still be directly excited to the Ni?* center, some hot electrons and hot holes remain in COFs moiety without
an efficient cooling channel. This coexistence of hot and cold pools of electrons and holes can facilitate the two-electron injection

process required by CO» reduction, which also rationalizes the enhanced catalytic performance at high excitation energy.

Photocatalytic reduction of CO2 that utilizes sunlight energy to con-
vert COz into clean hydrocarbon fuel (such as carbon monoxide,
methane, or methanol) is considered an effective solution to reduce
air pollution and greenhouse gas emissions.'~® Therefore, looking
for catalysts capable of achieving the efficient photocatalytic re-
duction of CO2 becomes critical. Covalent organic frameworks
(COFs) are ordered porous organic semiconductor materials com-
posed of H, C, N, O, and other light elements connected by covalent
bonds.”® COFs-based heterogeneous materials have attracted par-
ticular attention for photocatalytic applications due to their unique
structural advantages.®~'* The building units of the frameworks can
undergo coordination reactions with metal ions to form and stabi-
lize metal complex catalytic centers.'>~'® The high specific surface
area increases the number of such catalytic active sites and, there-
fore, the CO2 adsorption. In addition, the ordered conjugated struc-
ture promotes light absorption and electric conductivity.'"-!? Recent
reports have revealed efficient CO2 photocatalytic reduction in one
of such photocatalysts, namely Re-TpBpy, which is constructed
from Re(Bpy)(CO)sCl and a two-dimensional (2D) COFs
(TpBpy).?*2? The efficient photo-induced charge separation has
been confirmed to facilitate the photocatalytic reaction. However,
to reduce the production cost, there is a great need to substitute no-
ble metal with earth-abundant elements. Previous studies have
demonstrated that nickel (Ni) complexes acting as active metal cen-
ters can also be integrated into COFs structures with moderate but
promising photocatalytic activity for the reduction of CQ2.232

However, such a system currently operates as a “black box” since
neither the charge relaxation dynamics nor the charge transfer path-
ways are known for Ni-modified COFs hybrids.

In this work, we investigate the excited-state dynamics and photo-
induced charge transfer process in a 2D 2, 2'-bipyridine-COFs
(TpBpy) that incorporates Ni catalytic active sites to form Ni-
TpBpy. Time-dependent density functional theory (TD-DFT) cal-
culations first reveal its excited-state structures. Femtosecond tran-
sient absorption (fs-TA) spectroscopy is then employed to explore
the excited-state charge transfer dynamics, which are highly de-
pendent on the excitation wavelength. Finally, the pathways iden-
tified by combining experiment and theory are used to rationalize
the CO: catalytic reaction mediated by a two-electron transfer pro-
cess.

This study uses the prototypical COFs (TpBpy) with 2,2'-bipyri-
dine.?® A simple solution dipping method was employed to implant
the Ni-complex into TpBpy in acetonitrile solution to yield the Ni-
COFs hybrid, namely, Ni-TpBpy (for detailed synthesis infor-
mation, see Fig. SI).?* The structure of the as-obtained Ni-TpBpy
is presented in Fig. 1a. The powder X-ray diffraction (PXRD) pat-
terns of both TpBpy and Ni-TpBpy shown in Fig. S2 match well
with the simulated AA stacking structure of COFs in the hexagonal
space group (P6/m). This demonstrates that the crystalline structure



Figure 1. (a) Schematic structure of the Ni-TpBpy; (b) Normal-
ized UV—vis absorption and steady-state photoluminescence
spectra excited at 400 nm (pink) and 530 nm (blue) of TpBpy
and Ni-TpBpy dispersed in Nafion (5% w/w in water and 1-pro-
panol).

of TpBpy remains unchanged after incorporation of the Ni-com-
plex. Fig. 1b displays the steady-state absorption and photolumi-
nescence (PL) emission of TpBpy and Ni-TpBpy. The absorption
spectrum of TpBpy exhibits a narrow n—n* transition band (324
nm) ascribed to bipyridine, as well as a broad band at 508 nm as-
cribed to the 7 electrons delocalized within the COFs framework. '8
The absorption spectrum of Ni-TpBpy shows the same shape as
TpBpy except for a bathochromic shift in the bipyridine n—=* tran-
sition (365 nm) and an increased absorbance in the 450-550 nm
range, suggesting a strong charge-transfer character. The batho-
chromic- shift stems from a Stark effect on the bipyridine due to
the charged central Ni?>* ion.”’” Under band-edge excitation at 530
nm, TpBpy exhibits an emission band at 620 nm, with a Stokes shift
of 90 nm. The emission band of Ni-TpBpy is at 580 nm with a
smaller Stokes shift of 60 nm. Interestingly, the emission spectra
of Ni-TpBpy exhibit one board band at 473 nm when excited at
higher energy (i.e. 400 nm), which is different from the dual emis-
sion peak observed in TpBpy. (Fig. 1b).

To gain insight into the intrinsic electronic excited-state structure
of the samples, we modeled and analyzed the electronic transitions
of TpBpy and Ni-TpBpy via the time-dependent DFT (TD-DFT) at
the M06-L?*3! /def 2-TZVP3233 level of theory, which simplifies
the COFs moiety as a triformylphloroglucinol (Tp) terminated bi-
pyridine (Bpy) molecular fragment (Fig. 2). Such an approximation
has already been successfully used in our previous work for carry-
ing tractable calculations on COFs materials that deliver physical
insights. It provides a simplified but compact visualization of the
electronic structure able to guide the interpretation of the experi-
mental observations.!>3433 Fig. 2 displays the calculated electronic
excitation spectrum (blue curves) of TpBpy and Ni-TpBpy with the
comparison to the experimental absorption spectra (purple curves).
Open-shell calculations have been carried out using a spin-unre-
stricted formalism as Ni?* is an open-shell system with a 3d® ground
state. Thus, the calculations deliver two sets of orbitals, corre-
sponding to “spin-up” electrons (a orbitals) and spin-down elec-
trons (b orbitals), respectively.

Two main electronic excitation bands at 528 nm (S1) and 436 nm
(S2) have been identified in the calculated spectrum of TpBpy (Fig.
2a). The low energy band S is dominated by the electronic transi-
tion from the HOMO to the LUMO level. The high energy band S:
is equally contributed by the electronic transition (HOMO-3 —
LUMO+1) and (HOMO — LUMO+2). S1 mainly occurs within
the Bpy moiety, whereas S2 involves electronic densities on both
Bpy and Tp.

In the calculated spectrum of Ni-TpBpy, four pronounced elec-
tronic excitation bands can be extracted as shown in Fig. 2b,
namely: S1 (HOMOp-2 — LUMOb, HOMO.-2 — LUMO.) at 554

nm; Sz (HOMOp-6 — LUMOb, HOMQOa-6 — LUMO.) at 446 nm;
S3 (HOMOp-3 — LUMOu+3, HOMOQO.-3 — LUMO.+1) at 439 nm;
and S4 (HOMO, — LUMOw+4, HOMO, — LUMO,+2) at 427 nm.
Compared with TpBpy, S1 in Ni-TpBpy involves the promotion of
electronic density to the Ni (IT) center. The detailed calculated ex-
cited state structures for both samples have been summarized in the
supporting information.

Next, we analyze the excited state dynamics of TpBpy and Ni-
TpBpy by fs-TA using the excited-state calculations described
above as references. We first excited the samples at 530 nm, which
corresponds to energy close to their optical bandgap. In this case,
the excited species are expected to relax to the lowest excited state
very quickly.

From the TD-DFT calculations, the band edge excitation in TpBpy
only triggers the S1 transition from the HOMO to the LUMO (Fig.
2a). As shown in Fig. 3a, the pseudo-color TA spectra of TpBpy
exhibit the characteristic ground-state bleach (GSB, negative B1)
from 450 to 595 nm due to the band-edge states filling after excita-
tion, together with excited-state absorption (ESA) features at the
red side from 600 nm to 700 nm. The singular value decomposition
(SVD) fitting of the TA spectra (lower panel of the figure) leads to
three decay-associated components ti, t2, t3 with respective life-
times of 11 = 2.8 ps, 12 = 70 ps, 13 = 3.8 ns, and a component with
ultralong lifetime. Previous studies have shown that component ti,
t2, t3 correspond respectively to polaron formation, exciton-exciton
annihilation, and band-edge single exciton recombination. The ul-
tra-long component t4 (t4 = >> 10 ns) represents the recombination
of the delocalized free carrier after exciton annihilation.3¢

After loading the Ni-complex, the fs-TA spectrum (Fig. 3b) exhib-
its one additional negative band (B2) around 470 nm. The SVD fit-
ting extracts three components with lifetime of 11 = 5 ps, 12 = 68 ps
as well as an ultra-long lifetime (the lower panel of Fig. 3b). These
three components share the same spectral feature of B1 and B2 but
not Al nor A2 as shown in Fig. 3b. According to the calculation,
the band-edge electronic transition in Ni-TpBpy is more diverse
since Ni?* cation possesses two vacuum orbital sets corresponding
to spin-up and spin-down electrons (i.e. a and b). (Fig. 2b). Here
B1 should be assigned to the bleach of the band-edge absorption

Figure 2. UV—vis absorption spectra of a) TpBpy and b) Ni-
TpBpy compared with Calculated DFT fragment

transition S1, while B2 should be due to the bleach of S2, S3, or S4
transition. Since the band edge excitation only triggers e S1, the B2
signal observed in component t; should be induced by the popula-
tion of LUMO. or LUMO, orbitals by S1, thereby diminishing the
probability of S2 transition as shown in Fig. 2b.

In contrast with the pure COFs, t1 of Ni-TpBp does not display any
ESA (Fig. 3a). This absence can be attributed to charge transfer
from COFs moiety to Ni*". Such a charge transfer should occur
prior to the formation of t; with the IRF of the system (i.e., subpi-
cosecond timescale). This point is examined in the light of the TD-
DFT calculations. Since HOMOy is directly located at Ni** and



HOMO:x is located close to the Ni?*, the charge transfer process is
greatly facilitated (Fig.2b).

In component t2, the amplitude ratio of B1 over B2 significantly
decreases. This should be attributed to the relaxation of the hot
holes from deeper levels (HOMOb.2 and HOMO.-2) to the HOMOs
levels (HOMO» and HOMO,). The populations of HOMO. and
HOMOy cause the bleach of S4, which in turn induces B2, as dis-
cussed above (Fig. 2b).

The long-lived t3 only exhibits a single band B1 without any B2,
signaling hot holes remaining in the deep levels. Since HOMOp is
located at Ni**, while the deeper HOMO levels of the b orbitals set
are on the COFs moieties, the holes are spatially far from the elec-
trons. In this case, the relaxation from the HOMOp.-2 to the HOMOy
is hampered due to the fact that it involves an inter-unit charge
transfer from COFs to Ni2". Therefore, it should be the hole resid-
ing at the HOMOy in TpBpy moiety that is long-lived. The t3 com-
ponent should then be attributed to the recombination of hot holes
at HOMOb-2 and electrons at LUMO0. Such a scenario accounts for
the long recombination time. On the contrary, the holes at HOMO.-
2 should quickly relax to the lowest excited level (HOMO,) within
the COFs moiety as shown in Fig. 2b.

Figure 3. Transient absorption (TA) spectra under 530 nm (a),(b)
and 400 nm (c), (d) excitation at the fluence of 2x1013 ph/cm2 of
TpBpy and Ni-TpBpy.

Following the above analysis, the origin of the t> component (68 ps)
with both B1 and B2 can now be attributed to the recombination of

electrons and holes in the a orbitals set (i.e. the hole at HOMO. and
the electron at Ni?*), with the population at HOMO: leading to the
bleach B2.

The above-excited state dynamics triggered with 530 nm excitation
are illustrated in Fig. 4b. In summary, the component t1 combines
multiple processes including the hot hole cooling and/or the po-
laron formation along with the charge transfer from the COFs to
Ni?*. The component t; refers to the geminate recombination of
electron on the Ni** and cold holes located on COFs. The compo-
nent t3 refers to the recombination of electrons on the Ni?* and with
long-living hot holes in the COFs.

When excited at 400 nm with a photon energy of 3.1 eV much
larger than the band-gap, the excited state evolution becomes more
complicated. According to the calculation, S2 in TpBpy contains
two transitions (i.e. HOMO—LUMO+2 and HOMO-
3—LUMO+1) (Fig. 2a). These two transitions lead to the high en-
ergy GSB B2, while HOMO—LUMO+2 also triggers B1, as the
HOMO participates in the band edge transition S1.

The fs-TA spectra of TpBpy can be decomposed into four compo-
nents with lifetimes of 1 = 2 ps, 12 = 34 ps, and 13 = 480 ps, (Fig.
3c¢). The fast component (t1) with the appearance of B1, B2, A1, A2
can be assigned to the hot electron cooling from high energy levels
to low energy levels and/or polaron formation. The second compo-
nent (t2) featuring both B1, B2, and A1l exhibited a lifetime similar
to the one observed in time-resolved photoluminescence (TRPL)
decay measurement of the same sample, and therefore can be at-
tributed to the radiative recombination process. The coexistence of
B1 and B2 indicates the reduced probability of both S1 and S2
through the excited-state population (Fig. 2a). Therefore, the radi-
ative recombination can only be assigned to hot electrons at
LUMO+2 and holes at HOMO. The last component (t3) featuring
B1 and Al represents the typical recombination of the band-edge
electrons and holes after cooling.

Considering now Ni-TpBpy excited at 400 nm, the fs-TA spectra
can also be fitted by four components with lifetimes of 11 =4 ps, 12
=59 ps, 13 = 517 ps together with an ultra-long lifetime (Fig. 3d).
According to the TD-DFT calculations, several electronic transi-
tions can be excited, namely, S2 (HOMOyp-6 — LUMOb, HOMO.-
6 — LUMOs); S3 (HOMOw-3 — LUMOw+3, HOMOa-3 —
LUMO.+1); S4 (HOMOb» — LUMOw+4, HOMO, — LUMO.+2).
All three transitions lead to B2 in TA spectra, while S2 also induces
B1, since LUMO. and LUMO, participate in S1 transition (Fig.
2b).

In the SVD fitting results, components t1 and t2 exhibit characteris-
tics similar to TpBpy but with longer lifetimes (Fig. 3c&d). There-
fore, t1 should be attributed to the cooling of photo-generated hot
electrons and hot holes at the deep levels and/or polaron formation
(Fig. 3d). For the t2 component, the value of the lifetime and the
spectral lineshape (i.e. the coexistence of B1 and B2) are all similar
to the observations under 530 nm excitation (Fig. 3b). Therefore,
the process should also be assigned to the recombination of the
electrons initially transferred to Ni>* with the holes at HOMO, (Fig.
3d).

The appearance of Al, which is absent under 530 nm excitation,
can be ascribed to the fact that in the b orbitals set, the deep hole
levels are all located on the COFs unit, while the lowest HOMOgy
resides at Ni?* (for the detailed structure, see S.I.). This makes the
cooling less efficient and consequently, intra-COFs excited popu-
lations remain.

The component t3 exhibits distinctive features, combining B2, Al
and a red-shifted B1. The band B2 indicates long-lived hot elec-
trons and holes at deep levels up to 500 ps, in contrast to the TpBpy.
The lifetime of t3 (517 ps) can also be observed in the TRPL decay
(Figure S10), reflecting high-energy-level radiative recombination
between hot electrons and hot holes. This also complies with the



Figure 4. Schematic diagram of the pathway and lifetime excited state dynamics of TpBpy and Ni-TpBpy under a&b) 530 nm, and c&d)

400 nm excitation.

appearance of the steady-state emission band above the absorption
edge in Figure 1b. As the electrons and holes in the a orbitals set
have already undergone fast geminate recombination in component
t2 as discussed above. We believe that component t3 should be as-
signed to the radiative recombination between hot holes and hot
electrons in the b orbitals set (Fig. 4d). Since the HOMOy and
LUMOp are not located in the COFs but in Ni?", hot electron cool-
ing is spatially hindered, as shown in Fig. 2b). The ultra-long com-
ponent t4 features the single band B1. This should correspond to the
recombination of electrons directly excited to Ni?* (from S2) and
the hot holes remaining in the COFs moiety, following a scenario
similar to the 530 nm excitation (Fig. 4b).

Figure 5. Photocatalytic evolutions of CO by Ni-TpBpy under 520
nm and 440 nm excitation (a) and Schematic diagram to rationalize
the catalytic performance under the two excitation conditions (b).

Fig. 4c&d summarize the excited-state dynamics for TpBpy and
Ni-TpBpy under 400 nm excitation. In short, in TpBpy the excited
hot electrons and holes either undergo hot emission or relax to the
band edge. In Ni-TpBpy, the excited state dynamics depend on the
location of the initially excited orbitals compared to the location of
the HOMO/LUMO levels. Efficient electron transfer from the
COFs moiety to Ni?* can be observed, followed by fast geminate
recombination (68 ps) if the initial excitation and the
HOMO/LUMO levels all reside in the COFs unit (left panel of Fig.
4b). If the HOMO/LUMO levels are located at the Ni**, the intra-
COFs excitations of the deep levels are depopulated by hot emis-
sion (517 ps) while the COF to Ni** excitation lead to ultra-long
lived population (> 10 ns) with electrons at Ni** and holes at COFs
(left panel of Fig. 4b))

These excitation-wavelength-dependent excited-state dynamics in
Ni-TpBpy significantly influence the photocatalytic reaction. The
possibility of concurrent intra-COFs and COFs to Ni** excitation at
high-energy excitation in Ni-TpBpy leads to two pools of photo-
generated electrons located either at the COFs or at the Ni?*. This
enables the favorable donation of two electrons for CO2 reduction,
which improves photocatalytic performances at high energy exci-
tation as shown in Fig. 5. In addition, long-lived holes can promote
the hole injection to the scavengers to prevent the hole accumula-
tion that irremediable leads to decreased photocatalytic perfor-
mances via a photochemical degradation process. (for details, see
SD).

In summary, We have elucidated the excited-state dynamics of a
Ni-TpBpy hybrid photocatalyst by combining TD-DFT
calculations and time-resolved laser spectroscopy. We first
investigated the nature of the transition underlying the optical
absorption of TpBpy and Ni-TpBpy using time-dependent DFT
calculations. Based on the analysis, strongly excitation wavelength-
dependent inter-unit charge transfer pathways can be identified in
Ni-TpBpy from the TA measurements. Under band-edge excitation,
the electrons are quickly injected at the Ni?* center within 5 ps but
recombine with the holes residing in TpBpy within a short time (68
ps). Electrons can also recombine with hot holes localized in
TpBpy on a much longer timescale. Under high-energy excitation,
some of the hot electrons are generated, and they remain in COFs
moiety. These favorable concurrent pathways can promote the two-
electron mediated process in CO2 reduction, while preventing hole
accumulation. Our findings pave the way to understanding the
photocatalytic performances of metalized COFs catalysts and



provide the necessary guidance for future rational material
engineering.
Supporting Information

Materials, methods, detailed characterization of TpBpy, Ni-TpBpy
and DFT calculations (PDF), Uv-Vis calculated by TD-DFT calcu-
lations (txt). This material is available free of charge via the internet
at http://pubs.acs.org.
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Materials and methods

5,5'-diamino-2,2"-bipyridine (95%, Yuhao Chemical), Ni(ClO4):6H>O (> 98.0 %, Sigma-
Aldrich), Triformylphloroglucinol (95%, Yuhao Chemical), Mesitylene (98%, Sigma-Aldrich),
1,4-Dioxane (anhydrous, 99.8%, Sigma-Aldrich), glacial acetic acid (ACS reagent, Aldrich),
Nafion (10 wt% in H>O), 1-Propanol (for HPLC, > 99.9%, Sigma-Aldrich), Acetonitrile (for
HPLC, VWR Chemicals), Tetrahydrofuran (for HPLC, VWR Chemicals), Triethanolamine
(TEOA) (= 99.0 %, Sigma-Aldrich).

Synthesis of TpBpy. TpBpy was prepared according to literature methods with a little
modification.! A Pyrex tube (o.d. x i.d. = 10 x 8 mm? and length 25 cm) was charged with
triformylphloroglucinol (Tp) (21 mg, 0.10 mmol), 5,5’- diamino-2,2'- bipyridine (Bpy) (27.9 mg,
0.15 mmol), 0.5 mL 1,4-dioxane, 0.5 mL mesitylene, 0.ImL 6 M aqueous acetic acid. This mixture
was sonicated for 20 min to get a homogeneous dispersion. The tube was flash-frozen in a liquid
nitrogen bath, evacuated to an internal pressure of ca.0.15 mmHg, and flame-sealed. The tube was
placed in an oven at 120 °C for 5 days upon warming to room temperature to afford an orange-red
precipitate. The precipitate was isolated by filtration over a medium glass frit and washed with
anhydrous tetrahydrofuran (THF, 20.0 mL). The product was immersed in anhydrous THF (20.0
mL) for 8 h, during which the activation solvent was decanted and freshly replenished four times.
The solvent was removed by filtration and the precipitate dried under vacuum at 60 °C overnight
to afford TpBpy (42 mg, 86%).

Synthesis of Ni-TpBpy. Ni-TpBpy was prepared according to literature methods with a little
modification.! Ni(ClO4),-6H>0 (30 mg) were dispersed in 20 mL acetonitrile, then TpBpy (50 mg)

was added, the mixture was stirred for 8 h at room temperature. The orange products were filtered,
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washed with acetonitrile for 3 times, dried under vacuum at 60 °C overnight, and used without
further purification.

Photocatalytic Reduction of CO2. The method of photocatalytic reduction of CO; was carried
out according to literature methods with a little modification. Ni-TpBpy (1 mg) was dispersed in
3 mL of CH3CN, and 0.2 mL of TEOA (triethanolamine) in 11 mL septum-sealed glass vials. The
mixture was purged with Ar for 5 min and CO; for 15 min first, then irradiated by a LED lamp
with 520 nm and 440 wavelengths for 8 h and kept stirring during the photocatalytic reaction. The
amount of CO generated was quantified using Shimadzu gas chromatography (GC-2010) by

analyzing 500 pL of the headspace.
Computational methods

To investigate the relationship of the optical properties with molecular structures and electronic
structures, we used a triformylphloroglucinol (Tp) terminated bipyridine (Bpy) molecular
fragment (Fig. S10) to represent the COFs structure. An implicit solvent model was used to reflect
the solvation environment, and implemented using SMD solvation model® in Gaussian 16
package®. Considering the transition metal complex in the fragment, M06-L*® was selected as the
functional and def 2-TZVP!'®!! was selected as the basis set for DFT calculations. Water and #-
propanol parameters were used to represent the solvents in the SMD models.!?> Time-dependent
density functional theory (TD-DFT) calculations were also performed using these parameters. The

UV-vis absorption spectra and electron excitations were analyzed using the Multiwfn program. '3

Characterization

The absorption spectra were measured in a UV-Vis absorption spectrophotometer from Agilent
Technologies (Santa Clara, USA). Photoluminescence (PL) was performed via Spex Fluorolog

1681 standard spectrofluorometer. Time-correlated single-photon counting (TCSPC) was
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performed with excitation laser pulse triggered externally at 2.5 MHz to excite the sample at 438
nm. The emitted photons were detected by a fast avalanche photodiode (SPAD, Micro Photon
Device) with a response time less than 50 ps after passing through a 470 nm long bandpass filter.
Time-resolved photoluminescence (TRPL) spectra at early time scale were also obtained using a
streakcamera (Hamamatsu, C6860). The laser source is an amplified titanium/sapphire laser
providing 800 nm 55-fs pulses at 80 MHz which is then frequency doubled for 400 nm excitation.
It is important to note that during all photophysical measurements, the sample material was
dispersed in Nafion (5% w/w in water and 1-propanol), except for Tp that was dispersed in
acetonitrile.

Transient absorption (TA) spectroscopy measurements. Time-resolved experiments were carried
out on a laser-based spectroscopy setup, with laser pulse fluence as low as 2x10'3 ph/cm?. Samples
for transient absorption experiments were kept in the dark between each measurement. A Coherent
Legend Ti: Sapphire amplifier (800 nm, 100 fs pulse length, 3 kHz repetition rate) was used. The
output is split into pump and probe beams. Excitation pulses at the wavelength of 400 and 530 nm
were generated using an optical parametric amplifier (Topas C, Light Conversion). The probe
pulses (a broad supercontinuum spectrum) were generated from the 800-nm pulses in a CaF>
crystal and split by a beam splitter into a probe pulse and a reference pulse. The probe pulse and
the reference pulse were dispersed in a spectrograph and detected by a diode array. The
Instrumental response time is ~ 100 fs. Global SVD analysis was performed with the Glotaran

software package (http://glotaran.org).
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Supplementary Figure 4: PL decays of the TpBpy and Ni-TpBpy measured in streak camera.
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Supplementary Table 1: Calculated DFT energy levels of the Ni-TpBpy fragment.

Orbital Energy (o, Energy (B, eV)
Name eV)

LUMO+12 | -1.06956757

LUMO+11 | -1.07187156

LUMO+10 | -1.089035329 -1.069567371
LUMO+9 | -1.094767652 -1.071870004




LUMO+8

-1.531433704

-1.089034126

LUMO+7

-1.984508277

-1.094765431

LUMO+6

-2.124905123

-1.526853453

LUMO+5

-2.194679381

-1.959669452

LUMO+4

-2.197352314

-2.121084823

LUMO+3

-2.325792107

-2.194578179

LUMO+2

-2.566775883

-2.19726709

LUMO+1

-2.78796781

-2.319494271

LUMO

-3.228181285

-2.547119934

HOMO

-5.315957294

-2.786374066

HOMO-1

-5.320596762

-2.905893338




HOMO-2

-5.348020088

-3.183312593

HOMO-3 -5.576774803 -3.209822426
HOMO-4 -5.854922471 -5.315944179
HOMO-5 -5.857925693 -5.320529662
HOMO-6 -5.936980865 -5.346701437
HOMO-7 -6.190476381 -5.577804783
HOMO-8 -6.238877148 -5.856911739
HOMO-9 -6.365236443 -5.859383169
HOMO-10 | -6.374666558 -5.933789159
HOMO-11 | -6.43152705 -6.192317056

10




127

128

129

HOMO-12 | -6.455286332 -6.364460223

-6.371223677

-6.425666696

Table S2 | Atomic coordinates of Ni-TpBpy-n-propanol.
Atom xla y/b zlc

C 12.94746 8.09021 2.47272
C 13.61448 6.86961 2.54285
C 14.98855 6.84320 2.52677
C 15.70264 8.03771 2.44028
C 14.97361 9.22457 2.36728
N 13.64959 9.23656 2.38457
N 17.08490 7.99144 2.43322
C 17.93661 9.01609 2.37275
C 19.30784 8.89854 2.39266
C 19.96293 7.60591 2.48625
0] 19.48606 11.24520 2.23533
H 17.54458 7.07852 2.49221
C 11.49334 8.22923 2.49012
N 11.01842 9.48982 2.43568
C 9.71536 9.71746 2.44364
C 8.77470 8.68901 2.50466
C 9.24950 7.37955 2.56346
C 10.60735 7.15677 2.55637
N 7.43620 9.03553 2.50345
C 6.38933 8.20970 2.49744
C 5.07199 8.60780 2.49479
C 4.69818 10.01117 2.50657
0] 4.41538 6.34277 2.46253
H 7.17927 10.02659 2.50013
H 13.06193 5.94384 2.61123
H 15.52336 5.90334 2.58256

11




H 15.45469 10.19073 2.29004
H 17.52029 10.01366 2.30737
H 9.39813 10.75367 2.39907
H 8.57098 6.53984 2.61738
H 10.97815 6.14300 2.60307
H 6.59253 7.14576 2.48954
C 25.36154 2.46709 2.97847
C 26.04080 3.67702 2.96338
C 25.34469 4.86822 2.86216
C 23.95326 4.85927 2.77440
C 23.26694 3.64657 2.78741
C 23.97593 2.46227 2.88975
N 23.30626 6.09502 2.67453
C 22.00348 6.32389 2.61876
C 21.41415 7.57327 2.52351
C 22.20574 8.78481 2.47030
O 19.29088 6.54962 2.53573
H 23.87706 6.94266 2.64426
H 27.12112 3.69676 3.03126
H 25.86977 5.81583 2.85088
H 22.18820 3.62118 2.71573
H 21.34593 5.46366 2.65282
C 0.42315 16.15285 2.57674
C -0.47819 15.09784 2.56687
C -0.02407 13.79139 2.54999
C 1.34504 13.52654 2.54274
C 2.25394 14.58294 2.55205
C 1.78549 15.88537 2.56912
N 1.73658 12.18389 2.52574
C 2.96554 11.69218 2.52351
C 3.28500 10.34427 2.50596
C 2.26099 9.32045 2.48650
O 5.57495 10.90581 2.51785
H 1.00697 11.46800 2.51338
H -0.72267 12.96313 2.54246
H 3.31937 14.39833 2.54568
H 2.49753 16.70102 2.57624
H 3.78712 12.39816 2.53667
C -0.97672 2.58641 2.25046
C 0.38274 2.31245 2.29698
C 1.30224 3.34468 2.34814
C 0.86747 4.66949 2.35307
C -0.49695 4.94930 2.30544
C -1.40604 3.90672 2.25508

12



N 1.84663 5.66743 2.40451
C 1.66631 6.97901 2.42866
C 2.67630 7.92527 2.46503
C 4.06996 7.54608 2.47434
O 1.04602 9.62636 2.48674
H 2.82755 5.38210 242113
H 2.36487 3.13616 2.38461
H -0.85357 5.97017 2.30597
H -2.46438 4.13228 2.21806
H 0.64593 7.34221 2.41691
C 23.99339 16.03082 2.07293
C 22.60827 16.01382 1.99137
C 21.92012 14.81497 2.04382
C 22.61587 13.61449 2.17941
C 24.00703 13.62665 2.26288
C 24.68289 14.83337 2.20845
N 21.86115 12.43744 2.22748
C 22.30577 11.19403 2.32119
C 21.51233 10.06044 2.36980
C 20.07067 10.14225 2.32560
O 23.45707 8.73623 2.50921
H 20.84327 12.51414 2.18693
H 22.05661 16.93933 1.88585
H 20.83887 14.79428 1.97973
H 24.56365 12.70582 2.37227
H 23.37858 11.05146 2.36225
H 25.90609 1.53528 3.05759
H 23.43565 1.52401 2.89868
H 0.06837 17.17510 2.59002
H -1.54352 15.29056 2.57242
H -1.69618 1.77903 2.21020
H 0.73312 1.28812 2.29358
H 24.53210 16.96849 2.03220
H 25.76362 14.83510 2.27466
Ni 12.48348 10.94177 2.30360
O 13.21995 13.02194 -1.27624
Cl 12.52279 14.13276 -0.65576
O 12.48407 15.24606 -1.55086
O 13.21457 14.49589 0.56449
0) 11.17411 13.71405 -0.32381
O 14.11287 12.25809 2.11103
O 12.38233 10.75971 0.19319
H 13.86137 13.02252 1.55802
H 12.78738 11.47887 -0.32777

13



130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

H 14.32686 12.65507 2.97519
H 11.46744 10.72846 -0.11473
o} 12.33927 14.02936 5.99177
Cl 13.28376 14.39697 4.97430
o} 14.00843 15.57250 5.34797
o} 12.59286 14.62456 3.72081
0 14.22521 13.29108 478745
o} 11.16604 12.57732 2.30874
o} 12.52753 11.02109 443022
H 11.57371 13.29112 2.83502
H 11.67527 11.29214 4.79610
H 11.07446 12.95991 1.41588
H 13.16061 11.68643 475470
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caculated Uv-Vis-TpBpy-n-propanol

# 1 2.3446eV 528.81nm f= 1.65630 Spin multiplicity= 1:
H->L97.9%

# 2 24170eV 512.97 nm f= 0.03010 Spin multiplicity= 1:
H-2 -> 1 68.3%, H-1->122.8%, H-2 -> L+1 6.4%

# 3 2.4257eV 511.13nm f= 0.03890 Spin multiplicity= 1:
H-1->L67.4%, H-2 -> L 22.5%, H-1 -> L+1 7.2%

# 4 25125eV 493.47 nm f= 0.00000 Spin multiplicity=1:
H->L1+170.8%, H-3 -> L 28.9%

# 5 2.7013eV 458.98 nm f= 0.16470 Spin multiplicity= 1:
H-1->1+161.6%, H-2 -> L+1 21.2%, H-1 -> L+2 6.2%, H-1 -> L 5.5%

# 6 2.7231eV 45531 nm f= 0.21300 Spin multiplicity=1:
H-2 -> L+1 61.5%, H-1 -> L+1 21.0%, H-2 -> L+2 6.5%, H-2 -> L 5.0%

# 7 2.7410eV 452.33nm f= 0.00680 Spin multiplicity= 1:
H-3->1L63.9%, H-> L+1 24.3%

# 8 2.8416eV 436.32nm f= 0.77120 Spin multiplicity=1:
H-3 -> L+1 50.6%, H -> L+2 46.0%

# 9 2.8714eV 431.79nm f= 0.00030 Spin multiplicity= 1:
H-4 -> L 99.8%

# 10 2.8780eV 430.80 nm f= 0.00020 Spin multiplicity=1:
H-5->1 100.0%

# 11 2.8899eV 429.03nm f= 0.01950 Spin multiplicity=1:
H-6 -> L 36.5%, H-3 -> L+1 33.3%, H -> L+2 28.0%

# 12 2.9789eV 416.21 nm f= 0.07410 Spin multiplicity=1:
H-2 > L+2 47.7%, H -> L+4 30.7%, H-1 -> L+2 16.3%

# 13 2.9874eV 415.02nm f= 0.06460 Spin multiplicity=1:
H->L+344.8%, H-1 -> L+2 38.3%, H-2 -> L+2 12.9%

# 14 3.0126 eV 411.55nm f= 0.27370 Spin multiplicity=1:

H-6 -> L 50.8%, H -> L+2 17.5%, H-3 -> L+1 8.3%, H-2 -> L+4 8.1%, H-1 -> L+3 8.0%



# 15 3.0644eV 404.60 nm f= 0.16160 Spin multiplicity= 1:
H->1+4 59.0%, H-2 -> L+2 13.8%, H-2 -> L+5 12.8%

# 16 3.0870eV 401.63nm f= 0.25600 Spin multiplicity= 1:
H-> L+3 44.1%, H-1 -> L+2 20.5%, H-1 -> L+5 15.7%, H-2 -> L+2 7.1%

# 17 3.0938 eV 400.75nm f= 0.00000 Spin multiplicity=1:
H-4 -> L+1 99.7%

# 18 3.0990eV 400.08 nm f= 0.00380 Spin multiplicity=1:
H -> L+5 59.0%, H-7 -> L 20.6%, H-3 -> L+2 12.5%

# 19 3.1004 eV 399.90 nm f= 0.00000 Spin multiplicity= 1:
H-5 -> L+1 99.5%

# 20 3.1374eV 395.18 nm f= 0.00000 Spin multiplicity=1:
H-2 -> L+3 75.5%, H-1 -> L+3 24.4%

# 21 3.1378 eV 395.13nm f= 0.00010 Spin multiplicity=1:
H-1->1+4 75.5%, H-2 -> L+4 24.3%

# 22 3.1448 eV 394.25nm f= 0.00020 Spin multiplicity=1:
H-6 -> L+1 72.9%, H-3 -> L+2 21.9%

# 23 3.1855eV 389.21 nm f= 0.00060 Spin multiplicity=1:
H-7 -> L 48.2%, H-3 -> L+2 38.0%, H-6 -> L+1 8.8%

# 24 3.2215eV 384.86 nm f= 0.17070 Spin multiplicity=1:
H-1->L+552.8%, H-2 -> L+5 18.8%, H-3 -> L+3 15.4%, H -> L+3 5.6%

# 25 3.2389eV 382.80nm f= 0.17830 Spin multiplicity= 1:
H-2 -> L+5 50.1%, H-3 -> L+4 22.6%, H-1 -> L+5 17.6%

# 26 3.2573 eV 380.63 nm f= 0.00020 Spin multiplicity=1:
H-8 -> L 99.9%

# 27 3.3337eV 371.91nm f= 0.05850 Spin multiplicity= 1:

H-1->1+3 21.6%, H -> L+5 19.8%, H-7 -> L 10.9%, H-3 -> L+2 9.3%, H-2 -> L+3 7.6%, H-2 -> L+4 6.7%, H
->1+6 5.1%

# 28 3.3591eV 369.10 nm f= 0.06840 Spin multiplicity=1:

H-7 > L+172.7%, H-3 -> L+5 8.7%, H-2 -> L+4 8.2%



# 29 3.4020eV 364.45nm f

0.00010 Spin multiplicity=1:

H-9 -> L 99.6%

—+
I

# 30 3.4062eV 364.00 nm 0.00010 Spin multiplicity=1:

H-10->199.7%

-
1]

# 31 3.4141eV 363.15nm 0.51550 Spin multiplicity=1:

H-3 -> L+3 75.9%

-
I

# 32 3.4278 eV 361.70 nm 0.00060 Spin multiplicity=1:
H-11->198.8%

# 33 3.4313 eV 361.33nm f= 0.83430 Spin multiplicity= 1:
H-3 -> L+4 71.2%, H-2 -> L+5 9.4%

# 34 3.4343 eV 361.02nm f= 0.56630 Spin multiplicity=1:
H-3 -> L+5 57.2%, H-2 -> L+4 13.4%, H-6 -> L+2 9.5%

# 35 3.4367eV 360.77 nm f= 0.03360 Spin multiplicity=1:
H-4 -> 1+2 93.3%

# 36 3.4446eV 359.94nm f= 0.00060 Spin multiplicity=1:
H-5->1+2 97.9%

# 37 3.4777 eV 356.51 nm f= 0.00010 Spin multiplicity=1:
H-8 -> L+1 95.1%

# 38 3.4847 eV 355.80nm f= 0.00010 Spin multiplicity= 1:
H-12 -> L 95.0%

# 39 3.5199eV 352.24nm f= 0.01200 Spin multiplicity= 1:
H-6 -> L+2 53.7%, H -> L+6 28.7%

# 40 3.5509 eV 349.16 nm f= 0.00020 Spin multiplicity=1:
H-2 -> L+6 75.3%, H-1 -> L+6 24.5%

# 41 3.5664 eV 347.65nm f= 0.11230 Spin multiplicity= 1:
H->1+647.2%, H-6 -> L+2 12.2%, H-1 -> L+3 12.1%

# 42 3.5689eV 347.40nm f= 0.12510 Spin multiplicity=1:
H-1->1+6 67.4%, H-2 -> L+6 22.3%

# 43 3.6253 eV 342.00 nm f= 0.00000 Spin multiplicity=1:



H-9 -> L+1 97.8%

# 44 3.6290eV 341.65nm f= 0.00000
H-10 -> L+1 93.2%, H-4 -> L+4 5.3%

# 45 3.6355eV 341.04 nm f= 0.00010
H-4 -> L+3 94.0%, H-5 -> L+3 5.3%

# 46 3.6405eV 340.57 nm f= 0.00000
H-5 -> L+4 68.3%, H-4 -> L+4 30.6%

# 47 3.6449eV 340.16 nm f= 0.00000
H-11 -> L+1 68.3%, H-5 -> L+3 29.6%

# 48 3.6502 eV 339.66 nm f= 0.00000
H-4 -> 1L+4 62.2%, H-5 -> L+4 30.9%

# 49 3.6579eV 338.95nm f= 0.00000
H-5 -> L+3 63.7%, H-11 -> L+1 30.5%

# 50 3.6820eV 336.73nm f= 0.00000
H-4 -> L+5 91.4%, H-5 -> L+5 5.8%

# 51 3.6871eV 336.26 nm f= 0.00010
H-5 -> L+5 93.3%, H-4 -> L+5 5.5%

# 52 3.7047 eV 334.67 nm f= 0.00000
H-12 -> L+1 97.4%

# 53 3.7219eV 333.12nm f= 0.00140
H-7 -> L+2 62.3%, H-6 -> L+5 32.6%

# 54 3.7415eV 331.38nm f= 0.11290
H-6 -> L+4 85.9%, H-7 -> L+4 9.6%

# 55 3.7449eV 331.07nm f= 0.11030

Spin multiplicity=1:

Spin multiplicity=1:

Spin multiplicity= 1:

Spin multiplicity=1:

Spin multiplicity= 1:

Spin multiplicity=1:

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:

H-6 -> L+3 47.1%, H-3 -> L+6 26.9%, H-7 -> L+3 6.3%

# 56 3.7462eV 330.96 nm f= 0.08450
H-6 -> L+3 38.4%, H-3 -> L+6 37.2%
# 57 3.7515eV 330.49 nm f= 0.00060

H-13 -> L 97.8%

Spin multiplicity= 1:

Spin multiplicity= 1:



-
1l

# 58 3.7540eV 330.27 nm 0.00560 Spin multiplicity=1:

H-14 -> L 96.8%

—+
I

# 59 3.7559eV 330.11 nm 0.00240 Spin multiplicity=1:

H-15->L97.9%

-
1]

# 60 3.7578 eV 329.94 nm 0.00060 Spin multiplicity=1:

H-16 -> L 97.4%

# 61 3.7838eV 327.67 nm f= 0.00340 Spin multiplicity= 1:
H-17 -> 1 79.6%, H-18 -> L 13.9%

# 62 3.8077eV 325.61 nm f= 0.03470 Spin multiplicity=1:
H-18 -> L 42.5%, H -> L+7 30.3%, H-6 -> L+2 5.2%

# 63 3.8224eV 324.36 nm f= 0.00010 Spin multiplicity=1:
H-8 -> L+2 98.3%

# 64 3.8287 eV 323.83nm f= 0.02070 Spin multiplicity=1:

H-2 -> L+4 12.4%, H-1 -> L+7 12.3%, H-7 -> L+2 10.7%, H-7 -> L 9.7%, H -> L+5 7.3%, H-6 -> L+1 6.9%, H-
6 ->L+56.9%, H-3 -> L+2 6.3%

# 65 3.8394eV 322.93nm f= 0.00430 Spin multiplicity=1:
H-2 -> L+7 57.3%, H-1 -> L+7 26.8%, H -> L+7 5.8%
# 66 3.8416eV 322.74nm f= 0.00160 Spin multiplicity= 1:
H-2 -> L+7 39.3%, H-1 -> L+7 37.8%, H -> L+7 5.6%
# 67 3.8431eV 322.62nm f= 0.00370 Spin multiplicity= 1:
H-1->1+7 22.5%, H -> L+7 19.8%, H-6 -> L+5 18.5%, H-3 -> L+6 7.2%, H-7 -> L+2 6.2%
# 68 3.8918 eV 318.58 nm f= 0.00920 Spin multiplicity=1:
H-6 -> L+5 25.4%, H-3 -> L+6 13.2%, H-7 -> L+2 11.8%, H -> L+7 9.6%, H-19 -> L 8.9%, H-3 -> L+2 5.1%
# 69 3.9034eV 317.63nm f= 0.04320 Spin multiplicity= 1:
H-18 -> 1L 21.5%, H -> L+8 19.1%, H-20 -> L 9.9%, H-7 -> L+5 8.6%, H-17 -> L 7.8%
# 70 3.9576 eV 313.28 nm f= 0.00830 Spin multiplicity=1:
H-20 -> L 64.5%, H-19 -> L 14.0%, H -> L+8 9.2%
# 71 3.9623 eV 312.91nm f= 0.00100 Spin multiplicity= 1:

H-19 -> L 69.1%, H-20 -> L 14.8%



# 72 3.9737eV 312.01 nm

H-9 -> L+2 95.3%

# 73 3.9749eV 311.92nm

H-10 -> L+2 95.4%

# 74 3.9804eV 311.49 nm

H-14 -> L+1 94.5%

# 75 3.9820eV 311.36 nm

H-13 -> L+1 94.0%

# 76 3.9839eV 311.21nm

H-16 -> L+1 93.9%

# 77 3.9862eV 311.03 nm

H-15->1+192.3%

# 78 3.9881eV 310.89nm

H-11 -> L+2 99.6%

# 79 3.9981eV 310.11 nm

-
1l

-
I

-
1]

—+
I

—+
]

-
1]

—+
]

f=

H-22 -> L 84.6%, H-21 -> L 5.6%

# 80 4.0008 eV 309.90 nm

f=

0.00000 Spin multiplicity=1:

0.00000 Spin multiplicity=1:
0.00100 Spin multiplicity=1:
0.00070 Spin multiplicity=1:
0.00080 Spin multiplicity=1:
0.00120 Spin multiplicity=1:
0.00000 Spin multiplicity= 1:
0.00070

Spin multiplicity= 1:

0.00020 Spin multiplicity=1:

H-17 -> L+1 76.2%, H-18 -> L+1 20.4%

# 81 4.0037 eV 309.67 nm f= 0.00140

H-21 ->L 85.9%, H-22 -> L 6.2%

# 82 4.0184eV 308.54 nm

H-8 -> L+3 97.5%

# 83 4.0237eV 308.13 nm

H-8 -> L+4 95.9%

# 84 4.0334eV 307.39nm

f=

f=

f=

Spin multiplicity= 1:
0.00040 Spin multiplicity=1:
0.00080

Spin multiplicity= 1:

0.01640 Spin multiplicity=1:

H-7 -> L+3 65.4%, H-1 -> L+8 14.3%, H-6 -> L+3 6.6%

# 85 4.0339eV 307.36 nm f= 0.02500 Spin multiplicity=1:

H-7 -> L+4 62.8%, H-2 -> L+8 16.7%, H-6 -> L+4 5.7%

# 86 4.0396eV 306.92 nm f= 0.05440 Spin multiplicity=1:



H-7 -> L+5 39.5%, H-3 -> L+7 28.0%, H-18 -> L+1 9.8%, H-6 -> L+6 6.7%
# 87 4.0461eV 306.43nm f= 0.00110 Spin multiplicity=1:
H-12 -> L+2 88.0%, H-4 -> L+6 6.2%

# 88 4.0497 eV 306.16 nm f= 0.00000 Spin multiplicity=1:
H-4 -> L+6 90.2%

# 89 4.0528 eV 305.92nm f= 0.02410 Spin multiplicity= 1:
H-3 -> L+7 32.1%, H-7 -> L+5 32.0%, H-18 -> L+1 18.6%

# 90 4.0572eV 305.59 nm f= 0.00000 Spin multiplicity=1:
H-5->1+6 97.7%

# 91 4.0645eV 305.04 nm f= 0.00060 Spin multiplicity=1:
H-8 -> L+5 89.5%, H-12 -> L+2 5.8%

# 92 4.0724eV 304.45nm f= 0.00210 Spin multiplicity=1:
H-18 -> L+1 43.3%, H-3 -> L+7 33.1%, H-17 -> L+1 12.2%

# 93 4.0784eV 304.00 nm f= 0.00100 Spin multiplicity=1:
H->1+994.8%

# 94 4.0791eV 303.95nm f= 0.00050 Spin multiplicity=1:
H->1+1094.4%

# 95 4.0822eV 303.72nm f= 0.00050 Spin multiplicity=1:
H->1+1195.4%

# 96 4.0828 eV 303.67 nm f= 0.00090 Spin multiplicity=1:
H->1+12 95.3%

# 97 4.1306eV 300.16 nm f= 0.00020 Spin multiplicity=1:
H-1->L+8 60.5%, H-2 -> L+8 19.2%, H-7 -> L+3 12.8%

# 98 4.1367eV 299.72 nm f= 0.00020 Spin multiplicity=1:
H-2 -> L+8 57.8%, H-1 -> L+8 18.6%, H-7 -> L+4 14.9%

# 99 4.1628 eV 297.84nm f= 0.00110 Spin multiplicity= 1:
H-6 -> L+6 83.5%

#100 4.1669eV 297.55nm f= 0.00000 Spin multiplicity=1:

H-9 -> L+4 99.3%



#101 4.1701eV 297.32nm f= 0.00000
H-10 -> L+3 91.0%, H-9 -> L+3 8.7%

#102 4.1719eV 297.19nm f= 0.00000
H-9 -> L+3 88.0%, H-10 -> L+3 8.8%

#103 4.1804 eV 296.58 nm f= 0.00010
H-10 -> L+4 95.8%

#104 4.1899eV 295.91nm f= 0.00000
H-11 -> L+4 99.3%

#105 4.1990eV 295.27 nm f= 0.00070
H-19 -> L+1 66.3%, H-20 -> L+1 21.2%

#106 4.1991eV 295.26 nm f= 0.00000
H-2 -> 1+9 74.7%, H-1 -> L+9 24.6%

#107 4.1999eV 295.21nm f= 0.00000
H-1->1+10 75.2%, H-2 -> L+10 24.6%

#108 4.2031eV 294.98 nm f= 0.00000
H-2 -> L+11 75.6%, H-1 -> L+11 24.0%

#109 4.2039eV 294.93nm f= 0.00000
H-1->1+12 75.7%, H-2 -> L+12 24.0%

#110 4.2103eV 294.48 nm f= 0.00000
H-11 -> L+3 95.2%

#111 4.2127eV 29431 nm f= 0.00020
H-20 -> L+1 68.4%, H-19 -> L+1 21.0%

#112 4.2131eV 294.28 nm f= 0.00000
H-9 -> L+5 94.5%

#113 4.2219eV 293.67 nm f= 0.00000
H-10 -> L+5 96.7%

#114 4.2327eV 29292 nm f= 0.00000
H-11 -> L+5 92.9%, H-12 -> L+3 5.0%

#115 4.2401eV 292.41nm f= 0.00310

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:

Spin multiplicity= 1:



H->1+8 32.3%, H-18 -> L+2 15.4%, H-17 -> L+2 14.3%, H-7 -> L+6 6.4%
#116 4.2463 eV 291.98nm f= 0.00000 Spin multiplicity= 1:

H-12 -> L+3 94.5%
#117 4.2492eV 291.78 nm f= 0.00650 Spin multiplicity=1:

H-21 -> 1+1 27.1%, H-1 -> L+9 23.8%, H-1 -> L+11 12.7%, H-16 -> L+2 10.8%, H-2 -> L+9 7.8%
#118 4.2541eV 291.45nm f= 0.00220 Spin multiplicity= 1:

H-1->1+9 29.0%, H-21 -> L+1 19.2%, H-1 -> L+11 10.9%, H-2 -> L+9 9.4%, H-14 -> L+2 7.3%, H-16 -> L+2
6.2%

#119 4.2549eV 291.39nm f= 0.01060 Spin multiplicity=1:

H-2 -> L+10 33.1%, H-2 -> L+12 18.4%, H-15 -> L+2 12.7%, H-1 -> L+10 11.0%, H-1 -> L+12 5.9%, H-22 ->
L+15.1%

#120 4.2560eV 291.32 nm f= 0.00000 Spin multiplicity=1:
H-12 -> L+4 97.7%
#121 4.2567 eV 291.27 nm f= 0.01260 Spin multiplicity=1:
H-21->L+1 36.5%, H-1 -> L+11 28.2%, H-14 -> L+2 9.2%, H-2 -> L+11 8.3%
#122 4.2576 eV 291.21 nm f= 0.00610 Spin multiplicity=1:
H-2 -> L+12 30.4%, H-2 -> L+10 19.9%, H-13 -> L+2 14.9%, H-1 -> L+12 10.1%, H-1 -> L+10 6.6%
#123 4.2685eV 290.46 nm f= 0.00380 Spin multiplicity=1:
H-22 -> 1+1 76.4%
#124 4.2902eV 288.99 nm f= 0.00000 Spin multiplicity= 1:
H-12 -> L+5 98.4%
#125 4.3251eV 286.66 nm f= 0.00370 Spin multiplicity=1:
H-13 -> L+2 73.7%, H-3 -> L+12 10.1%, H-2 -> L+12 7.8%
#126 4.3269eV 286.54 nm f= 0.00290 Spin multiplicity=1:
H-15 -> L+2 76.0%, H-3 -> L+10 10.2%, H-2 -> L+10 6.0%
#127 4.3317eV 286.23nm f= 0.00300 Spin multiplicity=1:
H-14 -> L+2 69.7%, H-3 -> L+11 13.2%, H-1 -> L+11 7.9%
#128 4.3334eV 286.11 nm f= 0.00400 Spin multiplicity=1:

H-16 -> L+2 71.2%, H-3 -> L+9 14.5%, H-1 -> L+9 6.2%



#129 4.3374eV 285.85nm f= 0.00010 Spin multiplicity=1:
H-4 -> L+7 95.4%

#130 4.3437eV 285.43nm f= 0.00000 Spin multiplicity= 1:
H-5 -> L+7 98.9%

#131 4.3464eV 285.26 nm f= 0.00320 Spin multiplicity=1:
H-17 -> L+2 53.3%, H-7 -> L+6 29.5%

#132 4.3570eV 284.56nm f= 0.00330 Spin multiplicity=1:
H-18 -> L+2 44.9%, H-7 -> L+6 32.7%, H-17 -> L+2 11.4%

#133 4.3757 eV 283.35nm f= 0.00010 Spin multiplicity=1:
H-3 -> L+8 73.8%

#134 4.4180eV 280.63nm f= 0.00660 Spin multiplicity=1:
H-3 -> 1+10 76.6%, H-15 -> L+4 12.4%

#135 4.4189eV 280.58 nm f= 0.01090 Spin multiplicity=1:
H-3 -> L+9 66.5%, H-16 -> L+3 10.9%, H-3 -> L+11 6.7%

#136 4.4206eV 280.47 nm f= 0.00420 Spin multiplicity=1:
H-3 ->L+11 68.1%, H-14 -> L+3 11.2%, H-3 -> L+9 6.0%

#137 4.4212eV 280.43 nm f= 0.00580 Spin multiplicity=1:
H-3 ->1+12 75.2%, H-13 -> L+4 13.3%

#138 4.4281eV 279.99 nm f= 0.01940 Spin multiplicity=1:
H-6 -> L+7 65.9%, H-7 -> L+6 15.3%

#139 4.4682eV 277.48 nm f= 0.00010 Spin multiplicity=1:
H-8 -> L+6 97.4%

#140 4.5049 eV 275.22 nm f= 0.00270 Spin multiplicity=1:

H-20 -> L+2 17.9%, H-18 -> L+2 17.5%, H-6 -> L+8 17.0%, H-17 -> L+2 8.1%, H-6 -> L+7 6.7%, H -> L+8
5.4%

#141 4.5074eV 275.07 nm f= 0.00000 Spin multiplicity=1:
H-13 -> L+3 99.6%
#142 4.5088eV 27498 nm f= 0.00000 Spin multiplicity=1:

H-14 -> L+4 99.5%



#143 4.5116eV 274.81 nm f= 0.00000 Spin multiplicity=1:
H-15 -> L+3 98.8%
#144 4.5126eV 274.75nm f= 0.00000 Spin multiplicity=1:
H-16 -> L+4 98.9%
#145 4.5392eV 273.14nm f= 0.00100 Spin multiplicity=1:
H-13 -> L+5 58.3%, H-13 -> L+4 17.2%, H-19 -> L+2 6.9%
#146 4.5404eV 273.07 nm f= 0.00030 Spin multiplicity= 1:
H-17 ->1+3 79.2%, H-18 -> L+3 13.4%
#147 4.5415eV 273.00 nm f= 0.00070 Spin multiplicity=1:
H-17 -> L+4 36.2%, H-15 -> L+5 29.1%, H-15 -> L+4 12.2%
#148 4.5429eV 27292 nm f= 0.00010 Spin multiplicity=1:
H-17 -> L+4 36.3%, H-14 -> L+5 17.0%, H-15 -> L+5 10.8%, H-13 -> L+5 7.9%, H-18 -> L+4 7.4%
#149 4.5438 eV 272.86 nm f= 0.00100 Spin multiplicity=1:
H-14 -> L+5 52.3%, H-15 -> L+5 18.6%, H-14 -> 1L+3 10.7%, H-15 -> L+4 6.2%, H-17 -> L+4 5.3%
#150 4.5469eV 272.68 nm f= 0.00060 Spin multiplicity=1:
H-16 -> L+5 74.5%, H-16 -> L+3 16.9%
#151 4.5553eV 272.18 nm f= 0.00620 Spin multiplicity=1:
H-19 -> L+2 35.4%, H-20 -> L+2 11.8%, H-20 -> L+5 7.6%, H-22 -> L+2 7.2%
#152 4.5563eV 272.12nm f= 0.00100 Spin multiplicity=1:
H-22 -> L+2 56.1%, H-18 -> L+4 18.2%
#153 4.5617eV 271.79 nm f= 0.00520 Spin multiplicity=1:
H-21 -> L+2 48.8%, H-18 -> L+3 26.3%, H-19 -> L+3 5.4%
#154 4.5659eV 271.54nm f= 0.00170 Spin multiplicity=1:
H-23 -> L 48.1%, H-17 -> L+5 21.8%
#155 4.5820eV 270.59nm f= 0.00130 Spin multiplicity=1:
H-9 -> L+6 81.4%, H-17 -> L+5 6.5%
#156 4.5827 eV 270.55nm f= 0.01140 Spin multiplicity=1:

H-20 -> L+2 23.8%, H-19 -> L+2 14.0%, H-17 -> L+5 13.6%, H-9 -> L+6 13.2%, H-18 -> L+5 6.2%, H-19 ->
L+5 6.0%



#157 4.5837eV 270.49 nm f= 0.00010 Spin multiplicity=1:
H-10 -> L+6 97.8%
#158 4.5876eV 270.26 nm f= 0.00120 Spin multiplicity= 1:
H-17 -> L+5 34.4%, H-18 -> L+5 24.2%, H-7 -> L+7 8.6%, H-23 -> L 7.0%, H-24 -> L 5.1%
#159 4.5973eV 269.69 nm f= 0.01790 Spin multiplicity=1:
H-14 -> L+3 49.1%, H-14 -> L+5 14.5%, H-6 -> L+11 11.9%
#160 4.5997eV 269.55nm f= 0.00690 Spin multiplicity=1:
H-16 -> L+3 45.6%, H-16 -> L+5 15.7%, H-6 -> L+9 11.9%
#161 4.6028 eV 269.37 nm f= 0.00200 Spin multiplicity= 1:
H-4 > L+8 74.1%, H-11 -> L+6 7.7%, H-13 -> L+4 6.9%
#162 4.6031eV 269.35nm f= 0.01100 Spin multiplicity=1:
H-13 -> L+4 33.4%, H-13 -> L+5 14.7%, H-4 -> L+8 14.3%, H-6 -> L+12 9.1%
#163 4.6045eV 269.27 nm f= 0.00000 Spin multiplicity=1:
H-11 -> L+6 83.3%, H-4 -> L+8 10.9%, H-5 -> L+8 5.0%
#164 4.6058 eV 269.19 nm f= 0.01000 Spin multiplicity=1:
H-15 -> L+4 40.4%, H-15 -> L+5 22.0%, H-6 -> L+10 12.4%
#165 4.6097 eV 268.96 nm f= 0.00000 Spin multiplicity=1:
H-5 -> L+8 93.9%, H-11 -> L+6 5.5%
#166 4.6148eV 268.67 nm f= 0.02060 Spin multiplicity=1:

H-18 -> L+4 24.5%, H-7 -> L+7 20.6%, H-24 -> L 7.0%, H-17 -> L+4 6.5%, H-22 -> L+2 5.9%, H -> L+14
5.4%, H-18 -> L+5 5.3%

#167 4.6166eV 268.56 nm f= 0.01460 Spin multiplicity=1:

H-7 -> L+7 23.8%, H-18 -> L+4 21.8%, H-24 -> L 8.6%, H-18 -> L+5 6.5%, H-17 -> L+4 5.8%, H -> L+14
5.5%, H-22 -> L+2 5.0%

#168 4.6221eV 268.24 nm f= 0.03710 Spin multiplicity=1:

H-18 -> L+3 40.6%, H-21 -> L+2 18.0%, H -> L+13 16.9%, H-17 -> L+3 11.5%
#169 4.6743 eV 265.25nm f= 0.00120 Spin multiplicity=1:

H-12 -> L+6 96.7%

#170 4.6877 eV 264.49 nm f= 0.00040 Spin multiplicity=1:



H-19 -> L+4 51.4%, H-20 -> L+4 45.1%

#171 4.6879eV 264.48 nm f= 0.00050 Spin multiplicity=1:
H-20 -> L+3 57.1%, H-19 -> L+3 38.9%

#172 4.6933eV 264.17 nm f= 0.00740 Spin multiplicity=1:
H-24 -> L 45.0%, H-7 -> L+7 30.2%, H-6 -> L+8 5.2%

#173 4.6967 eV 263.98 nm f= 0.00000 Spin multiplicity= 1:
H-4 -> L+9 99.9%

#174 4.6975eV 263.94 nm f= 0.00000 Spin multiplicity=1:
H-4 -> L+10 99.9%

#175 4.7007 eV 263.76 nm f= 0.00000 Spin multiplicity=1:
H-4 -> +11 99.9%

#176 4.7015eV 263.71 nm f= 0.00000 Spin multiplicity=1:
H-4 -> L+12 99.9%

#177 4.7032eV 263.62 nm f= 0.00000 Spin multiplicity=1:
H-5 -> L+9 99.9%

#178 4.7040eV 263.57 nm f= 0.00030 Spin multiplicity=1:
H-5-> L+10 98.6%

#179 4.7042eV 263.56 nm f= 0.01640 Spin multiplicity=1:

H-18 -> L+5 26.0%, H-25 -> L 15.4%, H-17 -> L+5 12.6%, H-23 -> L 11.8%, H-7 -> L+8 7.5%, H-24 -> L
7.3%

#180 4.7072eV 263.39nm f= 0.00000 Spin multiplicity=1:
H-5->1+11 99.9%

#181 4.7073eV 263.39 nm f= 0.00030 Spin multiplicity=1:
H->L1+14 74.9%, H-22 -> L+5 11.0%

#182 4.7080eV 263.35nm f= 0.00000 Spin multiplicity=1:
H-5 -> L+12 100.0%

#183 4.7136eV 263.04 nm f= 0.00190 Spin multiplicity= 1:
H->L1+1367.1%, H-21 -> L+5 11.9%

#184 4.7318 eV 262.02 nm f= 0.00000 Spin multiplicity=1:



H-22 -> L+3 94.0%, H-21 -> L+3 5.8%
#185 4.7322eV 262.00nm f= 0.00000 Spin multiplicity=1:
H-21 -> L+4 94.0%, H-22 -> L+4 5.7%
#186 4.7372eV 261.72 nm f= 0.01090 Spin multiplicity=1:
H-23 -> L+1 32.4%, H-8 -> L+7 30.7%, H-6 -> L+8 15.4%, H -> L+16 9.1%
#187 4.7456eV 261.26 nm f= 0.00200 Spin multiplicity=1:
H-8 -> L+7 53.8%, H-23 -> L+1 29.1%
#188 4.7546eV 260.77 nm f= 0.00030 Spin multiplicity=1:
H ->L+15 55.0%, H -> L+16 18.6%, H-20 -> L+5 10.3%
#189 4.7564eV 260.67 nm f= 0.00020 Spin multiplicity=1:
H-> L+16 40.0%, H-23 -> L+1 21.1%, H -> L+15 20.2%
#190 4.7679eV 260.04 nm f= 0.01040 Spin multiplicity=1:
H-24 -> L+1 34.3%, H-25 -> L 27.7%, H -> L+16 7.4%, H-19 -> L+5 6.5%
#191 4.7918 eV 258.74 nm f= 0.02170 Spin multiplicity=1:
H-19 -> L+5 20.3%, H-24 -> L+1 16.6%, H-21 -> L+3 9.4%, H-6 -> L+8 9.2%
#192 4.7999eV 258.31 nm f= 0.03710 Spin multiplicity=1:
H-21 -> L+5 70.4%
#193 4.8099eV 257.77nm f= 0.02580 Spin multiplicity=1:
H-6 -> L+10 60.2%, H-22 -> L+5 12.8%, H-7 -> L+10 5.5%
#194 4.8102eV 257.75nm f= 0.00010 Spin multiplicity=1:
H-2 -> 1+13 74.3%, H-1 -> L+13 24.7%
#195 4.8109eV 257.72nm f= 0.00000 Spin multiplicity=1:
H-1->1+14 78.0%, H-2 -> L+14 20.6%
#196 4.8120eV 257.66 nm f= 0.02820 Spin multiplicity=1:
H-22 -> L+5 21.7%, H-22 -> L+4 17.3%, H-2 -> L+14 12.5%, H-6 -> L+11 7.6%, H-20 -> L+5 6.6%
#197 4.8134eV 257.58 nm f= 0.01400 Spin multiplicity=1:
H-6 -> L+9 67.4%, H-7 -> L+9 7.2%, H-16 -> L+3 5.2%
#198 4.8142eV 257.54nm f= 0.01600 Spin multiplicity=1:

H-6 -> L+12 67.9%, H-7 -> L+12 6.3%, H-6 -> L+11 5.2%



#199 4.8159eV 257.45nm f= 0.01510 Spin multiplicity=1:
H-6 -> L+11 41.0%, H-22 -> L+5 16.6%, H-6 -> L+12 5.2%
#200 4.8222eV 257.11nm f= 0.01480 Spin multiplicity=1:

H-22 -> L+5 14.7%, H-22 -> L+4 13.1%, H-6 -> L+11 13.1%, H-6 -> L+10 9.1%, H-2 -> L+14 6.5%



caculated Uv-Vis-Ni-TpBpy-n-propanol

# 1 1.9834eV 625.11nm f= 0.00100 Spin multiplicity= ?:

Ha-1->La 39.8%, Hb-1 -> Lb 39.2%, Ha-2 -> La 10.2%, Hb-2 -> Lb 6.2%
# 2 2.0881leV 593.77nm f= 0.00010 Spin multiplicity="?:

Ha-2 -> La 43.2%, Hb-2 -> Lb 35.5%, Ha-1 -> La 11.2%, Hb-1 -> Lb 5.6%
# 3 2.0903eV 593.14nm f= 0.00010 Spin multiplicity= ?:

Ha ->La 56.4%, Hb -> Lb 38.8%
# 4 2.1035eV 589.42 nm f= 0.00010 Spin multiplicity="?:

Hb-9 -> Lb+1 41.8%, Hb-8 -> Lb+1 30.3%, Hb-9 -> Lb+3 11.4%, Hb-11 -> Lb+1 6.9%, Hb-8 -> Lb+3 6.7%
# 5 2.1738eV 570.36 nm f= 0.02180 Spin multiplicity=?:

Hb -> Lb 57.2%, Ha -> La 40.4%
# 6 2.1905eV 566.01 nm f= 0.00010 Spin multiplicity=?:

Hb-11 -> Lb+1 67.9%, Hb-9 -> Lb+1 15.6%, Hb-11 -> Lb+3 13.3%
# 7 22003 eV 563.49nm f= 0.03740 Spin multiplicity=?:

Hb-2 -> Lb 44.8%, Ha-2 -> La 31.0%, Ha-1 -> La 11.2%, Hb-1 -> Lb 10.2%
# 8 2.2601eV 548.58 nm f= 1.77040 Spin multiplicity= ?:

Hb-1->1b 41.2%, Ha-1 -> La 34.4%, Ha-2 -> La 12.2%, Hb-2 -> Lb 9.6%
# 9 2.2833eV 543.00 nm f= 0.00040 Spin multiplicity="?:

Ha-3 -> La 45.4%, Hb-3 -> Lb 38.5%, Hb-1 -> Lb+2 5.4%
# 10 2.3915eV 518.44nm f= 0.00140 Spin multiplicity="?:

Hb-8 -> Lb+3 64.9%, Hb-9 -> Lb+3 30.8%, Hb-11 -> Lb+3 6.2%
# 11 2.4081eV 514.86nm f= 0.00000 Spin multiplicity= ?:

Hb -> Lb+1 98.1%
# 12 2.4146eV 513.48 nm f= 0.00000 Spin multiplicity="?:

Hb -> Lb+2 43.3%, Ha -> La+1 42.5%
# 13 2.4195eV 512.44nm f= 0.00000 Spin multiplicity="?:

Hb-2 -> Lb+1 57.3%, Hb-1 -> Lb+1 42.0%
# 14 2.4294eV 510.35nm f= 0.00010 Spin multiplicity="?:

Hb-1 -> Lb+1 52.3%, Hb-2 -> Lb+1 41.8%



# 15 2.4539eV 505.25nm f= 0.00680 Spin multiplicity="?:
Ha-1-> La+1 45.2%, Hb-1 -> Lb+2 25.8%, Ha-3 -> La 20.0%
# 16 2.4629eV 503.41nm f= 0.02110 Spin multiplicity="?:
Hb-3 -> Lb 29.1%, Ha-3 -> La 19.2%, Hb-1 -> Lb+2 18.8%, Ha-2 -> La+1 17.3%, Hb-2 -> Lb+2 6.8%
# 17 2.4649eV 503.00 nm f= 0.00920 Spin multiplicity="?:
Hb-2 -> Lb+2 35.7%, Hb-3 -> Lb 21.3%, Ha-2 -> La+1 20.5%
# 18 2.5575eV 484.79 nm f= 0.00000 Spin multiplicity="?:

Ha-6 -> La 16.6%, Hb-6 -> Lb 15.7%, Hb-1 -> Lb+4 13.0%, Ha-1 -> La+2 12.6%, Hb-3 -> Lb+2 8.6%, Ha-3
->La+1 8.2%

# 19 2.6120eV 474.67 nm f= 0.05430 Spin multiplicity="?:
Ha-2 -> La+1 36.0%, Hb-2 -> Lb+2 33.8%, Ha-1 -> La+1 11.7%, Hb-1 -> Lb+2 7.1%
# 20 2.6372eV 470.14 nm f= 0.00000 Spin multiplicity="?:
Ha-4 -> La 88.0%, Hb-4 -> Lb 10.9%
# 21 2.6531eV 467.32nm f= 0.00000 Spin multiplicity="?:
Ha-5 -> La 76.4%, Hb-5 -> Lb 20.8%
# 22 2.6536eV 467.23nm f= 0.12340 Spin multiplicity="?:
Ha -> La+1 41.5%, Hb -> Lb+2 40.9%, Ha -> La+2 7.5%, Hb -> Lb+4 6.3%
# 23 2.6652eV 465.20 nm f= 0.00000 Spin multiplicity=?:
Hb-3 -> Lb+1 99.9%
# 24 2.6688 eV 464.57 nm f= 0.00000 Spin multiplicity="?:
Hb-4 -> Lb 86.6%, Ha-4 -> La 11.5%
# 25 2.6770eV 463.15nm f= 0.00130 Spin multiplicity="?:

Ha-6 -> La 27.3%, Hb-6 -> Lb 23.2%, Ha-1 -> La+2 9.7%, Hb-3 -> Lb+2 7.7%, Hb-1 -> Lb+4 7.1%, Ha-3 ->
La+1 6.4%

# 26 2.6858 eV 461.63 nm f= 0.00000 Spin multiplicity="?:
Hb-5 -> Lb 77.8%, Ha-5 -> La 21.8%
# 27 2.6910eV 460.74 nm f= 0.00020 Spin multiplicity="?:

Ha-3 -> La+1 11.4%, Hb-3 -> Lb+2 10.1%, Ha -> La+5 9.7%, Hb -> Lb+7 9.4%, Hb-7 -> Lb 7.3%, Ha-8 -> La
7.3%

# 28 2.6940eV 460.22 nm f= 0.00100 Spin multiplicity="?:



Hb-2 -> Lb+4 31.0%, Ha-2 -> La+2 29.1%, Ha-1 -> La+2 7.6%, Hb-2 -> Lb+2 7.2%, Hb-1 -> Lb+4 5.1%, Ha-
2->La+15.1%

# 29 2.6941eV 460.21 nm f= 0.00000 Spin multiplicity="?:
Hb -> Lb+3 99.2%
# 30 2.6972eV 459.68 nm f= 0.00010 Spin multiplicity="?:
Hb-1 -> Lb+3 56.4%, Ha-1 -> La+1 12.3%, Hb-1 -> Lb+2 10.0%
# 31 2.6997eV 459.25nm f= 0.00070 Spin multiplicity="?:
Hb-1 -> Lb+3 37.3%, Hb-1 -> Lb+2 18.8%, Ha-1 -> La+1 16.0%, Ha-2 -> La+1 6.4%
# 32 2.7080eV 457.84nm f= 0.00010 Spin multiplicity="?:
Hb-2 -> Lb+3 96.7%
# 33 2.7432eV 451.97 nm f= 0.00090 Spin multiplicity="?:
Ha -> La+2 48.0%, Hb -> Lb+4 36.7%
# 34 2.7518 eV 450.56 nm f= 0.00020 Spin multiplicity="?:
Ha-1->Lla+2 17.9%, Ha-3 -> La+1 16.1%, Hb-3 -> Lb+2 14.4%, Hb-1 -> Lb+4 13.9%, Ha-2 -> La+2 7.2%
# 35 2.7871eV 444.85nm f= 0.00100 Spin multiplicity="?:
Ha-7 -> La 98.7%
# 36 2.7974eV 443.21nm f= 0.10810 Spin multiplicity="?:
Hb-6 -> Lb 34.3%, Ha-6 -> La 27.3%, Hb-1 -> Lb+4 17.3%, Ha-1 -> La+2 11.1%
# 37 2.8298 eV 438.14nm f= 0.26210 Spin multiplicity="?:
Hb-3 -> Lb+2 25.7%, Ha-6 -> La 11.9%, Ha-1 -> La+3 6.0%, Hb-1 -> Lb+5 5.9%, Ha-2 -> La+4 5.7%
# 38 2.8344eV 437.43nm f= 0.20550 Spin multiplicity=?:
Hb -> Lb+4 27.1%, Ha -> La+2 23.1%, Ha-3 -> La+1 11.8%
# 39 2.8354eV 437.27 nm f= 0.26710 Spin multiplicity="?:
Ha-3 -> La+1 18.0%, Hb -> Lb+4 17.9%, Ha -> La+2 12.7%, Hb-6 -> Lb 6.3%
# 40 2.9211eV 424.44nm f= 0.00030 Spin multiplicity="?:
Ha-8 -> La 31.1%, Hb-7 -> Lb 26.8%, Hb-2 -> Lb+6 5.8%, Ha-3 -> La+2 5.6%, Ha-2 -> La+4 5.1%
# 41 2.9327eV 422.76 nm f= 0.00040 Spin multiplicity="?:
Hb-4 -> Lb+1 98.9%

# 42 2.9336eV 422.63nm f= 0.00010 Spin multiplicity="?:



Hb -> Lb+5 32.9%, Ha -> La+3 32.0%, Hb -> Lb+4 5.2%
# 43 2.9368 eV 422.17 nm f= 0.34780 Spin multiplicity="?:

Hb-2 -> Lb+4 33.0%, Ha-2 -> La+2 28.5%, Ha-1 -> La+2 9.7%, Hb-1 -> Lb+4 7.6%
# 44 2.9405eV 421.64nm f= 0.00140 Spin multiplicity="?:

Hb -> Lb+7 20.5%, Ha -> La+5 16.9%, Hb-1 -> Lb+5 16.3%, Ha-1 -> La+3 16.2%
# 45 2.9493eV 420.39 nm f= 0.00010 Spin multiplicity="?:

Hb-5 -> Lb+1 99.8%
# 46 2.9506 eV 420.20 nm f= 0.00020 Spin multiplicity="?:

Hb-3 -> Lb+3 98.3%
# 47 2.9617eV 418.63nm f= 0.01020 Spin multiplicity="?:

Ha-3 -> La+1 15.3%, Hb-3 -> Lb+2 14.6%, Hb-1 -> Lb+4 13.2%, Ha-1 -> La+2 11.4%, Ha -> La+5 7.6%, Ha-
2->la+25.3%

# 48 2.9791eV 416.18 nm f= 0.00050 Spin multiplicity="?:
Ha-3 -> La+2 32.5%, Hb-3 -> Lb+4 29.0%, Ha-2 -> La+4 11.6%, Hb-2 -> Lb+6 8.4%

# 49 3.0203 eV 410.50 nm f= 0.00000 Spin multiplicity="?:
Hb-6 -> Lb+1 97.2%

# 50 3.0363 eV 408.34 nm f= 0.00000 Spin multiplicity=?:
Ha-4 -> La+1 59.7%, Hb-4 -> Lb+2 38.1%

# 51 3.0390eV 407.98 nm f= 0.00110 Spin multiplicity="?:
Ha-2 -> La+3 74.5%, Ha-1 -> La+3 23.7%

# 52 3.0468 eV 406.93 nm f= 0.00060 Spin multiplicity=?:
Hb-2 -> Lb+5 81.5%, Hb-1 -> Lb+5 17.0%

# 53 3.0548 eV 405.87 nm f= 0.00420 Spin multiplicity="?:
Hb-8 -> Lb 98.2%

# 54 3.0603 eV 405.14 nm f= 0.00000 Spin multiplicity="?:

Hb-1 -> Lb+6 34.6%, Ha-1 -> La+4 28.2%, Ha-2 -> La+4 8.3%, Ha-2 -> La+6 6.0%, Hb-2 -> Lb+6 5.4%, Hb-
2 ->Lb+8 5.4%

# 55 3.0662 eV 404.36 nm f= 0.00000 Spin multiplicity="?:

Hb-4 -> Lb+2 34.0%, Ha-4 -> La+1 25.3%, Ha-5 -> La+1 22.0%, Hb-5 -> Lb+2 17.7%



# 56 3.0694eV 403.94nm f= 0.00010 Spin multiplicity=?:
Ha-5 -> La+1 30.6%, Hb-5 -> Lb+2 27.4%, Hb-4 -> Lb+2 26.7%, Ha-4 -> La+1 14.0%
# 57 3.0728 eV 403.49 nm f= 0.01490 Spin multiplicity="?:

Ha-1-> La+6 24.6%, Ha-8 -> La 12.9%, Hb-1 -> Lb+8 11.3%, Ha-6 -> La+1 8.6%, Ha-3 -> La+2 8.3%, Hb-2
-> Lb+6 6.1%

# 58 3.0781eV 402.79 nm f= 0.06620 Spin multiplicity="?:
Hb-7 -> Lb 25.4%, Hb-1 -> Lb+8 13.6%, Ha-8 -> La 10.5%, Hb-1 -> Lb+5 10.1%, Ha-1 -> La+3 8.5%
# 59 3.0838 eV 402.05nm f= 0.09240 Spin multiplicity="?:
Ha -> La+3 32.0%, Hb -> Lb+5 31.5%, Ha-1 -> La+5 14.4%, Hb-1 -> Lb+7 11.7%
# 60 3.0865eV 401.70 nm f= 0.00010 Spin multiplicity=?:
Hb-5 -> Lb+2 53.7%, Ha-5 -> La+1 45.9%
# 61 3.0983 eV 400.17 nm f= 0.00230 Spin multiplicity="?:
Hb-9 -> Lb 68.4%, Hb-1 -> Lb+7 9.3%, Ha-1 -> La+5 7.5%
# 62 3.0994 eV 400.03nm f= 0.00030 Spin multiplicity=?:
Hb-1 -> Lb+7 29.7%, Ha-1 -> La+5 24.1%, Hb-9 -> Lb 22.7%, Hb -> Lb+5 5.4%, Ha-2 -> La+5 5.1%
# 63 3.1060eV 399.18 nm f= 0.00150 Spin multiplicity="?:
Hb-3 -> Lb+4 40.2%, Ha-3 -> La+2 31.1%
# 64 3.1153 eV 397.98 nm f= 0.01590 Spin multiplicity=?:
Hb-6 -> Lb+2 49.2%, Hb-1 -> Lb+5 10.9%, Ha-1 -> La+6 5.8%, Ha-6 -> La+1 5.4%
# 65 3.1170eV 397.77 nm f= 0.00030 Spin multiplicity="?:
Ha -> La+4 66.9%, Hb -> Lb+6 31.8%
# 66 3.1171eV 397.75nm f= 0.00010 Spin multiplicity="?:
Hb -> Lb+6 67.5%, Ha -> La+4 32.0%
# 67 3.1192eV 397.49nm f= 0.02680 Spin multiplicity="?:
Ha-6 -> La+1 42.3%, Ha-1 -> La+3 15.2%, Hb-1 -> Lb+8 7.4%, Hb-1 -> Lb+5 7.2%, Ha-2 -> La+3 5.4%
# 68 3.1440eV 394.35nm f= 0.00010 Spin multiplicity="?:
Ha-2 -> La+5 50.5%, Hb-2 -> Lb+7 26.4%, Ha-1 -> La+5 15.5%, Hb-1 -> Lb+7 5.8%
# 69 3.1442eV 394.33nm f= 0.00000 Spin multiplicity="?:

Hb-2 -> Lb+7 58.5%, Ha-2 -> La+5 27.1%, Hb-1 -> Lb+7 8.3%, Ha-1 -> La+5 5.6%



# 70 3.1550eV 392.98 nm f= 0.07660 Spin multiplicity=?:

Ha-1-> La+4 32.4%, Hb-1 -> Lb+6 29.0%, Ha-2 -> La+4 9.5%, Ha-2 -> La+6 8.8%, Hb-2 -> Lb+8 5.3%, Hb-
2 ->Lb+6 5.2%

# 71 3.1596eV 39240 nm f= 0.00060 Spin multiplicity="?:

Hb-3 -> Lb+5 20.4%, Ha-3 -> La+3 20.3%
# 72 3.1640eV 391.86 nm f= 0.00000 Spin multiplicity="?:

Ha-9 -> La 80.2%, Hb-10 -> Lb 14.5%
# 73 3.1761eV 390.37 nm f= 0.00000 Spin multiplicity="?:

Ha-10 -> La 78.3%, Hb-12 -> Lb 16.7%
# 74 3.1783 eV 390.10 nm f= 0.00140 Spin multiplicity="?:

Hb-2 -> Lb+8 36.3%, Ha-2 -> La+6 32.3%, Hb-1 -> Lb+6 8.0%, Ha-1 -> La+6 7.3%, Hb-1 -> Lb+8 6.1%
# 75 3.1868 eV 389.06 nm f= 0.00040 Spin multiplicity="?:

Hb-10 -> Lb 50.0%, Ha-9 -> La 15.5%, Hb-11 -> Lb 9.2%, Ha-11 -> La 7.7%
# 76 3.1878 eV 388.93nm f= 0.00410 Spin multiplicity="?:

Hb-11 -> Lb 21.3%, Hb-10 -> Lb 20.8%, Ha-6 -> La+1 13.5%, Hb-6 -> Lb+2 11.0%
# 77 3.1920eV 388.42 nm f= 0.08280 Spin multiplicity="?:

Ha -> La+6 38.2%, Ha-1 -> La+5 13.7%, Hb -> Lb+8 12.2%, Hb-1 -> Lb+7 11.5%, Ha-2 -> La+5 5.5%
# 78 3.1922eV 388.40 nm f= 0.00820 Spin multiplicity=?:

Ha-12 -> La 24.1%, Ha-11 -> La 23.0%, Hb-14 -> Lb 15.5%, Hb-13 -> Lb 10.6%, Hb-10 -> Lb 9.1%
# 79 3.1945eV 388.12nm f= 0.01510 Spin multiplicity=?:

Ha-12 -> La 29.0%, Hb-14 -> Lb 15.0%, Hb-11 -> Lb 14.5%, Ha-11 -> La 8.5%, Hb-13 -> Lb 7.6%
# 80 3.1967 eV 387.85nm f= 0.02510 Spin multiplicity="?:

Hb-11 -> Lb 43.6%, Ha-11 -> La 13.3%, Hb-13 -> Lb 8.2%, Ha-12 -> La 6.2%

# 81 3.2035eV 387.03nm f= 0.00040 Spin multiplicity=?:

Hb-12 -> Lb 75.3%, Ha-10 -> La 17.1%

# 82 3.2066 eV 386.65 nm f= 0.00640 Spin multiplicity="?:

Hb -> Lb+8 59.4%, Ha -> La+6 34.8%

# 83 3.2169eV 385.42nm f= 0.00020 Spin multiplicity="?:

Ha-7 -> La+1 96.1%



# 84 3.2192eV 385.14nm f= 0.00110 Spin multiplicity=?:
Hb-4 -> Lb+3 99.3%

# 85 3.2331eV 383.48 nm f= 0.00020 Spin multiplicity="?:
Hb-13 -> Lb 62.3%, Ha-11 -> La 36.8%

# 86 3.2354eV 383.21nm f= 0.00060 Spin multiplicity="?:
Hb-5 -> Lb+3 99.7%

# 87 3.2508 eV 381.40 nm f= 0.00000 Spin multiplicity="?:
Hb-14 -> Lb 63.3%, Ha-12 -> La 36.3%

# 88 3.2604 eV 380.27 nm f= 0.26100 Spin multiplicity="?:

Hb -> Lb+8 24.3%, Ha -> La+6 21.3%, Hb-1 -> Lb+7 9.9%, Ha-1 -> La+5 9.4%, Ha-3 -> La+5 6.9%, Hb-3 ->
Lb+7 6.7%, Hb -> Lb+5 6.3%, Ha -> La+3 6.2%

# 89 3.2638 eV 379.88 nm f= 0.00070 Spin multiplicity="?:
Ha-1->La+7 28.3%, Hb-1 -> Lb+9 26.4%, Ha-2 -> La+7 7.3%

# 90 3.2644eV 379.81nm f= 0.00000 Spin multiplicity="?:
Hb-7 -> Lb+1 95.2%

# 91 3.2748 eV 378.60 nm f= 0.00000 Spin multiplicity="?:
Ha-5 -> La+2 48.7%, Hb-5 -> Lb+4 25.7%, Ha-4 -> La+2 21.4%

# 92 3.2795eV 378.06 nm f= 0.00070 Spin multiplicity=?:

Ha-3 -> La+3 24.4%, Hb-3 -> Lb+5 10.3%, Ha-6 -> La+2 9.4%, Ha-8 -> La+1 9.4%, Hb-7 -> Lb+2 9.0%, Hb-
6 ->Lb+4 6.7%

# 93 3.2830eV 377.66 nm f= 0.00000 Spin multiplicity="?:
Ha-4 -> La+2 66.7%, Ha-5 -> La+2 16.1%, Hb-4 -> Lb+4 8.8%, Hb-5 -> Lb+4 5.6%
# 94 3.2910eV 376.74nm f= 0.16100 Spin multiplicity="?:

Hb-2 -> Lb+8 29.1%, Ha-2 -> La+6 24.2%, Ha-3 -> La+4 10.6%, Hb-3 -> Lb+6 9.8%, Ha-1 -> La+6 8.1%,
Hb-1 -> Lb+8 5.9%

# 95 3.2977eV 375.97 nm f= 0.00010 Spin multiplicity="?:
Hb-6 -> Lb+3 98.8%

# 96 3.3099eV 374.59 nm f= 0.00050 Spin multiplicity="?:
Hb-4 -> Lb+4 87.5%, Ha-4 -> La+2 10.2%

# 97 3.3102eV 374.55nm f= 0.10730 Spin multiplicity="?:



Hb-3 -> Lb+5 34.7%, Ha-3 -> La+3 20.0%, Hb-1 -> Lb+8 13.0%, Ha-1 -> La+6 9.7%
# 98 3.3186eV 373.60 nm f= 0.00010 Spin multiplicity="?:
Hb-3 -> Lb+6 44.2%, Ha-3 -> La+4 44.1%
# 99 3.3269eV 372.67 nm f= 0.00000 Spin multiplicity=?:
Hb-5 -> Lb+4 66.0%, Ha-5 -> La+2 33.1%
#100 3.3297eV 37236 nm f= 0.00000 Spin multiplicity=?:
Hb-8 -> Lb+1 61.3%, Hb-9 -> Lb+1 29.5%, Hb-11 -> Lb+1 6.2%
#101 3.3326eV 372.03nm f= 0.00000 Spin multiplicity="?:

Ha-3 -> La+5 27.1%, Hb-3 -> Lb+7 26.7%, Ha-6 -> La+2 12.0%, Hb-6 -> Lb+4 10.1%, Ha-8 -> La+1 6.6%,
Hb-7 -> Lb+2 6.1%

#102 3.3331eV 371.98 nm f= 0.00010 Spin multiplicity="?:

Ha-6 -> La+2 19.3%, Ha-3 -> La+5 17.8%, Hb-3 -> Lb+7 17.6%, Hb-6 -> Lb+4 16.4%, Ha-8 -> La+1 9.8%,
Hb-7 -> Lb+2 9.0%

#103 3.3791eV 366.91 nm f= 0.00230 Spin multiplicity="?:
Ha-3 -> La+6 25.7%, Hb-3 -> Lb+8 21.0%, Ha-8 -> La+1 18.4%, Hb-7 -> Lb+2 9.7%, Ha-6 -> La+2 6.6%
#104 3.3935eV 365.36 nm f= 0.05420 Spin multiplicity=?:

Hb -> Lb+7 13.6%, Ha -> La+5 13.5%, Hb-1 -> Lb+8 11.5%, Ha-1 -> La+6 10.9%, Hb-3 -> Lb+5 10.0%, Ha-
3 ->La+3 8.8%

#105 3.3964 eV 365.05nm f= 0.15750 Spin multiplicity="?:

Hb-7 -> Lb+2 24.4%, Ha-8 -> La+1 13.6%, Hb-6 -> Lb+4 11.8%, Ha-6 -> La+2 6.7%, Hb-3 -> Lb+8 5.5%
#106 3.3991eV 364.76 nm f= 0.00360 Spin multiplicity="?:

Ha-13 ->La 97.3%
#107 3.4015eV 364.50 nm f= 0.00250 Spin multiplicity="?:

Ha -> La+7 97.9%
#108 3.4138eV 363.19nm f= 0.00110 Spin multiplicity=?:

Ha-2 -> La+7 77.1%, Ha-1 -> La+7 21.5%
#109 3.4241eV 362.09 nm f= 0.03940 Spin multiplicity="?:

Ha-7 -> La+2 62.8%, Hb-6 -> Lb+4 9.3%, Ha-6 -> La+2 7.7%, Ha-8 -> La+1 5.9%, Hb-7 -> Lb+2 5.8%
#110 3.4249eV 362.01 nm f= 0.00280 Spin multiplicity="?:

Hb -> Lb+9 95.4%



#111 3.4255eV 361.94nm f= 0.08280 Spin multiplicity="?:
Ha-7 -> La+2 26.4%, Hb-6 -> Lb+4 22.2%, Ha-6 -> La+2 17.5%, Ha-8 -> La+1 12.2%, Hb-7 -> Lb+2 11.2%
#112 3.4371eV 360.72nm f= 0.00620 Spin multiplicity=?:
Hb-2 -> Lb+9 81.7%, Hb-1 -> Lb+9 15.5%
#113 3.4501eV 359.36 nm f= 0.00000 Spin multiplicity="?:
Hb-10 -> Lb+1 99.5%
#114 3.4521eV 359.16 nm f= 0.00090 Spin multiplicity="?:
Hb-8 -> Lb+2 91.3%
#115 3.4547 eV 358.89 nm f= 0.00120 Spin multiplicity="?:
Ha-22 -> La 19.7%, Hb-23 -> Lb 17.6%, Ha-3 -> La+6 8.2%, Hb-3 -> Lb+8 5.7%, Hb-8 -> Lb+2 5.1%
#116 3.4602eV 358.32nm f= 0.00000 Spin multiplicity="?:
Ha-4 -> La+3 40.8%, Hb-4 -> Lb+5 33.3%, Hb-10 -> Lb+2 5.6%, Ha-9 -> La+1 5.6%
#117 3.4656eV 357.76 nm f= 0.00190 Spin multiplicity="?:
Hb-12 -> Lb+1 99.3%
#118 3.4658 eV 357.74 nm f= 0.00200 Spin multiplicity="?:
Ha-14 -> La 76.1%, Hb-15 -> Lb 15.5%
#119 3.4669eV 357.62nm f= 0.44660 Spin multiplicity="?:
Hb-3 -> Lb+6 34.8%, Ha-3 -> La+4 34.7%
#120 3.4720eV 357.10 nm f= 0.84450 Spin multiplicity= ?:
Hb-3 -> Lb+7 38.4%, Ha-3 -> La+5 37.0%
#121 3.4753eV 356.76 nm f= 0.00020 Spin multiplicity="?:
Ha-15 -> La 70.1%, Hb-16 -> Lb 22.6%
#122 3.4853eV 355.73nm f= 0.00180 Spin multiplicity="?:
Ha-16 -> La 63.6%, Hb-17 -> Lb 17.9%
#123 3.4888 eV 355.38nm f= 0.00050 Spin multiplicity="?:
Ha-17 -> La 68.9%, Hb-18 -> Lb 21.8%
#124 3.4906eV 355.19 nm f= 0.00320 Spin multiplicity=?:
Hb-15 -> Lb 63.2%, Ha-14 -> La 14.8%, Hb-9 -> Lb+2 13.4%

#125 3.4913 eV 355.12nm f= 0.00310 Spin multiplicity=?:



Hb-9 -> Lb+2 61.5%, Hb-13 -> Lb+1 16.7%, Hb-15 -> Lb 15.2%
#126 3.4944eV 354.81nm f= 0.00330 Spin multiplicity="?:
Hb-13 -> Lb+1 79.2%, Hb-9 -> Lb+2 18.6%
#127 3.5064 eV 353.59nm f= 0.00310 Spin multiplicity="?:
Hb-16 -> Lb 71.7%, Ha-15 -> La 25.1%
#128 3.5120eV 353.03nm f= 0.00170 Spin multiplicity=?:
Hb-17 -> Lb 43.2%, Ha-16 -> La 26.2%, Hb-14 -> Lb+1 6.8%, Ha-6 -> La+3 5.6%, Hb-6 -> Lb+5 5.2%
#129 3.5121eV 353.02nm f= 0.00020 Spin multiplicity="?:
Hb-14 -> Lb+1 93.1%
#130 3.5188 eV 352.35nm f= 0.06590 Spin multiplicity="?:

Hb-1 -> Lb+9 28.9%, Ha-1 -> La+7 23.8%, Ha-2 -> La+7 8.2%, Hb-2 -> Lb+9 6.8%, Ha-3 -> La+6 6.6%, Hb-
3->Lb+85.8%

#131 3.5189eV 352.34nm f= 0.00370 Spin multiplicity="?:

Hb-17 -> Lb 22.3%, Hb-18 -> Lb 14.3%, Hb-6 -> Lb+5 12.3%, Ha-6 -> La+3 12.0%, Ha-17 -> La 6.8%
#132 3.5198 eV 352.25nm f= 0.00050 Spin multiplicity="?:

Ha-4 -> La+5 32.1%, Hb-4 -> Lb+7 31.1%, Hb-13 -> Lb+2 10.5%, Ha-11 -> La+1 8.9%
#133 3.5199eV 352.24nm f= 0.00370 Spin multiplicity=?:

Hb-18 -> Lb 55.8%, Ha-17 -> La 17.2%, Hb-17 -> Lb 6.7%
#134 3.5281eV 351.42nm f= 0.35620 Spin multiplicity="?:

Hb-3 -> Lb+8 25.5%, Ha-3 -> La+6 22.1%, Hb-2 -> Lb+6 9.0%, Ha-2 -> La+4 8.4%
#135 3.5394eV 350.30nm f= 0.00000 Spin multiplicity=?:

Hb-5 -> Lb+6 40.2%, Ha-5 -> La+4 39.6%, Hb-14 -> Lb+2 5.1%
#136 3.5472eV 349.53 nm f= 0.00000 Spin multiplicity="?:

Hb-7 -> Lb+3 92.3%
#137 3.5552eV 348.74nm f= 0.00030 Spin multiplicity="?:

Ha-8 -> La+2 21.9%, Hb-7 -> Lb+4 17.0%, Ha-19 -> La 7.5%, Hb-20 -> Lb 7.2%, Ha-6 -> La+3 6.8%, Hb-6
-> Lb+5 6.2%

#138 3.5562eV 348.64 nm f= 0.00000 Spin multiplicity="?:

Ha-4 -> La+3 45.1%, Hb-4 -> Lb+5 31.3%, Ha-5 -> La+3 6.4%, Ha-9 -> La+1 5.5%



#139 3.5658 eV 347.70 nm f= 0.00000 Spin multiplicity="?:
Ha-5 -> La+3 82.1%, Hb-4 -> Lb+5 7.7%
#140 3.5682eV 347.47 nm f= 0.00000 Spin multiplicity="?:
Hb-6 -> Lb+6 26.8%, Ha-6 -> La+4 26.0%, Ha-21 -> La 5.1%
#141 3.5696eV 347.33nm f= 0.00000 Spin multiplicity="?:
Hb-10 -> Lb+2 40.4%, Ha-9 -> La+1 31.5%, Hb-4 -> Lb+5 18.3%
#142 3.5730eV 347.00 nm f= 0.00000 Spin multiplicity="?:
Hb-12 -> Lb+2 32.4%, Ha-10 -> La+1 30.6%, Hb-5 -> Lb+5 7.6%
#143 3.5748 eV 346.83 nm f= 0.00010 Spin multiplicity="?:
Hb-9 -> Lb+3 36.5%, Hb-8 -> Lb+3 21.9%, Hb-9 -> Lb+1 8.7%
#144 3.5757 eV 346.74 nm f= 0.00000 Spin multiplicity="?:
Hb-6 -> Lb+7 27.1%, Ha-6 -> La+5 26.3%
#145 3.5760eV 346.71 nm f= 0.00000 Spin multiplicity="?:
Hb-5 -> Lb+5 90.6%
#146 3.5896eV 345.40nm f= 0.00000 Spin multiplicity="?:
Ha-9 -> La+1 48.7%, Hb-10 -> Lb+2 47.1%
#147 3.5906eV 345.30 nm f= 0.00030 Spin multiplicity="?:
Hb-11 -> Lb+2 92.9%
#148 3.6041eV 344.01 nm f= 0.00000 Spin multiplicity="?:
Ha-10 -> La+1 51.0%, Hb-12 -> Lb+2 48.1%
#149 3.6143eV 343.04nm f= 0.00030 Spin multiplicity="?:
Ha-19 -> La 21.0%, Ha-3 -> La+7 17.7%, Hb-20 -> Lb 15.8%, Ha-8 -> La+2 12.0%, Hb-3 -> Lb+9 9.2%
#150 3.6192eV 342.57 nm f= 0.00030 Spin multiplicity="?:
Ha-18 -> La 24.1%, Hb-19 -> Lb 17.1%, Ha-3 -> La+7 7.3%, Ha-8 -> La+2 6.8%
#151 3.6218 eV 342.33nm f= 0.00000 Spin multiplicity="?:
Hb-13 -> Lb+2 49.3%, Ha-11 -> La+1 24.2%, Ha-4 -> La+5 11.8%, Hb-4 -> Lb+7 11.5%
#152 3.6299eV 341.56 nm f= 0.00030 Spin multiplicity="?:
Ha-3 -> La+7 35.9%, Hb-3 -> Lb+9 14.8%, Ha-8 -> La+2 7.4%

#153 3.6333eV 341.24nm f= 0.00000 Spin multiplicity=?:



Ha-21 -> La 32.5%, Hb-22 -> Lb 26.3%, Hb-6 -> Lb+6 9.6%, Ha-6 -> La+4 9.3%
#154 3.6348 eV 341.10 nm f= 0.00000 Spin multiplicity="?:

Ha-4 -> La+4 96.2%
#155 3.6358 eV 341.01 nm f= 0.00000 Spin multiplicity="?:

Ha-11 -> La+1 59.0%, Hb-13 -> Lb+2 33.8%
#156 3.6385eV 340.76 nm f= 0.00000 Spin multiplicity="?:

Ha-20 -> La 30.1%, Hb-21 -> Lb 23.7%, Hb-6 -> Lb+7 8.5%, Ha-6 -> La+5 8.2%
#157 3.6408 eV 340.54 nm f= 0.00000 Spin multiplicity="?:

Hb-14 -> Lb+2 42.7%, Ha-12 -> La+1 41.2%, Ha-5 -> La+4 6.5%, Hb-5 -> Lb+6 5.8%
#158 3.6415eV 340.48 nm f= 0.00000 Spin multiplicity="?:

Hb-4 -> Lb+6 99.8%
#159 3.6496eV 339.72nm f= 0.00000 Spin multiplicity=?:

Ha-12 -> La+1 45.8%, Hb-14 -> Lb+2 45.1%
#160 3.6571eV 339.02nm f= 0.00760 Spin multiplicity="?:

Hb-7 -> Lb+4 52.2%, Ha-8 -> La+2 26.1%
#161 3.6622eV 338.55nm f= 0.00000 Spin multiplicity="?:

Hb-11 -> Lb+3 43.4%, Ha-7 -> La+3 26.2%, Hb-8 -> Lb+4 11.0%, Hb-11 -> Lb+1 8.1%
#162 3.6653 eV 338.26 nm f= 0.00000 Spin multiplicity="?:

Ha-4 -> La+5 39.6%, Hb-4 -> Lb+7 35.5%, Ha-5 -> La+5 15.4%
#163 3.6700eV 337.83nm f= 0.00000 Spin multiplicity="?:

Ha-5 -> La+5 21.8%, Hb-5 -> Lb+7 18.6%, Ha-5 -> La+6 16.0%, Hb-5 -> Lb+8 13.7%, Hb-4 -> Lb+7 8.1%
#164 3.6708 eV 337.76 nm f= 0.00000 Spin multiplicity=?:

Hb-5 -> Lb+6 44.6%, Ha-5 -> La+4 42.3%
#165 3.6725eV 337.60 nm f= 0.00000 Spin multiplicity="?:

Ha-5 -> La+5 48.1%, Hb-5 -> Lb+7 41.8%
#166 3.6753eV 337.34nm f= 0.00000 Spin multiplicity="?:

Hb-5 -> Lb+7 37.6%, Ha-5 -> La+6 19.7%, Hb-5 -> Lb+8 17.0%, Ha-5 -> La+5 12.4%

#167 3.6771eV 337.18 nm f= 0.00230 Spin multiplicity="?:



Hb-3 -> Lb+9 22.9%, Hb-6 -> Lb+5 20.6%, Ha-6 -> La+3 17.4%, Hb-19 -> Lb 10.2%, Ha-3 -> La+7 10.1%,
Ha-18 -> La 8.1%

#168 3.6954eV 335.51nm f= 0.02280 Spin multiplicity="?:

Hb-3 -> Lb+9 33.9%, Ha-3 -> La+7 18.5%, Ha-18 -> La 14.9%, Hb-19 -> Lb 13.5%
#169 3.6985eV 335.23nm f= 0.00060 Spin multiplicity="?:

Ha-7 -> La+3 46.2%, Hb-8 -> Lb+4 35.2%
#170 3.7062eV 334.53nm f= 0.00040 Spin multiplicity="?:

Hb-1 -> Lb+10 23.7%, Ha-1 -> La+8 21.3%, Ha-22 -> La 5.2%, Ha-2 -> La+8 5.1%
#171 3.7098 eV 334.21nm f= 0.00060 Spin multiplicity="?:

Hb-8 -> Lb+4 45.3%, Hb-11 -> Lb+3 19.3%, Ha-7 -> La+3 12.3%
#172 3.7154 eV 333.70 nm f= 0.00100 Spin multiplicity="?:

Hb-19 -> Lb 23.5%, Ha-18 -> La 17.8%, Ha-6 -> La+3 16.5%, Hb-6 -> Lb+5 11.1%
#173 3.7213eV 333.17 nm f= 0.00000 Spin multiplicity="?:

Ha-4 -> La+6 74.4%, Hb-4 -> Lb+8 16.0%
#174 3.7261eV 332.75nm f= 0.01960 Spin multiplicity="?:

Ha-19 -> La 42.3%, Hb-20 -> Lb 33.7%, Ha-6 -> La+6 9.4%
#175 3.7326eV 332.17 nm f= 0.00250 Spin multiplicity="?:

Hb-6 -> Lb+8 35.2%, Ha-6 -> La+6 24.3%, Hb-20 -> Lb 14.0%, Hb-9 -> Lb+4 7.3%
#176 3.7361eV 331.85nm f= 0.00000 Spin multiplicity="?:

Hb-10 -> Lb+3 99.4%
#177 3.7413eV 331.39nm f= 0.00000 Spin multiplicity="?:

Hb-4 -> Lb+8 79.2%, Ha-4 -> La+6 18.6%
#178 3.7433eV 331.22nm f= 0.00150 Spin multiplicity="?:

Hb-9 -> Lb+4 81.7%
#179 3.7495eV 330.67 nm f= 0.00090 Spin multiplicity="?:

Ha-20 -> La 48.0%, Hb-21 -> Lb 47.3%
#180 3.7502eV 330.61nm f= 0.00000 Spin multiplicity="?:

Hb-15 -> Lb+1 100.0%

#181 3.7516eV 330.48 nm f= 0.00020 Spin multiplicity="?:



Hb-12 -> Lb+3 98.4%
#182 3.7639eV 329.40nm f= 0.00000 Spin multiplicity="?:
Hb-5 -> Lb+8 49.5%, Ha-5 -> La+6 47.8%
#183 3.7650eV 329.31nm f= 0.00000 Spin multiplicity="?:
Hb-16 -> Lb+1 100.0%
#184 3.7673 eV 329.11 nm f= 0.00160 Spin multiplicity=?:
Hb-22 -> Lb 48.1%, Ha-21 -> La 46.6%
#185 3.7733 eV 328.58 nm f= 0.00000 Spin multiplicity=?:
Hb-17 -> Lb+1 99.9%
#186 3.7781eV 328.17 nm f= 0.00000 Spin multiplicity="?:
Hb-18 -> Lb+1 100.0%
#187 3.7790eV 328.09 nm f= 0.00990 Spin multiplicity="?:
Hb-13 -> Lb+3 67.5%
#188 3.7804 eV 327.97 nm f= 0.00270 Spin multiplicity="?:
Hb-13 -> Lb+3 25.1%, Hb-19 -> Lb 9.4%, Ha-14 -> La+1 7.5%, Hb-15 -> Lb+2 7.4%
#189 3.7882eV 327.29 nm f= 0.10100 Spin multiplicity="?:
Ha-6 -> La+4 41.4%, Hb-6 -> Lb+6 41.4%
#190 3.7913 eV 327.02nm f= 0.00110 Spin multiplicity=?:
Ha-7 -> La+4 98.7%
#191 3.7928 eV 326.89 nm f= 0.00000 Spin multiplicity="?:
Ha-10 -> La+2 52.8%, Hb-12 -> Lb+4 31.0%, Hb-5 -> Lb+8 9.5%
#192 3.7980eV 326.45nm f= 0.00020 Spin multiplicity=?:
Hb-14 -> Lb+3 99.6%
#193 3.8015eV 326.15nm f= 0.06970 Spin multiplicity="?:
Ha-7 -> La+5 28.0%, Ha-6 -> La+5 26.3%, Hb-6 -> Lb+7 23.4%, Ha -> La+8 8.1%
#194 3.8029eV 326.03nm f= 0.01580 Spin multiplicity="?:
Ha-9 -> La+2 57.2%, Hb-10 -> Lb+4 15.0%, Ha-7 -> La+5 5.5%, Ha-6 -> La+5 5.2%, Hb-6 -> Lb+7 5.1%
#195 3.8036eV 325.97 nm f= 0.00270 Spin multiplicity=?:

Hb -> Lb+10 26.4%, Ha -> La+8 20.7%, Ha-14 -> La+1 7.9%, Hb-15 -> Lb+2 7.6%, Hb-21 -> Lb 6.7%



#196 3.8046eV 325.88 nm f= 0.02070 Spin multiplicity="?:
Ha-7 -> La+5 65.1%, Ha-9 -> La+2 11.4%, Hb-6 -> Lb+7 7.5%, Ha-6 -> La+5 5.7%
#197 3.8146eV 325.03nm f= 0.00010 Spin multiplicity=?:
Ha -> La+8 23.5%, Hb -> Lb+10 16.7%, Ha-14 -> La+1 13.7%, Hb-15 -> Lb+2 13.4%
#198 3.8181eV 324.73 nm f= 0.07190 Spin multiplicity="?:
Ha-13 -> La+1 34.5%, Hb-1 -> Lb+10 7.7%, Ha-1 -> La+8 7.0%, Ha -> La+5 5.3%, Hb -> Lb+7 5.1%
#199 3.8185eV 324.69nm f= 0.03940 Spin multiplicity="?:
Ha-13 -> La+1 64.3%
#200 3.8218 eV 324.41nm f= 0.00060 Spin multiplicity="?:

Ha-8 -> La+3 16.1%, Hb-7 -> Lb+5 13.2%, Ha-16 -> La+1 12.5%, Hb-17 -> Lb+2 12.2%



