
ABSTRACT 

WANG, JIEQI.  Synthetic Tetrapyrrole Architectures for Studies in Artificial Photosynthesis.  

(Under the direction of Professor Jonathan S. Lindsey.) 

Inspired to design and prepare simpler synthetic light-harvesting systems for 

applications in artificial photosynthesis, one of our chief goals is to understand the 

mechanisms of ground-state electron/hole transfer and excited-state energy flow among 

photoactive pigments.  This document presents my work on the syntheses of ten 

tetrapyrrolic multipigment architectures for artificial photosynthetic studies.  Three strongly 

coupled perylene–tetrapyrrole dyads, wherein a perylene-monoimide unit is connected to a 

tetrapyrrole unit via an ethyne linker at the perylene C9 position, and three moderately 

coupled perylene–tetrapyrrole dyads, wherein the same linker is placed at the perylene 

N-imide position, were prepared by copper-free Sonogashira coupling reactions.  The 

tetrapyrroles include a porphryin, a chlorin, and a bacteriochlorin.  Four multiporphyrin 

arrays, which typically contain thallium-chelated porphyrins as terminal pigments, were 

similarly prepared.  Size-exclusion chromatography (SEC) was extensively used in the 

preparation and analysis of the arrays.  All arrays were submitted for studies of their optical, 

redox, and photophysical properties.  Particularly, this document gives a discussion on the 

optical, redox, and photophysical properties of the three strongly coupled 

perylene–tetrapyrrole dyads. 
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CHAPTER 1 

Introduction 

Photosynthesis is a process used by plants and other organisms to convert solar energy 

into chemical energy.  The process employs chlorophylls and/or bacteriochlorophylls to 

absorb solar light and funnel the captured energy to specific proteins, which are called 

photosynthetic reaction centers.  Subsequently charge separation occurs in these reaction 

centers, and the ensuing migration of the electron/hole facilitates the conversion of solar 

energy into chemical energy. 

Artificial photosynthesis refers to an area of scientific research that attempts to 

understand, and eventually replicate, the natural process of photosynthesis.  Through 

artificial photosynthesis, solar energy can be immediately converted and stored, and the 

byproducts of these reactions may be friendly to the environment.  For this reason, 

artificially photosynthesized solar fuels may become a very important source of fuel for 

human needs in the future.  Studies in this field have been widely carried out, including 

design and assembly of new types of molecular-based solar cells. 

A major group of molecular-based solar cells employs large numbers of pigments in 

antenna complexes to harvest solar light and funnel the resulting excitation energy rapidly 

and efficiently to specific reaction centers.  When such multipigment complexes absorb 

solar light and the resulting excited-state is sufficiently long-lived, the excited-state energy 

can migrate among pigments via through-bond and/or through-space mechanisms.  The 

excited-state energy is then converted into electrical energy, where efficient electron 
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injection into the array followed by ground-state hole migration is required.  Hence, 

understanding the mechanisms of ground-state electron/hole transfer and excited-state energy 

flow among pigments is essential for the rational design of simpler synthetic light-harvesting 

systems. 

Concerning the design of multipigment light-harvesting arrays, the main challenge falls 

in the choice and appropriate organization of the pigments.  Among various photoactive 

pigments, members of macrocyclic tetrapyrroles, which bear a resemblance to chlorophylls, 

are attractive candidates.  Chart 1.1 shows structures of three kinds of tetrapyrroles: 

porphyrin, chlorin and bacteriochlorin.  Chlorin and bacteriochlorin differ from porphyrin in 

having one or two double bond reduced, thus can be called hydroporphyrins 

(dihydroporphyrin and tetrahydroporphyrin, respectively). 

N HN

NNH

N HN

NNH

N HN

NNH

porphyrin chlorin bacteriochlorin  

Chart 1.1 Porphyrin and hydroporphyrins. 

 

 

The reasons for considering porphyrins and hydroporphyrins as promising photoactive 

pigments are as follows: 

(1) When choosing appropriate photoactive pigments for applications in artificial 

photosynthesis, the first consideration falls in the ability to absorb solar light intensely.  

Porphyrins have strong absorption in the near-UV region (400-450 nm) but rather limited 
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absorption across the remainder of the visible spectrum.  Due to their change in molecular 

symmetry, chlorins and bacteriochlorins have comparable absorption in the near-UV region 

as porphyrins, and absorb additionally in the red and near infrared region, respectively.  As 

shown in Figure 1.1, it is clear that regardless of the limited absorption across the region 

between Soret and Q bands, porphyrin and hydroporphyrins have rather large absorption 

coefficients, which make them suitable for use in light-harvesting systems. 

N

N

N

N

O

O

Mg

N

N

N

N

O

Mg

N

N

N

N

Fe OH

COOHHOOC

Hematin Chlorophyll a Bacteriochlorophyll a

H3COOC H3COOCROOC ROOC

 

 

Figure 1.1 Representative absorption spectra of a porphyrin (hematin), chlorin (chlorophyll 

a), and bacteriochlorin (bacteriochlorophyll a). 
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(2) The optical, redox and photophysical properties of porphyrin and hydroporphyrins 

can be tuned through variations in peripheral groups, axial ligands, central metal, and 

pi-system conjugation.  Such flexibilities have promoted the incorporation of tetrapyrrole 

chromophores into light-harvesting systems.  For example, introducing a methoxy group at 

the 5-position of a bacteriochlorin may cause a hypsochromic shift in the Qy(0,0) band.  

Chart 1.2 shows structures of two bacteriochlorins, HBC-EtEs and MeOBC-EtEs.  The 

5-methoxy group in MeOBC-EtEs affords a 22 nm hypsochromic shift in the Qy(0,0) band 

(MeOBC-EtEs: 739 nm, HBC-EtEs: 761 nm).
1
  Such tunable spectral properties may 

provide one reasonable approach to improvement of the utilization of the entire solar 

spectrum by incorporating several spectrally distinct bacteriochlorins into one 

light-harvesting system. 

N HN

NNH

OMeEtOOC

COOEt

N HN

NNH

EtOOC

COOEt

MeOBC-EtEsHBC-EtEs  

Chart 1.2 Structures of MeOBCEtEs and HBC-EtEs 

 

 

(3) Porphyrin and hydroporphyrins are amenable to molecular modification via a 

synthetic approach. 

The synthetic chemistry of porphyrins has been successfully explored during the past 

few decades, and enables preparation of numerous structurally varied porphyrins.  Scheme 
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1.1 gives an outline for the rational synthesis of porphyrins bearing four distinct meso 

substituents.
2
  A dipyrromethane is first monoacylated with a pyridyl benzothioate, 

followed by introduction of the second acyl unit.  Then the resulting diacyldipyrromethane 

is reduced to the corresponding dipyrromethane-dicarbinol.  Condensation of the 

dipyrromethane-dicarbinol and a dipyrromethane followed by oxidation with DDQ gives the 

ABCD-porphyrin. 

HNNH

1. EtMgBr

2.

N S R2

O

R1

HNNH

R1

O
R2

1. EtMgBr

2. R3COCl HNNH

R1

O
R2

O
R3

1.

2. DDQ

HNNH

R4

acid catalysis

N HN

NNH

R2

R1

R3

R4

NaBH4 HNNH

R1

HO
R2

OH
R3

 

Scheme 1.1 Synthetic outline for porphyrins bearing four distinct meso substituents. 

 

 

One approach toward synthetic chlorins employs the introduction of a geminal dimethyl 

group in its pyrroline ring to prevent dehydrogenation.  Due to the unsymmetric structure, 

chlorins can be built from two distinct halves.  Scheme 1.2 illustrates one synthetic 

approach to chlorins which employs condensation of a tetrahydrodipyrrin (Western half) and 

a bromodipyrromethane-monocarbinol (Eastern half), followed by oxidative cyclization to 

form a meso-substituted zinc chlorin. 
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NH

N HN

HN

R2

R1

HO

Br

+

tetrahydrodipyrrin bromodipyrromethane-monocarbinol

1. acid catalysis

2. oxidative cyclization
N N

NN

Zn R2

R1

 

Scheme 1.2 Synthetic outline for a meso-substituted zinc chlorin. 

 

 

Similar to chlorins, synthetic bacteriochlorins commonly bear a geminal dimethyl group 

in each pyrroline ring to prevent dehydrogenation.  Symmetric bacteriochlorins can be 

prepared via self-condensation of a dihydrodipyrrin-acetal.  Scheme 1.3 shows structures of 

a synthetic 5-methoxybacteriochlorin and the corresponding dihydrodipyrrin-acetal precursor.  

Regardless of the lack of synthetic route from two distinct halves, current methodology for 

preparing bacteriochlorins meets our requirement for molecular modification. 

N
H

R1 R2
NH

N

OMe

OMe

R1

R2

N HN

NNH

OMe

R1

R1

R2

R2

dihydrodipyrrin-acetal 5-methoxybacteriochlorin 

Scheme 1.3 Synthetic outline for a 5-methoxybacteriochlorin. 

 

 

This document provides a description of my work on light-harvesting arrays that 

employs porphyrins and hydroporphyrins.  Chapters 2 and 3 describe a donor-acceptor 
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light-harvesting system wherein the porphyrin/hydroporphyrin is connected to a 

perylene-monoimide via a direct ethyne linker.  In such donor-acceptor systems, when the 

donor absorbs solar light and the resulting excited-state energy migrates from donor to 

acceptor, competing charge transfer may occur.  A major goal is to understand how the 

structural and electronic properties of the pigments and the choice of covalent linker affect 

energy/charge-transfer processes.  Chapter 2 focuses on design and synthesis of a set of 

strongly coupled, ethyne-linked perylene–(hydro)porphyrin dyads.  Redox and 

photophysical properties of these dyads also are presented.  Chapter 3 describes design and 

synthesis of moderately coupled perylene–(hydro)porphyrin analogues.  Chapter 4 presents 

the synthesis of new thallium porphyrin arrays to be used as “hyperfine clocks” for studies of 

hole/electron transfer through EPR methods. 
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CHAPTER 2 

Strongly Coupled Perylene–(Hydro)porphyrin Dyads for Studies of 

Energy and Charge Transfer 

Section 2.1 Introduction and Molecular Design 

As mentioned in Chapter 1, porphyrins and hydroporphyrins are suitable candidates for 

incorporation into light-harvesting systems due to their large molar absorption coefficients, 

tunable photophysical properties, and amenability to molecular modification.  However, 

porphyrin and hydroporphyrins have rather limited absorption across the region between the 

Soret and Q bands (450-500 nm).  To improve the overall light-harvesting efficiency of 

multipigment arrays, introduction of accessory pigments that absorb in regions of the 

spectrum where (hydro)porphyrins are relatively transparent is necessary.  Furthermore, the 

ability to initiate photo-excitation at a specific site in a multipigment array also requires the 

use of accessory pigments.  In this regard, a number of accessory pigments have been 

prepared and examined in conjunction with porphyrins, including carotenoids,
3
 cyanine 

dyes,
4
 xanthene dyes,

5
 boron-dipyrrin dyes,

6
 coumarins,

7
 and perylene dyes.

8-13
 

Among the accessory pigments mentioned above, perylene-imides display 

photophysical and chemical properties that largely satisfy the ideal features for use with 

porphyrins: (1) perylene-imides have moderately large extinction coefficients in the region 

between the porphyrin Soret and Q bands (450-500 nm), which will greatly improve the 

overall utilization of the solar spectrum; (2) perylene-imides display a long excited-state 

lifetime, which allows efficient energy transfer from perylene to acceptors;
14-16

 and (3) 

perylene-imides are quite stable and available for use in a modular building block 



9 

approach.
17,18

 

Previously, the Lindsey group and collaborators have explored a number of arrays that 

employ perylene-imides and tetrapyrroles.  A series of studies revealed the ability to tune 

the dyads to undergo excited-state charge (hole or electron) transfer with a range of 

efficiencies and lifetimes of the resulting charge-transfer products, or to display excellent 

light-harvesting characteristics with minimal charge transfer even in polar media.  This 

diverse behavior could be realized through molecular design of the perylene–porphyrin dyad, 

making use of combinations of perylene type (mono- or di-imide), perylene substituents, 

covalent linker, linker attachment sites to perylene and porphyrin, and porphyrin metalation 

state.
9-13

 

Our groups first prepared a set of three perylene–porphyrin dyads which are comprised 

of a perylene-diimide (PDI) joined at an N-imide position to the porphyrin at the meso 

position via a diphenylethyne (pep) linker (Chart 2.1).
9,10

  Photophysical studies indicate 

that these dyads undergo fast and efficient excited-state energy transfer from perylene to 

porphyrin with various accompanying charge-transfer processes.  In some cases, the 

charge-transfer processes are deleterious to the light-harvesting objectives.  Yet in other 

cases, the charge-transfer processes could be exploited as an artificial reaction center. 

Due to variation in the redox potentials of the porphyrins, these PDI-based dyads 

display several differences in their photophysical properties.  For instance, considering their 

differences in the photophysical processes, the excited-state free base porphyrin in dyad 

PDI-pep-Fb has basically the same lifetime and fluorescence yield as in the isolated 
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chromophore, which means that the characteristics of excited free base porphyrin are not 

affected by charge-transfer reactions with perylene.  However, dyad PDI-pep-Zn shows 

decay of the excited-state porphyrin by electron transfer from the zinc porphyrin to the 

perylene, and dyad PDI-pep-Mg exhibits even more rapid and efficient formation of the 

charge-transfer product.  In general, PDI-pep-Fb has the greatest potential use for 

light-harvesting, while PDI-pep-Zn and PDI-pep-Mg might be more useful as an artificial 

reaction center. 

N

N N

N

MN

O

Ot-Bu

t-Bu

O

N

O

PDI-pep-Fb (M = H, H)

PDI-pep-Zn (M = Zn)

PDI-pep-Mg (M = Mg)  

Chart 2.1 Previously studied perylene-diimide–porphyrin dyads. 

 

 

Having examined a set of perylene–porphyrin dyads with variation in porphyrin 

metalation state, our groups sought to employ different perylene-imide, linker and attachment 

position in perylene–porphyrin dyads to further manipulate the rates and yields of the 

energy-transfer and charge-transfer processes.
11,12

  Chart 2.2 shows a set of dyads which 

have three structural changes compared with their analogues shown in Chart 2.1: (1) 

perylene-diimide was replaced with a monoimide (PMI) to make the perylene unit more 
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difficult to reduce, thereby suppressing charge-transfer reactions; (2) the linker was shortened 

to phenylethyne (ep) to enhance the rates of energy and charge transfer; and (3) the linker 

was attached to perylene unit at the C9 position.  Photophysical studies (e.g., PMI-ep-Fb) 

in nonpolar solvents revealed that the rates and efficiencies of energy transfer from perylene 

to porphyrin (minimal competing charge transfer) increased in these PMI-based dyads, even 

compared to the most favorable PDI-based dyad PDI-pep-Fb.  Furthermore, the 

excited-state porphyrin in the PMI-based dyads has a fluorescence lifetime and yield 

basically the same as in the isolated chromophore.  Collectively, these PMI-based dyads 

allow ultrafast and efficient energy transfer from perylene to porphyrin, and avoid quenching 

of the excited porphyrin by charge transfer processes in nonpolar media.  Investigation on 

the PMI-based dyads in polar solvents demonstrates that the PMI-based dyads undergo 

charge-transfer reactions more rapidly than their PDI-based analogues (due to greater 

perylene–porphyrin connectivity), and produce charge-separated states that have shorter 

lifetimes than those in PDI-based dyads. 
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N

N N

N

M

N

O

O

t-Bu

t-Bu

PMI-ep-Zn (M = Zn)

PMI-ep-Mg (M = Mg)

PMI-ep-Fb (M = H,H)  

Chart 2.2 Previous studied perylene-monoimide–porphyrin dyads. 

 

 

In our most recent paper about perylene–porphyrin dyads, four dyads were reported, 

each with a different perylene-monoimide joined at the p-aryl position of a zinc porphyrin 

(Chart 2.3).
13

  The goal is to figure out the most suitable type of perylene-monoimide for 

light-harvesting applications.  The dyads which employ diarylethyne linkers attached to the 

N-imide position of the perylene-monoimide were found to undergo rapid and quantitative 

perylene-to-porphyrin energy transfer, and give a long porphyrin excited-state lifetime that is 

basically the same as those in the isolated porphyrins.  Utilization of a phenylethyne linker 

at the C9 position of the perylene can afford faster energy transfer, but this process is 

accompanied by deleterious charge-transfer reactions, and therefore may not be satisfactory 

for light-harvesting applications. 



13 

PMI(OR)3-aep-Zn, R
1
 = R

2
 = 4-tert-butylphenoxy

PMI-aep-Zn, R
1 

= R
2
 = H

PMI(OR)-aep-Zn, R
1
 = 4-tert-butylphenoxy, R

2
 = H

N

O

O

R1
i-Pr

i-Pr

N

N N

N

Zn

R2

R2

N

N N

N

Zn
N

O

Ot-Bu

O

O

t-Bu

t-Bu

t-Bu

PMI(OR)
2
-ep-Zn  

Chart 2.3 Previously studied dyads with distinct perylene-monoimides and a common 

porphyrin. 

 

 

Inspired to further manipulate the rates and efficiencies of energy/charge-transfer 

processes, we designed a new set of dyads which employed the previously studied 

perylene-monoimide and three different tetrapyrrole chromophores (Chart 2.4).  Similar to 

previously studied perylene–porphyrin dyads, mesityl groups were introduced at all 

nonlinking meso positions of the porphyrin in order to suppress cofacial aggregation and 
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improve the solubility of the dyads.  The incorporation of aryloxy groups helped improve 

solubility of the perylene, and additionally made the perylene chromophore more 

electron-rich and less inclined to reduction involving either the excited perylene or porphyrin 

in the dyad.  In the new set of dyads, the diphenylethynyl or phenylethynyl linkers utilized 

previously in our perylene–porphyrin analogues (e.g., Charts 2.12.3) have been replaced by 

a direct ethynyl linker.  Owing to its shorter length and direct, extensive conjugation with 

the tetrapyrrole macrocycles, the ethynyl linker should afford greater electronic 

communication between two sites so that through-bond processes out-compete through-space 

reactions.  Chlorin and bacteriochlorin were introduced for the first time into this kind of 

perylene–tetrapyrrole system.  Because the ease of oxidation of the tetrapyrrole macrocycle 

increases in the order porphyrin < chlorin < bacteriochlorin, our expectation is that the 

propensity for electron transfer from tetrapyrrole to perylene increases in the same order.  

Furthermore, the redox characteristics of the tetrapyrrole macrocycles can be tuned by 

changing substituents or metalation state. 

In this chapter I will present the synthesis and photophysical characteristics of three 

perylene–(hydro)porphyrin dyads shown in Chart 2.4.  I also prepared benchmark 

monomers as shown in Chart 2.5.  Each of the monomers is connected to a phenyl or 

trimethylsilyl group via an ethynyl linker attached at the same position as that in the dyads.  

Properties of benchmark monomers are also tested and discussed. 
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Chart 2.4 Strongly coupled perylene–(hydro)porphyrin dyads. 
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Chart 2.5 Benchmark Compounds 
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Section 2.2 Synthesis 

2.2.1 Tetrapyrrole Building Blocks.  Structures of the tetrapyrrole building blocks are 

shown in Chart 2.6.  For Sonogashira coupling reactions, we need tetrapyrroles bearing a 

bromo substituent at the linking meso position, thus literature compounds TriMesP,
19

 

C-T
5
M

10
,
20

 and MeOBC
21

 were prepared first and then brominated to give TriMesP-Br,
22 

C-T
5
M

10
-Br,

23
 and MeOBC-Br,

24
 respectively.  Then, the brominated tetrapyrroles were 

used in copper-free Sonogashira coupling reactions following a standard procedure.
25

 

The free base bacteriochlorin MeOBC was prepared following a refined procedure 

developed by Krayer et al.
26

  Chlorin C-T
5
M

10
 was synthesized following a streamlined 

procedure.
27

  Porphyrin TriMesP was prepared by condensation of dipyrromethane, 

meso-mesityldipyrromethane and mesitaldehyde under BF3-ethanol cocatalytic condition,
28

 

which expectedly gave a mixture of porphyrins.  Purification by column chromotagraphy 

(silica, hexanes/Et2O, 80:1) afforded TriMesP in 17% yield.  Then, literature compounds 

TriMesP-Br,
 
C-T

5
M

10
-Br, and MeOBC-Br were prepared.  A 2.0 mM solution of 

TriMesP in chloroform was treated with 1.0 equivalent of NBS at room temperature.  

Standard workup with aqueous NaHCO3 yielded 37.1 mg of TriMesP-Br.  Bromination of 

each of MeOBC and C-T
5
M

10
 was done by treating a 2.0 mM solution of each tetrapyrrole 

in THF with 1.0 equivalent of NBS.  After workup, each crude mixture was purified by 

column chromatography (silica, hexanes/CH2Cl2, 4:1) to afford MeOBC-Br (34.2 mg) or 

C-T
5
M

10
-Br (20.0 mg), respectively. 
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Chart 2.6 Tetrapyrrole Building Blocks. 

 

 

2.2.2 Benchmark Compounds.  The benchmark monomers are shown in Chart 2.5.  

Each of the monomers is connected to a phenyl or trimethylsilyl group via an ethynyl linker 

attached at the same position as that in the dyads.  TriPhP-e-Ph
29
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30
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13,31

 with a modification in the first step.  The 
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autoclave for 30 h at 230 °C.  The elevated temperature resulted in a greater portion of the 

more-polar perylene byproduct and a lesser portion of the less-polar perylene-bisimide 

byproduct, which facilitated purification by column chromatography.  Following the 

modified workup and purification developed by Tomizaki et al.,
31

 perylene-monoimide was 

obtained and used in further steps to make PMI(OR)2-e-TMS. 

 

Scheme 2.1 Synthesis of C-T
5
M

10
-e-Ph. 

 

 

 

N HN

NNH

Br

N HN

NNH

Phenylacetylene,
Pd2(dba)3, P(o-tol)3
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Benchmark compound C-T
5
M

10
-e-Ph was used in parallel with the previously 

synthesized benchmark C-M
10

-e-TIPS.  The synthesis entailed a copper-free Sonogashira 

coupling reaction (Scheme 2.1).
25

  Chlorin C-T
5
M

10
-Br was coupled with excess 

phenylacetylene at 50 °C in degassed toluene/TEA (5:1), using 0.15 equivalent of Pd2(dba)3 

and 1.2 equivalent of P(o-tol)3.  After 19 h, TLC analysis showed the presence of the 

remaining C-T
5
M

10
-Br (purple), a major product C-T

5
M

10
-e-Ph (dark green) and a minor 

impurity.  Purification by a short silica column (hexanes/CH2Cl2, 3:1) afforded 

C-T
5
M

10
-e-Ph in 85% yield. 

2.2.3. Strongly Coupled Perylene–(Hydro)porphyrin Dyads.  The structure of 

building block PMI(OR)2-e is shown in Chart 2.7.  The two enantiomers are considered to 

be identical when concerning their photophysical properties.  To prepare PMI(OR)2-e, a 

solution of PMI(OR)2-e-TMS and K2CO3 in CH2Cl2/MeOH (1:2) was stirred at room 

temperature for 1 h.  Standard workup afforded PMI(OR)2-e in 93% yield.
32
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Chart 2.7 Perylene building block PMI(OR)2-e. 

 

 

The key step of preparation of the target dyads is the Sonogashira coupling reaction 

(Scheme 2.2).  Each brominated tetrapyrrole (Chart 2.6) was coupled with 1.0 equivalent of 

PMI(OR)2-e in degassed toluene/TEA (5:1), using 0.15 equivalent of Pd2(dba)3 and 1.2 

equivalent of P(o-tol)3 (Scheme 2).
13

  The reactions were monitored by TLC analysis to 

check if there was remaining starting material.  MALDI-MS (matrix-assisted laser 

desorption/ionization mass spectrometry) was used to check if desired dyad was obtained or 

not.  Each dyad was obtained in pure form after purification by a 3-column sequence, first 

by column chromatography on silica gel, second by preparative size-exclusion 
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chromatography (SEC), and third by a short silica column. 

 

Scheme 2.2 Synthesis of strongly coupled perylene–(hydro)porphyrin dyads. 

 

 

Reaction conditions and yields are listed in Table 2.1.  TriMesP-Br was first coupled 

with PMI(OR)2-e at 60 °C, which afforded a green solid in 76% yield.  Because 

C-T
5
M

10
-Br and MeOBC-Br are less stable than TriMesP-Br, each of them was coupled 

with PMI(OR)2-e at a milder temperature (40 °C or 50 °C, respectively).  As TLC analysis 

showed the presence of remaining PMI(OR)2-e while the spot for tetrapyrrole C-T
5
M

10
-Br 

or MeOBC-Br disappeared, decomposition of tetrapyrrole is a reasonable explanation for 

lower yield of the dyads [PMI(OR)2-e-C-T
5
M
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: 52%, PMI(OR)2-e-MeOBC: 55%]. 
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Table 2.1 Reaction conditions and yields of strongly coupled perylene–(hydro)porphyrin 

dyads. 

Entry Dyad Temp/°C Time/h Yield/%

PMI(OR)2-e-TriMesP

PMI(OR)2-e-C-T5M10

PMI(OR)2-e-MeOBC

1

2

3

60 3 76

40 3 52

50 4 55

 

 

 

Section 2.3 Photophysical Properties 

The following studies were carried out in collaboration with Professor Dewey Holten at 

Washington University, St Louis. 

2.3.1 Electronic Ground-State Absorption Spectra.  Figure 2.1 shows ground-state 

absorption spectra (solid lines) of the perylene–tetrapyrrole dyads and benchmark peryelene 

and tetrapyrrole monomers in toluene.  Figure 2.2 gives the absorption spectra of the same 

compounds in benzonitrile.  In each figure, the left panels are for porphyrins, the 

left-to-right middle panels are for chlorins, and the right panels are for bacteriochlorins.  

Similarly, in each figure the top panels give spectra for the tetrapyrroles benchmark, the 

top-to-bottom middle panels are for the common perylene benchmark, and the bottom panels 

are for the perylene–tetrapyrrole dyad. 

Aside from many details, the primary overall observations are as follows: 

The spectrum of each dyad (in either toluene or benzonitrile) is not simply the sum of 

the component parts.  The overall differences between the spectra of a dyad versus the 
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benchmarks is greatest for porphyrin, intermediate for chlorin, and least (but still significant) 

for bacteriochlorin. 

The position of the long-wavelength absorption band in the dyad is at somewhat longer 

wavelength than in the tetrapyrroles benchmark, with the trend in position being parallel for 

dyad and benchmark among the three different tetrapyrrole classes.  This band is the Qx(0,0) 

band for porphyrins, and the Qy(0,0) band for chlorins and bacteriochlorins.  This position 

(along with the position of the corresponding fluorescence band) defines the energy of the 

lowest singlet excited state.  For the tetrapyrrole dyads and respective benchmark, the 

position of this band is as follows: porphyrin (689 versus 669 nm), chlorin (673 versus 665 

nm), bacteriochlorin (767 versus 756 nm).  Thus the greatest wavelength shift (+20 nm), 

and energy shift (436 cm
1

), is for the porphyrin. 

The position of the near-UV Soret maximum is modestly shifted in each dyad versus 

tetrapyrrole benchmark, with the magnitude and direction differing among the tetrapyrrole 

classes.  This band is the coalesced Bx(0,0) plus By(0,0) band for porphyrins and could be 

either Bx(0,0) plus By(0,0) or a mixture for chlorins and bacteriochlorins, and corresponds to 

the third or fourth singlet excited state.  For the tetrapyrrole dyads and respective 

benchmark, the position of this band is as follows: porphyrin (431 versus 435 nm), chlorin 

(429 versus 414 nm), bacteriochlorin (380 versus 390 nm). 

There is a substantial shift in intensity from the Soret region to Qx region (and 

intermediate wavelength Qy region) in the porphyrin-based dyad compared to the benchmark 

(Figure 2.1C versus 2.1A).  The B(0,0)/Qx(0,0) peak-intensity ratio in the dyad is 
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dramatically (a factor of 15) reduced to 2.4 in dyad PMI(OR)2-e-TriMesP from 37 in 

benchmark TriPhP-e-Ph.  The shift in absorption oscillator strength into the absorption 

from the ground state to the lowest singlet excited state (Qx in this case) is pronounced even 

when considering the broader Soret band in the dyad versus the porphyrin benchmark. 

The shift in absorption strength from the near-UV to visible region in dyad versus 

benchmark is much less for chlorin (Figure 2.1F versus 2.1D).  The B(0,0)/Qy(0,0) 

peak-intensity ratio is reduced by about two-fold to 1.8 in dyad PMI(OR)2-e-C-T
5
M

10
 from 

3.8 in benchmark C-M
10

-e-TIPS.  There is virtually no absorption intensity from near-UV 

to near-IR in dyad versus benchmark for the bacteriochlorin (Figure 2.1G versus 2.1I).  The 

B(0,0)/Qy(0,0) peak-intensity ratio is essentially unity in both dyad PMI(OR)2-e-MeOBC 

and benchmark MeOBC-e-Ph. 

Similar observations can be made regarding the spectra for the compounds in 

benzonitrile (Figure 2.2), although there are differences in detail compared to the spectra in 

toluene.  In both solvents, the differences in the spectra of a perylene–tetrapyrrole dyad 

compared to the sum of the spectra of the component perylene and porphyrin are substantial 

in the case of the porphyrin dyad, intermediate in the case of chlorin, and smaller still (but 

still notable) in the case of the bacteriochlorin.  In all three cases, the absorption spectra 

indicate that the lowest singlet excited state in the dyad retains substantial tetrapyrrole 

character, but differences exist compared to the benchmark monomer depending on the 

tetrapyrroles. 
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Figure 2.1 Absorption spectra (solid) and fluorescence spectra (dashed) of tetrapyrrole 

benchmark (top row of panels), perylene benchmark (middle row of panels) and 

peryene–tetrapyrrole dyad (bottom row of panels) for samples in toluene.  The tetrapyrroles 

are porphyrins (left column of panels), chlorins (middle column of panels) and 

bacteriochlorins (right column of panels). 

 

 

2.3.2 Fluorescence Spectra.  Figure 2.1 shows fluorescence emission spectra (dashed 

or dotted) for the perylene–tetrapyrrole dyads as well as the perylene and tetrapyrrole 

benchmarks in toluene.  Analogous data for the compounds in benzonitrile are given in 

Figure 2.2. 
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Figure 2.2 Absorption spectra (solid) and fluorescence spectra (dashed) of tetrapyrrole 

benchmark (top row of panels), perylene benchmark (middle row of panels) and 

peryene–tetrapyrrole dyad (bottom row of panels) for samples in benzonitrile.  The 

tetrapyrroles are porphyrins (left column of panels), chlorins (middle column of panels) and 

bacteriochlorins (right column of panels). 

 

 

In all cases except for the chlorin and bacteriochlorin dyads in benzonitrile (for which 

the fluorescence is extremely weak, as quantitated below), the fluorescence spectral shapes 

are similar to those of the tetrapyrrole benchmark.  The shift between the fluorescence 

maximum and the long-wavelength absorption maximum is < 10 nm and generally closer to 

5 nm.  For the porphyrin case (Figure 2.1C versus 2.1A and 2.2C versus 2.2A) the emission 

spectra have a strong Qx(0,0) band and a weaker Qx(0,1) band at longer wavelength, in both 

the dyad and benchmark.  The situation is similar for the chlorin case (Figure 2.1D versus 

2.1F and 2.2D versus 2.2F), except that the emissions are a strong Qy(0,0) band and a weaker 
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Qy(0,1) band.  In the case of bacteriochlorin (e.g., Figure 2.1G versus 2.1I) the fluorescence 

is dominated by the Qy(0,0) band with vibronic-overtone intensity. 

For all the dyads in toluene (Figure 2.1) and the porphyrin dyad in benzonitrile (Figure 

2.2 left panels) the same fluorescence spectrum is observed upon nominal excitation of the 

tetrapyrroles in the Soret (or Qx) region or upon excitation of the perylene at 510520 nm 

(see dotted versus dashed fluorescence spectra for the dyads).  Furthermore, once corrected 

for absorbance at the excitation wavelength (as is done in determining the fluorescence yields 

described below) virtually the same emission intensity is observed.  In addition, even upon 

direct excitation of the perylene, little if any perylene emission is observed, despite the fact 

that the perylene has a virtually unity inherent (i.e., in the benchmark) fluorescence yield. 

Collectively, these observations are indicative of virtually quantitative energy transfer 

from perylene to tetrapyrroles in all the dyads in toluene, and for the porphyrin dyad in 

benzonitrile.  As discussed in the next section, for the dyads in benzonitrile, the 

fluorescence of the chlorin in PMI(OR)2-e-C-T
5
M

10
 or the bacteriochlorin in 

PMI(OR)2-e-MeOBC is dramatically quenched.  This point can be seen from the very 

weak chlorin or bacteriochlorin emission with low signal-to-noise observed for these two 

dyads in benzonitrile (Figures 2.2F and 2.2I).  In these cases, where the fluorescence 

intensity scale is dramatically amplified, one can see trace fluorescence emission from the 

perylene in the region (550700 nm) expected based on the perylene benchmark (e.g., Figure 

2.2E and 2.2H).  However, the peryelene emission is very weak, indicating a high even for 

the chlorin and bacteriochlorin dyad in benzonitrile. 



29 

2.3.3 Fluorescence Quantum Yields and Singlet Excited-State Lifetimes.  The 

fluorescence quantum yields (generically termed mon
f ) and lifetime of the lowest singlet 

excited state (generically termed mon
S ) of the benchmark perylene PMI(OR)2-e-TMS in 

toluene or benzonitrile are listed in Table 2.2.  The near unity mon
f  value and 5-6 ns mon

S  

value are consistent with the values for this compound
13

 and other perylene dyes
9-11

 in polar 

and nonpolar media published previously.  Similarly the mon
f and mon

S  values for the 

benchmark porphyrin (0.14, 1314 ns), chlorin (0.290.31, 14 ns) and bacteriochlorin (0.19, 

5.25.3 ns) in toluene and benzonitrile also are in keeping with values for other tetrapyrroles in 

these three classes reported previously.
1,30,33

 

The fluorescence yield (
dyad
f ) and lifetime of the lowest singlet excited state (

dyad
S ) for 

the nominal tetrapyrrole constituent in each dyad (PMI(OR)2-e-TriMesP, 

PMI(OR)2-e-C-T
5
M

10
, PMI(OR)2-e-MeOBC)  in toluene and benzonitrile are listed in 

Table 2.3.  One could also tabulate the same two fundamental observables for the nominal 

perylene constituent of each dyad.  As noted above, the fluorescence from the perylene in the 

dyads is very weak (if observed) even in the few circumstances (i.e., chlorin and 

bacteriochlorin dyads in benzonitrile) where the tetrapyrrole fluorescence is very weak.  This 

finding indicates that the perylene emission in the dyad is quenched approaching or exceeding 

100-fold from the 0.850.95 mon
f  level of the benchmark (Table 2.2).  Similarly, the 

perylene excited-state lifetime is expected to be several to tens of picoseconds, which will be 

explored in future transient absorption studies.  The low fluorescence yield and anticipated 
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short singlet excited-state lifetime of the perylene in the dyads are a manifestation of a high 

yield of energy transfer from perylene to tetrapyrrole in the dyads.  This process may be 

complemented by some excited-state hole transfer from perylene to tetrapyrrole in a few 

circumstances, namely the chlorin or bacteriochlorin dyads in the polar medium, in analogy to 

prior observations with perylene–tetrapyrrole complexes we have prepared and 

studied.
9-13,31,34-40

  Thus, the photophysical properties of the each of the three dyads will focus 

here on the tetrapyrrole unit, realizing that the presence of the perylene potentially may have a 

significant impact on these properties for several reasons that will be discussed. 

 

Table 2.2 Photophysical properties of benchmark perylene and tetrapyrroles.
a
 

Compound Solvent mon
f  

mon
S  

 (ns) 

(
mon
fk )

1
 

(ns)
 

(
mon
nrk )

1 

(ns) 

Benchmarks      

PMI(OR)2-e-TMS 

SE-36 
toluene 0.95 5.6 5.9 112 

 PhCN 0.85 5.0 5.9 33 

TriPhP-e-Ph 

SE-271 
toluene 0.14 14 100 16 

 PhCN 0.14 13 93 15 

C-M
10

-e-TIPS 

SE-254 
toluene 0.31 14 45 20 

 PhCN 0.29 14 48 20 

MeOBC-e-Ph 
B-6 

toluene 0.19 5.3 28 6.5 

 PhCN 0.19 5.2 27 6.4 

a
 All data was obtained at room temperature in toluene or benzonitrile (PhCN) deoxygenated by Argon 

purging.  
mon
f  is the fluorescence yield, and 

mon
S is lifetime of the lowest singlet excited state.  

mon
fk is the radiative (fluorescence) rate constant calculated using Equation (3).  

mon
nrk  is the sum of 

the rate constants for the intersystem-crossing and internal-conversion nonradiative decay pathways of 

the lowest singlet excited state calculated using Equation (5). 
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Table 2.3 Photophysical properties of the tetrapyrrole in perylene–tetrapyrrole dyads.
a
 

Compound solvent 
dyad
f  

dyad
S  
(ns) 

(
dyad
fk )

1
 

(ns)
 

(
dyad
nrk )

1 

(ns) 

(
dyad
CTk )

1 

(ns) 

dyad
CT  

Dyad        

PMI(OR)2-e-TriMesP 

SE-388 
toluene 0.40 6.5 16 11 32 0.20 

 PhCN 0.21 3.3 16 4.2 5.8 0.57 

PMI(OR)2-e-C-T
5
M

10 

SE-389 
toluene 0.23 3.4 15 4.4 5.6 0.60 

 PhCN 0.008 0.1 13 0.1 0.1 0.99 

PMI(OR)2-e-MeOBC 

SE-390 
toluene 0.16 4.3 27 5.1 24 0.18 

 PhCN 0.001 0.02 20 0.02 0.02 0.99 

 

a
 All data was obtained at room temperature in toluene or benzonitrile (PhCN) deoxygenated by Argon 

purging.  The quantities listed are for the nominal tetrapyrrole unit in the dyad.  
dyad
f  is the 

fluorescence yield.  For each dyad, same 
dyad
f value within 10% of the average value listed was 

obtained using excitation of the tetrapyrrole (~350 nm) or perylene (~510 nm).  
dyad
S is the lifetime of 

the lowest singlet excited state.  For each dyad, the same 
dyad
S  value within 5% of the average value 

listed was obtained using excitation of tetrapyrrole (combinations of 420, 610, and 770 nm) or perylene 

(510525 nm).  
dyad
fk is the radiative (fluorescence) rate constant for the tetrapyrrole entity in the 

dyad.  
dyad
nrk is the sum of the rate constants for the nonradiative decay pathways (internal conversion, 

intersystem crossing, and charge transfer) for the tetrapyrrole unit in the dyad.  
dyad
CTk is the rate 

constant for charge (most likely electron) transfer from excited tetrapyrrole to perylene in the dyad, 

calculated using Equation (10).  
dyad
CT is the rate constant for charge (most likely electron) transfer 

from excited tetrapyrrole to perylene in the dyad, calculated using 
dyad
CT = 

dyad
CTk  

dyad
S . 

 

For all three dyads, the same tetrapyrrole fluorescence yield (
dyad
f ) within 10% of the 

(average) value listed in Table 2.3 was obtained using excitation of the tetrapyrrole in the 
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near-UV Soret region (~350 nm) or excitation of the perylene (~510 nm).  Again, this 

observation is consistent with a high yield of energy transfer from excited perylene to 

tetrapyrroles.  The same tetrapyrrole singlet excited-state lifetime (
dyad
S ) within 5% of the 

(average) value listed in Table 2.3 was obtained using excitation of tetrapyrrole or perylene.  

The excitation wavelengths used for the excited-state lifetime measurements were 420, 525, 

and 610 nm for PMI(OR)2-e-TriMesP in toluene or benzonitrile; 420, 510, and 610 nm for 

PMI(OR)2-e-C-T
5
M

10
 in toluene; and 388, 513 and 770 nm for PMI(OR)2-e-MeOBC in 

toluene.  The 
dyad
S  values for PMI(OR)2-e-C-T

5
M

10
 and PMI(OR)2-e-MeOBC  were 

sufficiently short (< 1 ns) that these values were determined by transient absorption. 

One notable observation is that the 
dyad
f  value for the (nominal) porphyrin 

constituent of PMI(OR)2-e-TriMesP in toluene has increased to 0.40 from the value of 0.14 

in benchmark monomer TriPhP-e-Ph in the same solvent.  This increase in fluorescence 

yield is more noteworthy when considering, as discussed below, that in addition to the 

normal competing non-radiative singlet excited-state decay routes (internal conversion and 

intersystem crossing) about 20% of the porphyrin singlet excited state in this dyad decays by 

an additional non-radiative pathway, namely electron transfer to the perylene, that also was 

also not present in the benchmark monomer.  A related observation for 

PMI(OR)2-e-TriMesP in toluene is that the 
dyad
S  value has decreased roughly two-fold to 

6.5 ns from 14 ns in the porphyrin benchmark.  For the same dyad (PMI(OR)2-e-TriMesP) 

in benzonitrile, the 
dyad
f

 
and 

dyad
S values for the porphyrin constituent both decrease by 
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approximately two-fold (to 0.21 and 3.3 ns) compared to the values in toluene (Table 2.3).  

As will be seen below, these differences arise from increased porphyrin-to-perylene electron 

transfer in the highly polar medium. 

The 
dyad
f  value for the chlorin constituent of dyad C-M

10
-e-TMS in toluene (0.23) is 

1.6-fold larger than the value (0.14) for the benchmark chlorin.  The corresponding 
dyad
S  

value (3.4 ns) of the chlorin in the dyad is 4.1-fold smaller than the value (14 ns) for the 

benchmark.  The 
dyad
f  value (0.008) and the 

dyad
S value (~100 ps) for the chlorin 

constituent of dyad C-M
10

-e-TMS in benzonitrile are dramatically reduced compared to the 

values for the dyad in toluene and for the chlorin benchmark. 

The 
dyad
f value for the bacteriochlorin constituent of dyad MeOBC-e-Ph in toluene 

(0.16) is modestly (16%) smaller than the value (0.19) for the benchmark chlorin.  Similarly, 

the 
dyad
S  value (4.3 ns) of the bacteriochlorin in the dyad is modestly (19%) smaller than 

the value (5.3 ns) for the benchmark.  The 
dyad
f  value (0.001) and the 

dyad
S value (~200 

ps) for the bacteriochlorin constituent of dyad MeOBC-e-Ph in benzonitrile are dramatically 

reduced compared to the values for the dyad in toluene and for the chlorin benchmark.  Like 

the case of chlorin dyad C-M
10

-e-TMS in benzontrile, the dramatic reduction in these 

excited-state photophysical properties can be attributed to near quantitative quenching of the 

excited hydroporphyrin (chlorin or bacteriochlorin) associated with 

hydroporphyrin-to-perylene electron transfer.  Quantitation of this process along with 

derivation of the rate constants for key excited-state processes in the dyads and benchmarks 
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are given in the next section. 

2.3.4 Rate Constants for Excited-State Processes in the Benchmark Compounds.  

The lowest singlet excited state (S1) of each benchmark monomer (porphyrin, chlorin, 

bacteriochlorin, perylene) decays by S1S0 spontaneous fluorescence, S1S0 internal 

conversion and S1T1 intersystem crossing with rate constants mon
fk , mon

ick , and mon
isck , 

respectively.  In terms of these rate constants, the lifetime of the lowest singlet excited state 

and the fluorescence yield for a benchmark monomer are given by equations (1) and (2). 

mon
S  mon

fk + mon
ick + mon

isck )
1

                                                   (1) 

mon
f  = mon

fk  mon
fk + mon

ick + mon
isck )                                           (2) 

Equations (1) and (2) can be combined to give the radiative rate constant via equation 

(3). 

mon
fk

 
= mon

f / mon
S                                                            

Grouping the rate constants for internal conversion and intersystem crossing defines a 

net rate constant for nonradiative decay via equation (4). 

mon
nrk

 
= mon

ick + mon
isck                                                             (4) 

This expresssion along with equations (1) and (2) allows calculation of the value of 

this net nonradiative decay rate constant from the two experimental observables via (5). 

mon
nrk

 
= (1 mon

f ) / mon
S                                                        (5) 

The values for the inverse of the rate constants mon
fk  and mon

nrk  (i.e., the 

corresponding time constant in units of nanoseconds) for each benchmark monomer are 
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given in Table 2.2.  The values of mon
fk of (93-100 ns)

1
 for the free base porphyrin 

benchmark TriPhP-e-Ph in toluene and benzonitrile is in keeping with values for free base 

porphyrins, considering that the properties of the benchmark may be slightly altered from 

typical porphyrins by the presence of the meso ethynylphenyl substituent.
33

  The value of 

mon
fk  of (4548 ns)

1
 for the chlorin benchmark is roughly double that for the porphyrin.  

Similarly the value of mon
fk for the bacteriochlorin benchmark MeOBC-e-Ph of (2728 ns)

1
 

is roughly double that for the chlorin. 

These findings concerning the rate constant for S1S0 radiative (fluorescence) decay 

for the benchmarks indicates that this process has increasing probability along the series 

porphyrin < chlorin < bacteriochlorin.  Via the relationships between the Einstein 

coefficients, these findings similarly imply that the oscillator strength for So to S1 absorption 

(i.e., the longest wavelength Q-band manifold) increases in the same order, porphyrin < 

chlorin < bacteriochlorin.  This result, derived from the fluorescence yield and singlet 

excited-state lifetime measurements, are fully consistent with the trend in the peak intensity 

of the long-wavelength absorption band [Qx(0,0) for porphyrin and Qy(0,0)for chlorin and 

bacteriochlorin) relative to the Soret absorption (as a normalizer) shown in the top panels in 

Figures 2.1 and 2.2. 

Table 2.2 also shows that the net nonradiative rate constant varies among the 

benchmarks for the three tetrapyrrole classes.  The values of mon
nrk derived for the 

compounds in toluene and benzonitrile are (1516 ns)
1

 for the porphyrin benchmark 
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TriPhP-e-Ph, (20 ns)
1

 for the chlorin benchmark C-M
10

-e-TMS, and (6.46.5 ns)
1

 for the 

bacteriochlorin benchmark MeOBC-e-Ph.  The overall faster nonradiative decay for the 

bacteriochlorins can be ascribed in part to enhanced internal conversion associated with the 

lower energy of the bacteriochlorin S1 excited state compared to the chlorin and porphyrin 

benchmarks, along with some differences in intersystem crossing.
1,30

  An increased rate 

constant for internal conversion is expected due to the energy-gap law for nonradiative decay, 

which deals with the energy dependence of a Franck-Condon factor.
41

  Despite the increased 

nonradiative decay of the bacteriochlorin compared to the chlorin or porphyrin, the long 

singlet excited-state lifetime (~5 ns) remains quite favorable for driving processes such as 

excited-state energy or charge transfer in arrays.  Similarly, the fluorescence yield (~0.2) is 

quite modest. 

2.3.5 Rate Constants for Excited-State Processes of the Tetrapyrrole in the Dyads. 

The lowest singlet excited state (S1) of the tetrapyrrole (porphyrin, chlorin, 

bacteriochlorin) constituent of each perylene–tetrapyrrole dyad decays by the same three 

processes as described above for the tetrapyrrole benchmarks.  These three processes are 

S1S0 spontaneous fluorescence, S1S0 internal conversion and S1T1 intersystem crossing.  

However, these three processes in the dyad may have different rate constants than in the 

monomer, and are defined as
dyad
fk , 

dyad
ick , and 

dyad
isck , respectively.  In addition, in the dyad 

the porphyrin may decay by a charge-transfer process with the perylene constituent, with rate 

constant 
dyad
CTk .  As described below in terms of redox properties and energetics, the most 

likely such excited-state charge-transfer process is electron transfer from tetrapyrroles to 



37 

perylene.  In terms of these four rate constants, the lifetime of the lowest singlet excited state 

and the fluorescence yield for a tetrapyrrole constituent of a perylene–tetrapyrrole dyad are 

given by equations (6) and (7). 

dyad
S  dyad

fk + dyad
ick + dyad

isck + dyad
CTk )

1
                                 (6) 

dyad
f  = dyad

fk  dyad
fk + dyad

ick + dyad
isck + dyad

CTk )                            (7) 

Equations (6) and (7) can be combined to give the radiative rate constant via equation 

(8). 

dyad
fk

 
= dyad

f / dyad
S                                                 



Grouping the rate constants for internal conversion and intersystem crossing along 

with the rate constant for charge transfer defines a net rate constant for nonradiative decay 

in the dyad via equation (9). 

dyad
nrk

 
= dyad

ick +
dyad
isck + dyad

CTk                                                   (9) 

This expresssion along with equations (6) and (7) allows calculation of the value of 

this net nonradiative decay rate constant from the two experimental observables via (10) 

dyad
nrk

 
= (1

dyad
f ) / 

dyad
S                                                      (10) 

The simplest means to derive the rate constant 
dyad
CTk  for excited-state 

tetrapyrrole-to-perylene electron transfer is to assume that the rate constants for internal 

conversion and intersystem crossing are the same in the dyad as in the benchmark tetrapyrroles.  

These are reasonable assumptions to gauge the general magnitude of the charge-transfer rate 
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constant.  Under this assumption, the value of 
dyad
CTk  can be derived using Equation (11), 

which gives the difference in total nonradiative decay rate constant in the dyad [(via Equation 

(10)] versus the monomer [via Equation (10)].  The logic is straightforward because the dyad 

can undergo charge transfer to perylene but the benchmark cannot. 

dyad
CTk  = 

dyad
nrk  mon

nrk                                                             (11) 

Similarly, the yield of the tetrapyrrole charge-transfer process (most likely 

tetrapyrrole-to-perylene electron transfer) in the dyad is obtained using Equation (12). 

dyad
CT = 

dyad
CTk 

dyad
S                                                 (12) 

The values of the rate constants dyad
fk , 

dyad
nrk , and 

dyad
CTk  for the tetrapyrrole in each 

dyad in toluene and benzonitrile are given in Table 2.3.  The yield 
dyad
CT of the 

tetrapyrrole–perylene charge-transfer process is given in the last column in Table 2.3. 

Section 2.4 Redox Properties 

The following studies and studies in Section 2.5 were carried out in collaboration with 

Professor David Bocian at University of California, Riverside. 

The redox properties of the dyads and benchmarks are listed in Table 2.4.  The 

potentials for the tetrapyrrole benchmarks are consistent with expectations.
42

  The potential 

for first oxidation ( tet
Ox1E ) of the benchmarks become less positive in the order porphyrin > 

chlorin > bacteriochlorin, corresponding to increasing ease of oxidation.  In particular, the 

values are TriPhP-e-Ph (+0.70 V) > C-M
10

-e-TIPS (+0.58 V) ~ C-T
5
M

10
-e-Ph (+0.55 V) > 
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MeOBC-e-Ph (+0.33 V).  The potentials for first tetrapyrrole reduction ( tet
Red1E ) do not vary 

as substantially for the three tetrapyrrole classes, as is commonly found.
42

 

The first oxidation of perylene benchmark PMI(OR)2-e-TMS (+0.95 V) occurs at a 

more positive potential than the benchmarks for all three tetrapyrrole classes, corresponding 

to a greater difficulty of oxidation.  The first reduction of the perylene benchmark (1.12 V) 

occurs at a less negative potential than the benchmarks for all three tetrapyrroles classes, 

corresponding to a greater ease of reduction.  The redox properties of PMI(OR)2-e-TMS 

are consistent with those found previously for this compound
13

 and related perylene 

monomides.
11

 

In the following description of the redox properties of the dyads, it is convenient to refer 

to the potentials for oxidation or reduction of the individual perylene or tetrapyrrole 

components, and to compare with the properties of the benchmarks.  Such comparisons are 

useful in understanding changes in electronic properties that may occur upon formation of 

the dyad from the component parts.  Comparisons of potentials are also useful to gauge and 

analyze possible differences in the propensity for electron-transfer (or hole transfer) in dyads 

that incorporate a porphyrin versus chlorin versus bacteriochlorin.  However, it must be 

borne in mind that the ground-state electronic interactions between perylene and tetrapyrrole 

may be sufficiently strong that a redox process may involve both components to some degree.  

Furthermore, the extent of electronic coupling and the effects on redox properties may differ 

for dyads that incorporate tetrapyrroles from the three classes.  We will return to this point 

below in consideration of the molecular-orbital characteristics of the dyads (and benchmarks).  
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Thus, the following description of the redox properties of the nominal perylene and 

tetrapyrrole components of the dyads must be leavened by these considerations.  For the 

same reason, the categorization or assignment of observed redox potentials to individual 

components of, or processes in, the dyads in Table 2.4 must be considered tentative and taken 

in the spirit of a first order depiction of the redox properties. 

The potential for the first reduction of the perylene ( per
Red1E ) appears to become slightly 

more negative (harder to reduce) in the dyads compared to the benchmark (Table 2.4).  The 

shift is largest (0.10 V) for the bacteriochlorin-containing dyad PMI(OR)2-e-MeOBC and 

the least and comparable (about 0.05 V) for the chlorin- and porphyrin-containing dyads 

PMI(OR)2-e-C-T
5
M

10
 and PMI(OR)2-e-TriMesP, respectively.  The potentials for first 

oxidation of the tetrapyrrole in each dyad follow the above above-noted trend with 

macrocycle type, namely porphyrin > chlorin > bacteriochlorin.  Specifically, the tet
Ox1E  

values are PMI(OR)2-e-TriMesP (+0.69 V) > PMI(OR)2-e-C-T
5
M

10
 (+0.57 V) > 

PMI(OR)2-e-MeOBC (+0.24 V).  The tet
Ox1E  values for the porphyrin and chlorin in the 

respective dyads are within 0.01V of those for the benchmarks, while the value for the 

bacteriochlorin in the dyad is slightly less positive (+0.24 V versus +0.33 V) indicating a 

slightly greater ease of oxidation. 
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Table 2.4 Redox properties of perylene and tetrapyrrole benchmarks and dyads.
a 

Compound 

per
Ox2E

 

(V) 

tet
Ox2E

 
(V) 

per
Ox1E

 
(V) 

tet
Ox1E

 
(V) 

 per
Red1E

 

(V) 

tet
Red1E

 

(V) 

per
Red2E

 

(V) 

tet
Red2E

 

(V) 

Benchmarks  
 

  
 

    

  PMI(OR)2-e-TMS 

  SE-36 
 

 
+0.95  

 
1.12  1.64  

  TriPhP-e-Ph 

  SE-271 
 +1.16  +0.70   1.36  1.78 

  C-M
10

-e-TIPS 

  SE-254 
 +1.07  +0.58   1.48   

  C-T
5
M

10
-e-Ph 

  SE-398 
 +0.97  +0.55   1.49  1.88 

  MeOBC-e-Ph
b
 

  B-6 
 +0.66  +0.33   1.31  1.78 

Dyads  
 

  
 

    

 

PMI(OR)2-e-TriMesP 

  SE-388 

 
+0.95

c
 

+0.95
c
 

+0.69
d
 

 1.18 1.31 1.82
e
 1.82

e
 

 

PMI(OR)2-e-C-T5M1

0 

  SE-389 

 
+0.86

c
 

+0.86
c
 

+0.57  1.17 1.39 1.73
e
 1.73

e
 

 PMI(OR)2-e-MeOBC 

  SE-390 
 +0.68 +1.05 +0.24  1.22 1.36 1.75 1.98 

a 
All potentials (measured in V) were measured on compounds in butyronitrile or CH2Cl2 containing 

0.1 M tetrabutylammonium hexafluorophosphate except for MeOBC-e-Ph, which was measured in 

butyronitrile containing.  0.1 M tetrabutylammonium hexafluorophosphate.  The potentials are 

adjusted so that the ferocene couple has a value of 0.190 V under the conditions of the measurement.  

The values tabulated for a tetrapyrrole benchmark and nominal tetrapyrrole component of a dyad are 

the potentials for first (
tet
Ox1E ) and second (

tet
Ox2E ) oxidation and for first (

tet
Red1E ) and second (

tet
Red2E ) 

reduction, and similarly for perylene (per).  Because of strong electronic interactions between 

perylene and tetrapyrrole in the dyads, the assignment of observed potentials to individual 

constituents or redox processes is tentative and represents a first order depiction of the redox 

properties of the dyads.  
b 

Data from ref 43.  
c The observed potential may represent 

overlapping first oxidation of perylene and second oxidation of tetrapyrrole.  
d 
Small waves 

are also observed at +0.28 and -0.07 eV.  
e 
The observed potential may represent overlapping second 

reductions of perylene and tetrapyrrole. 
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Based on the redox properties, and consistent with our prior studies of PMI-based 

porphyrin arrays,
11,13

 the most likely excited-state redox process would involve oxidation of 

the tetrapyrrole and reduction of the perylene.  Ignoring Coulomb interactions, the simple 

calculation tet
Ox1E   per

Red1E  using ground-state redox-potential values for the benchmark 

compounds gives +1.82 V for perylene–porphyrin, +1.67 V for perylene–chlorin and +1.45 V 

for perylene–bacteriochlorin.  The less positive redox-potential difference corresponds to a 

greater easy of moving an electron from porphyrin to perylene, all other factors being equal.  

The same calculation using the values for the dyads themselves gives +1.87 V for 

perylene–porphyrin, +1.74V for perylene–chlorin, and +1.46 V for perylene–bacteriochlorin.  

Thus the trend is the same using the redox potentials for the dyads and the benchmarks.  In 

particular, ground-state electron transfer from perylene to tetrapyrrole would be easiest for 

the bacteriochlorin and hardest for the porphyrin. 

Interestingly, the above-noted calculated tet
Ox1E   

per
Red1E values for dyad versus 

benchmark shows a shift of +0.05 V for perylene–porphyrin, +0.07 V for perylene–chlorin 

and +0.01 V for perylene–bacteriochlorin.  This comparison shows that based solely on the 

measured redox potentials (all other factors being equal), the formation of the dyad makes it 

slightly harder for ground-state electron transfer from porphyrin to perylene or chlorin to 

perylene to occur, but has little effect on the propensity for electron transfer from 

bacteriochlorin to perylene to occur in the dyads relative to expectations based on separated 

perylene and tetrapyrrole constituents.  These observations parallel those noted above 

concerning the overall differences in electronic ground-state absorption spectra (Figures 2.1 
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and 2.2).  In particular, although substantial differences in spectral characteristics (spanning 

the near-UV to near-IR) occur upon formation of the perylene–tetrapyrrole dyad from the 

component parts for all three tetrapyrrole classes, the overall change is least for the 

bacteriochlorin relative to the chlorin and porphyrin. 

A final note here concerning the propensity for perylene–tetrapyrrole electron transfer is 

in order.  In considering excited-state processes in a dyad one cannot simply utilize 

arguments based solely on differences in ground-state redox potentials.  Other factors such 

as differences in excited state energy must be taken into account.  The energy of the lowest 

singlet excited state is lower for bacteriochlorin than chlorin or porphyrin based on the 

absorption (and fluorescence) spectra (Figures 2.1 and 2.2).  Thus, all other factors (e.g., 

ground-state redox properties) being equal, the excited bacteriochlorin would have a lower 

propensity for excited-state electron transfer than chlorin or porphyrin.  We return to these 

points below in analysis of the excited-state processes in the dyads that incorporate a 

tetrapyrrole from the three macrocycle classes. 

Section 2.5 Molecular-Orbital Characteristics 

Figures 2.3–2.6 show the electron-density distributions and energies of the five highest 

filled molecular orbitals (HOMO-4 to HOMO) and five lowest unoccupied molecular orbitals 

(LUMO to LUMO+4) for the perylene and tetrapyrrole benchmarks (Figures 2.3 and 2.4) and 

the perylene–porphyrin dyads (Figures 2.5 and 2.6).  Table 2.5 gives a summary of energies 

shown in Figures 2.3–2.6.  Typically, key to understanding the electronic properties of the 

tetrapyrrole monomers and arrays are the four frontier molecular orbitals HOMO-1, HOMO, 
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LUMO and LUMO+1.  Within Gouterman’s four-orbital model,
33,44,45

 combinations of the 

electronic configurations that result from one-electron promotions between these four 

molecular orbitals dominate the near-UV to near-IR absorption spectra of tetrapyrrole 

chromophores (porphyins, chlorins, bacteriochlorins).  We have used this model to 

understand the optical spectra of chlorins and bacteriochlorins bearing a variety of 

substituents positioned at various sites around the periphery of these macrocycles.
1,30,46

  

Furthermore, the potential for first oxidation generally tracks the energy of the HOMO and 

the potential of the first reduction generally tracks the energy of the LUMO, as we have 

found for chlorins and bacteriochlorins.
1,30

  Thus, examination of the electron density 

distributions of the frontier orbitals in this energy range (HOMO-1 to LUMO+1) in the dyads 

compared to the benchmarks is useful for obtaining physical insights into the electronic 

structure of these arrays and the observed redox and photophysical properties. 

One can immediately see from inspection of the orbitals of the dyads (Figures 2.5 and 

2.6) in comparison with those of the benchmarks (Figures 2.3 and 2.4) that many of the 

frontier orbitals of the dyads have significant electron density on both the perylene and the 

porphyrin.  These differences, and in some cases the ordering of related orbitals, differ 

among the dyads that contain porphyrin, chlorin, or bacteriochlorin.  Thus, one can expect 

differences and similarities in properties among the three dyads and with the benchmarks.  

Key points that relate the molecular-orbital characteristics and the redox and optical 

properties of the tetrapyrrole complexes under study are given in the Discussion section. 
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name 
PMI(OR)2-e-TMS 

SE-36 

TriPhP-e-Ph 

SE-271 
C-M10-e-TIPS 

SE-254 

C-T5M10-e-Ph 

SE-398 
MeOBC-e-Ph 

B-6 

structur
e 

     

HOMO 

  
  

 
 5.22 4.88 4.96 4.81 4.51 

HOMO-
1 

  
  

 
 6.04 5.27 5.04 4.81 4.78 

HOMO-
2 

  
 

 
 

 6.17 6.13 6.21 6.01 5.90 

HOMO-
3 

  

  

 
 6.34 6.31 6.22 6.18 6.07 

HOMO-
4 

  

  

 
 6.47 6.42 6.30 6.21 6.12 

Figure 2.3 Occupied molecular orbitals of perylene and tetrapyrrole benchmarks.  TIPS was 

replaced by H in the calculations for PMI(OR)2-e-TMS (SE-36) and C-M
10

-e-TIPS (SE-254). 
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name 
PMI(OR)2-e-TMS 

SE-36 

TriPhP-e-Ph 

SE-271 
C-M10-e-TIPS 

SE-254 

C-T5M10-e-Ph 

SE-398 
MeOBC-e-Ph 

B-6 

Structur
e 

     

LUMOH+
4 

  
  

 
 0.29 0.16 +0.28 0.01 0.06 

LUMO+3 

  
  

 
 0.65 0.29 +0.05 0.06 0.24 

LUMO+2 

  
  

 
 1.00 0.90 0.17 0.71 0.52 

LUMO+1 

  
  

 
 1.23 2.21 1,78 1.76 1.18 

LUMO 

  
  

 
 2.67 2.41 2.35 2.34 2.40 

Figure 2.4 Unoccupied molecular orbitals of perylene and tetrapyrroles benchmarks.  TIPS was 

replaced by H in the calculations for PMI(OR)2-e-TMS (SE-36) and C-M
10

-e-TIPS (SE-254) 
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Compound 
PMI(OR)2-e-TriMesP 

SE-388 
PMI(OR)2-e-C-T5M10 

SE-389 
PMI(OR)2-e-MeOBC 

SE-390 

Structure 

   

HOMO 

   
 4.83 4.78 4.61 

HOMO-1 

   
 5.35 5.06 4.77 

HOMO-2 

   
 5.38 5.37 5.32 

HOMO-3 

   
 5.98 5.96 5.94 

HOMO-4 

   
 6.14 6.12 6.08 

Figure 2.5 Occupied molecular orbitals of perylene–tetrapyrrole dyads. 
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Compound 
PMI(OR)2-e-TriMesP 

SE-388 
PMI(OR)2-e-C-T5M10 

SE-389 
PMI(OR)2-e-MeOBC 

SE-390 

Structure 

   

LUMO+4 

   
 0.97 0.94 0.89 

LUMO+3 

   
 1.18 1.12 0.99 

LUMO+2 

   
 2.30 1.86 1.31 

LUMO+1 

   
 2.34 2.34 2.37 

LUMO 

   
 2.76 2.69 2.69 

Figure 2.6 Unoccupied molecular orbitals of perylene–tetrapyrrole dyads.  
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Section 2.6 Discussion 

A number of key points can be made by comparison of the fundamental photophysical 

parameters for the dyads containing a porphyrin versus chlorin versus bacteriochlorin with 

each other (Table 2.3) and with those for the benchmark chromophores (Table 2.2). 

One of the most striking observations is that the radiative rate constant dyad
fk  for the 

porphyrin in dyad PMI(OR)2-e-TriMesP and the chlorin in dyad PMI(OR)2-e-C-T
5
M

10
 

have both increased substantially to the range (1316 ns)
1

, which actually makes the 

radiative process slightly more probably than for the bacteriochlorin in dyad 

PMI(OR)2-e-MeOBC (2027 ns)
1

.  Rate constants in the vicinity (1020 ns)
1

 are 

comparable to those for a variety of synthetic bacteriochlorins
1
 that do not have the 

ethynylphenyl substituent utilized in the bacteriochlorin dyad and benchmark studied herein.  

The enhancement in radiative rate constant compared to the benchmark is about 6-fold for 

the porphyrin dyad and about 3-fold for the chlorin dyad.  The enhancement for the 

bacteriochlorin parallels the effects of dyad formation on the fluorescence yield (0.40) 

compared to the benchmark (0.14) described above.  Thus, the origin of the substantially 

larger dyad
f  versus mon

f  for the porphyrin systems becomes readily apparent with the 

values of 
dyad
fk  and 

mon
fk  derived from the fluorescence yield and excited-state lifetime 

measurements, and is mathematically apparent because these quantities sit alone in the 

numerators of the respective expressions for the fluorescence yields 
dyad
f  versus mon

f  

[Equation (7) versus Equation (2)]. 



50 

In turn, the enhanced fluorescence dyad
f  versus mon

f  for the porphyrin systems 

parallels the above noted substantial shift in absorption oscillator strength from the Soret 

region to the visible (Qy and Qx) region for the dyad PMI(OR)2-e-TriMesP versus 

benchmark TriPhP-e-Ph (Figure 2.1C versus 2.1A).  Again, the dyad
fk  versus 

mon
fk  

translates, via the Einstein coefficients, to a six-fold greater absorption strength in the S0  

S1 absorption manifold in the dyad compared to the benchmark, and this strength is borrowed 

from the near-UV Soret transition(s).  This effect can be explored more in terms of the 

molecular-orbital characteristics using the four-orbital model.  Additionally, the strong 

communication via the ethyne to the perylene effectively shifts the now substantially more 

intense (relative to the Soret) Qx band to almost 700 nm (Figures 2.1C and 2.2C). 

The lesser but still notable roughly 3-fold enhancement in dyad
fk  versus 

mon
fk  for the 

chlorin systems also appears in increased red-region absorption (Figures 2.1F versus 2.1D 

and 2.2F versus 2.2D).  The result of these effects is that these new perylene–porphyrin and 

perylene–chlorin dyads have overall near-UV to near-IR absorption spectra that appear more 

similar to those of the bacteriochlorins systems (Figures 2.1 and 2.2 bottom panels) than 

when comparing the spectra of benchmark monomers (Figures 2.1 and 2.2 top panels).  Of 

course, the bacteriochlorin constructs retain the favorable characteristic of the lowest energy 

absorption band residing in the near-IR region, and this is not compromised by the addition 

of substantial absorption derived from the perylene (as modified by interactions with 

bacteriochlorin), as can be seen in Figures 2.1I and 2.2I). 

In short, a striking and unexpected discovery is that the perylene–porphyrin dyad is 
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essentially a panchromatic absorber that covers the visible region.  While “black” absorbers 

can be readily formed, most black absorbers have exquisitely short excited-state lifetimes.  

The perylene–porphyrin is rare in exhibiting essentially black absorption yet a long-lived 

excited singlet state, which is sufficiently long so that efficient sensitization can be readily 

achieved.  This is a major accomplishment. 

Further examination of Tables 2.2 and 2.3 shows that the overall nonradiative decay rate 

for the dyads relative to the benchmarks (
dyad
nrk  versus 

mon
nrk in toluene are only modestly 

greater for the porphyrin and bacteriochlorin in toluene, due to a modest yield (
dyad
CT ~ 0.2) 

of perylene to porphyrin or chlorin electron transfer.  However, even in these two cases, the 

fluorescence yields remain high (0.40 and 0.16) and the singlet excited-state lifetimes long 

(6.5 ns and 4.3 ns).  The value of 
dyad
CT  for the chlorin dyad in toluene and the porphyrin 

dyad in benzonitrile increase to ~60%, yet the singlet excited-state lifetimes remain at 3.3-3.4 

ns and the fluorescence yields at 0.21-0.23.  Thus in all these cases, the very favorable 

enhancements in the optical absorption properties (i.e., “black” or panchromatic absorption) 

leave sufficiently long lifetimes to drive subsequent energy transfer in light-harvesting 

applications.  Where excellent light harvesting across the near-UV to near-IR followed by 

charge transfer or charge-injection is desired, one would turn to the chlorin and 

bacteriochlorin dyads in benzonitrile, where the tetrapyrroles undergoes electron transfer to 

the perylene with an effectively quantitative yield. 

Further studies using transient absorption spectroscopy to achieve more in-depth 

analysis of the absorption, photophysical, and redox properties of these novel constructs are 
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underway.  Such studies should allow exploitation of the fundamental properties of these 

strongly coupled perylene–tetrapyrrole constructs uncovered herein. 
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Section 2.7 Experimental 

A. General.  
1
H NMR (300 MHz) spectra were recorded in THF-d8 at room 

temperature unless noted otherwise.  Mass spectra were obtained by laser desorption mass 

spectrometry (MALDI-MS) in the presence of a matrix [POPOP, 

1,4-bis(5-phenyloxazol-2-yl)benzene].
47

  Absorption and emission spectra were collected at 

room temperature.  Preparative SEC
48

 was performed using BioRad Bio-Beads SX-1 

(200-400 mesh) beads.  All commercially available materials were used as received. 

B. Literature Compounds.  Three brominated tetrapyrrole macrocycles 

(TriMesP-Br,
19,22 

C-T
5
M

10
-Br,

23,27 
MeOBC-Br

24,26
) and four benchmark compounds 

(PMI(OR)2-e-TMS,
13

 TriPhP-e-Ph,
29

 C-M
10

-e-TIPS,
30

 MeOBC-e-Ph
24

) were synthesized 

as described in the literature. 

C. Synthesis.  Target dyads (PMI(OR)2-e-TriMesP, PMI(OR)2-e-C-T
5
M

10
, 

PMI(OR)2-e-MeOBC) and benchmark compound C-T
5
M

10
-e-Ph were synthesized 

following a standard procedure for copper-free Sonogashira coupling reactions.
25

 

9-[2-(5,10,15-Trimesitylporphyrin-20-yl)ethynyl]-1,6-bis(4-tert-butylphenoxy)-N-(2,

5-di-tert-butylphenyl)-3,4-perylenedicarboximide [PMI(OR)2-e-TriMesP].  Following a 

standard procedure,
13.25

 samples of TriMesP-Br (24.3 mg, 32.7 mol) and PMI(OR)2-e 

(27.1 mg, 32.7 mol) were coupled in a Schlenk flask using Pd2(dba)3 (4.5 mg, 4.90 mol ) 

and P(o-tol)3 (11.9 mg, 39.0 mol) in degassed toluene/triethylamine [15.0 mL (5:1)] at 

60 °C.  The reaction was monitored by MALDI-MS and TLC analysis [silica, 

hexanes/CH2Cl2 (2:1)].  After 3 h, TLC analysis showed disappearance of starting materials 
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(perylene: red with yellow fluorescence, Rf = 0.50; porphyrin: purple, Rf = 0.75) and 

presence of a major product (green, Rf = 0.35).  The reaction mixture was washed out of the 

Schlenk flask with CH2Cl2, concentrated to dryness, and passed through a silica column 

[hexanes/CH2Cl2 (2:1)].  Preparative SEC (THF) followed by a short silica column 

[hexanes/CH2Cl2 (2:1)] afforded a dark green solid (37.0 mg, 76%): 
1
H NMR (300 MHz, 

THF-d8)  –1.89 (br, 2H), 1.26 (s, 9H), 1.30 (s, 9H), 1.35 (s, 18H), 1.86 (s, 6H), 1.88 (s, 12H), 

2.59 (s, 3H), 2.62 (s, 6H), 7.05 (d, J
 
= 1.9 Hz, 1H), 7.17–7.21 (m, 4H), 7.30 (s, 2H), 7.34 (s, 

4H), 7.40 (dd, J = 8.5 Hz, 2.2 Hz, 1H), 7.49–7.54 (m, 5H), 7.99 (t, J
 
= 8.0 Hz, 1H), 8.28 (s, 

1H), 8.29 (s, 1H), 8.46 (d, J = 8.2 Hz, 1H), 8.57 (s, 4H), 8.76 (d, J = 4.7 Hz, 2H), 9.23 (d, J = 

8.3 Hz, 1H), 9.58 (s, 1H), 9.61 (s, 1H), 9.83 (d, J = 4.7 Hz, 2H); abs (THF) 427, 526, 611, 

686 nm; em (exc = 427 nm) 689 nm; MALDI-MS obsd 1492.9; calcd exact mass 1491.7541 

(C105H97N5O4). 

9-{2-[17,18-Dihydro-10-mesityl-18,18-dimethyl-5-(4-methylphenyl)porphyrin-15-yl

]ethynyl}-1,6-bis(4-tert-butylphenoxy)-N-(2,5-di-tert-butylphenyl)-3,4-perylenedicarboxi

mide [PMI(OR)2-e-C-T
5
M

10
].  Following a standard procedure,

13,25
 samples of 

C-T
5
M

10
-Br (6.7 mg, 10.7 mol) and PMI(OR)2-e (8.8 mg, 10.7 mol) were coupled in a 

Schlenk flask using Pd2(dba)3 (1.5 mg, 1.63 mol ) and P(o-tol)3 (3.9 mg, 12.8 mol) in 

degassed toluene/triethylamine [6.0 mL (5:1)] at 40 °C.  The reaction was monitored by 

MALDI-MS and TLC analysis [silica, hexanes/CH2Cl2 (3:2)].  After 3 h, TLC analysis 

showed disappearance of starting materials (perylene: red with yellow fluorescence, Rf = 

0.55; chlorin: purple, Rf = 0.70) and presence of a major product (green, Rf = 0.20).  The 



55 

reaction mixture was washed out of the Schlenk flask with CH2Cl2, concentrated to dryness, 

and passed through a silica column [hexanes/CH2Cl2 (2:1)].  Preparative SEC (THF) 

followed by a short silica column [hexanes/CH2Cl2 (1:1)] afforded a dark green solid (7.6 mg, 

52%): 
1
H NMR (300 MHz, THF-d8) –0.91 (br, 1H), –0.77 (br, 1H), 1.26 (s, 9H), 1.30 (s, 

9H), 1.34 (s, 18H), 1.86 (s, 6H), 2.09 (s, 6H), 2.58 (s, 3H), 2.64 (s, 3H), 4.92 (s, 2H), 7.05 (m, 

1H), 7.15–7.18 (m, 4H), 7.26 (s, 2H), 7.38–7.41 (m, 1H), 7.47–7.55 (m, 6H), 7.89–7.98 (m, 

4H), 8.17–8.18 (m, 1H), 8.25–8.32 (m, 4H), 8.56 (d, J = 3.0 Hz, 1H), 8.67 (d, J = 2.7 Hz, 

1H), 8.82 (d, J = 2.9 Hz, 1H), 8.92 (s, 1H), 9.10 (d, J =8.1 Hz, 1H), 9.34 (d, J = 3.0 Hz, 1H), 

9.49 (d, J = 8.0 Hz, 1H), 9.54 (d, J = 7.4 Hz, 1H); abs (THF) 414, 517, 588, 639, 670 nm; 

em (exc = 414 nm) 640 nm; MALDI-MS obsd 1375.6; calcd exact mass 1375.6915 

(C96H89N5O4). 

9-{2-[5-Methoxy-8,8,18,18-tetramethyl-2,12-bis(4-methylphenyl)bacteriochlorin-15

-yl]ethynyl}-1,6-bis(4-tert-butylphenoxy)-N-(2,5-di-tert-butylphenyl)-3,4-perylenedicarb

oximide [PMI(OR)2-e-MeOBC].  Following a standard procedure,
13,25

 samples of 

MeOBC-Br (21.0 mg, 32.0 mol) and PMI(OR)2-e (26.6 mg, 32.0 mol) were coupled in a 

Schlenk flask using Pd2(dba)3 (4.4 mg, 4.80 mol ) and P(o-tol)3 (11.6 mg, 38.0 mol) in 

degassed toluene/triethylamine [13.2 mL (5:1)] at 50 °C.  The reaction was monitored by 

MALDI-MS and TLC analysis [silica, hexanes/CH2Cl2 (2:1)].  After 4 h, TLC analysis 

showed disappearance of starting materials (perylene: red with yellow fluorescence, Rf = 

0.50; bacteriochlorin: green, Rf = 0.65) and presence of a major product (green, Rf = 0.20).  

The reaction mixture was washed out of the Schlenk flask with CH2Cl2, concentrated to 
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dryness, and passed through a silica column [hexanes/CH2Cl2 (2:1)].  Preparative SEC 

(THF) followed by a short silica column [hexanes/CH2Cl2 (1:1)] afforded a blue-purple solid 

(24.6 mg, 55%): 
1
H NMR (300 MHz, THF-d8) –1.56 (br, 1H), –1.22 (br, 1H), 1.28 (s, 9H), 

1.31 (s, 18H), 1.33 (s, 9H), 1.92 (s, 6H), 1.93 (s, 6H), 2.58 (s, 6H), 4.36 (br, 2H), 4.47 (br, 

3H) 4.75 (br, 2H), 7.06–7.11 (m, 4H), 7.15 (d, J = 2.2 Hz, 1H), 7.39–7.45 (m, 5H), 7.53–7.59 

(m, 5H), 7.73 (t, J = 8.3 Hz, 1H), 8.07–8.19 (m, 5H), 8.20 (s, 1H), 8.22 (s, 1H), 8.82 (s, 1H), 

8.89 (s, 1H), 8.92 (d, J = 1.9 Hz, 1H), 8.97 (d, J = 8.3 Hz, 1H), 9.18 (d, J = 8.3 Hz, 1H), 

9.29–9.32 (m, 2H); abs (THF) 378, 508, 610, 766 nm; MALDI-MS obsd 1408.0; calcd exact 

mass 1407.7177 (C97H93N5O5). 

15-(2-Phenylethynyl)-17,18-dihydro-10-mesityl-18,18-dimethyl-5-(4-methylphenyl)

-porphyrin [C-T
5
M

10
-e-Ph].  Following a standard procedure,

13,25
 samples of C-T

5
M

10
-Br 

(7.0 mg, 11.2 mol) and phenylacetylene (6.1 L, 56.0 mol) were coupled in a Schlenk 

flask using Pd2(dba)3 (1.5 mg, 1.70 mol ) and P(o-tol)3 (4.0 mg, 13.4 mol) in degassed 

toluene/triethylamine [6.0 mL (5:1)] at 50 °C for 19 h.  The reaction was monitored by TLC 

analysis (silica, hexanes/CH2Cl2, 2:1).  The reaction mixture was washed out of the Schlenk 

flask with CH2Cl2 and concentrated to dryness.  Column chromatography (silica, 

hexanes/CH2Cl2 3:1) afforded a green-purple solid (6.0 mg, 85%): 
1
H NMR (300 MHz, 

CDCl3) –1.15 (br, 1H), –1.00 (br, 1H), 1.87 (s, 6H), 2.06 (s, 6H), 2.60 (s, 3H), 2.67 (s, 3H), 

4.76 (s, 2H), 7.23–7.25 (m, 2H), 7.43–7.56 (m, 5H), 7.90–7.93 (m, 2H), 7.98–8.00 (m, 2H), 

8.24–8.25 (m, 1H), 8.37–8.39 (m, 1H), 8.54–8.56 (m, 1H), 8.69–8.74 (m, 2H), 8.76 (s, 1H), 

9.18–9.19 (m, 1H); abs (toluene) 427, 563, 661 nm; em (exc = 427 nm) 662 nm; 
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MALDI-MS obsd 648.7611; ESI-MS obsd 649.3317, calcd exact mass 648.3253 [(M + H)
+
, 

M = C46H40N4]. 

D. Electrochemistry.  Electrochemical studies were performed at University of 

California, Riverside, using previously described instrumentation.
49

  The solvent was 

butyronitrile or CH2Cl2 (Burdick and Jackson) containing 0.1 M tetrabutylammonium 

hexafluorophosphate (Aldrich; recrystallized three times from methanol and dried at 110 °C 

in vacuo) as the supporting electrolyte.  The electrochemical cell was housed in a glovebox.  

The E½ values were obtained with square wave voltammetry (frequency 10 Hz) under 

conditions where the ferrocene couple has a potential of +0.19 V. 

E. Photophysical Properties.  All the following studies were performed at 

Washington University at St. Louis.  Measurement of the fluorescence (f) and 

triplet-excited-state (isc) quantum yields and singlet (S) and triplet (T) lifetimes, unless 

noted otherwise, utilized dilute (M) Ar-purged at room temperature.  Samples for f 

measurements had an absorbance <0.1 at the excitation wavelength.  The f values were 

generally determined as described previously
1
 with respect to two standards and the results 

averaged.  The standards were (1) free base meso-tetraphenylporphyrin (FbTPP) in 

nondegassed toluene, for which f = 0.070 was established with respect to the zinc chelate 

ZnTPP in nondegassed toluene (f = 0.030),
50

 consistent with prior results on FbTPP,
51

 and 

(2) 8,8,18,18-tetramethylbacteriochlorin in Ar-purged toluene, for which f = 0.14 was 

established with respect to FbTPP and chlorophyll a (Chl a) in deoxygenated benzene
52

 or 

toluene (f = 0.325). 
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The S value for most of the bacteriochlorins (S ~ 1 ns or longer) was first probed using a 

time-correlated single photon counting instrument that employed Soret excitation flashes 

derived from a nitrogen-pumped dye laser (PTI LaserStrobe) and a Gaussian instrument 

response function of 0.6 ns.  The S values for some of the bacteriochlorins were also 

determined using a fluorescence modulation technique (Spex Tau2) and the results from the 

two techniques were generally averaged.  The S values measured by transient absorption are 

consistent with those determined via fluorescence methods.  For bacteriochlorins with S 

values < 1 ns the lifetime were measured only by transient absorption. 

F. Molecular-Orbital Characteristics.  DFT calculations were performed at 

University of California, Riverside with Spartan ’10 for Windows version 1.2.0
53

 in parallel 

mode on a PC equipped with an Intel i7-975 cpu, 24 GB ram, and three 300 GB, 10k rpm 

hard drives.  The calculations employed the hybrid B3LYP functional and basis set 6-31G*.  

The equilibrium geometries were fully optimized using the default parameters of the Spartan 

program.  Molecular-orbital (MO) images were plotted from Spartan using an isovalue of 

0.016. 
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CHAPTER 3 

Moderately Coupled Perylene–(Hydro)porphyrin Dyads for 

Studies of Energy Transfer 

Section 3.1 Molecular Design 

In Chapter 2 I described a set of perylene–(hydro)porphyrin dyads that employ a direct 

ethyne linker at the perylene C9 position (Chart 2.4).  The extensive conjugation of the 

ethyne linker with the tetrapyrrole macrocycles affords strong electronic coupling.  

Compared to porphyrin (which has strong absorption in the near UV region), the introduction 

of a chlorin or bacteriochlorin provides complementary absorption in the red or near infrared 

region, respectively.  Moreover, the ease of oxidation of the tetrapyrrole macrocycle 

increases in the order porphyrin < chlorin < bacteriochlorin; as a consequence the propensity 

for electron transfer from tetrapyrrole to perylene increases in the same order. 

It is already known that the attachment of a linker at the perylene N-imide position 

(rather than at the C9 position) should suppress competing charge-transfer reactions, thus, we 

designed a second trio of dyads that employ the ethyne linker at the perylene N-imide 

position for comparison (Chart 3.1).  Because of the nodes present at the perylene imide 

nitrogen in both the HOMO and LUMO, the absorption and emission characteristics of the 

perylene-monoimide are little affected by the presence of solubilizing groups at the imide 

position.  The introduction of the isopropyl groups at the N-aryl moiety is necessary to 

improve solubility.  Compared to dyads shown in Chart 2.4, placement of the linker at the 

N-imide position is expected to give less strong electronic coupling.  Because the N-imide 

moiety is an electron-withdrawing-group, the perylene should be harder to reduce.  As a 
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consequence the propensity for charge transfer should be diminished. 

In this chapter I will present the synthesis of three moderately coupled 

perylene–(hydro)porphyrin dyads. 
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Chart 3.1 Moderately coupled perylene–(hydro)porphyrin dyads 
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Section 3.2 Synthesis 

3.2.1. Building Blocks and Benchmark Compounds.  The preparation of tetrapyrrole 

building blocks (Chart 2.6) and tetrapyrrole benchmark compounds (TriPhP-e-Ph, 

MeOBC-e-Ph, C-T
5
M

10
-e-Ph, C-M

10
-e-TIPS, Chart 2.5) were described in Chapter 2.  

The perylene-monoimide building block PMI(OR)3-e (Chart 3.2) was prepared following a 

literature procedure.
37

  PMI(OR)3-e was used as a monomer and as a benchmark 

compound. 

N
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t-Bu
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H

 

Chart 3.2 Perylene builiding block PMI(OR)3-e. 

 

 

3.2.2. Moderately Coupled Perylene–(Hydro)porphyrin Dyads.  Similar to the 

strongly coupled analogues, dyads shown in Chart 3.1 were prepared via a Sonogashira 

coupling reaction (Scheme 3.1) following a standard procedure.
25

  Each brominated 

tetrapyrrole (Chart 2.6) was coupled with 1.0 equivalent of PMI(OR)3-e in degassed 

toluene/TEA (5:1), using 0.15 equivalent of Pd2(dba)3 and 1.2 equivalent of P(o-tol).
13

  

Each dyad was obtained in pure form after purification by a 3-column sequence, first by 
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column chromatography on silica gel, second by preparative size-exclusion chromatography 

(SEC), and third by a short silica column.  To remove long-chain hydrocarbons derived 

from chromatography, each dyad was dissolved in hexanes followed by slow diffusion of 

methanol.  The resulting precipitate was collected by filtration and dried. 

 

Scheme 3.1 Synthesis of moderately coupled perylene–(hydro)porphyrin dyads 

 

 

Table 3.1 Reaction conditions and yields of moderately coupled dyads 

PMI(OR)3-e-TriMesP1 60 3 80

PMI(OR)3-e-C-T5M102 40 3 65

PMI(OR)3-e-MeOBC3 50 4 43

Entry Dyad Temp/°C Time/h Yield/%
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Reaction conditions and yields are listed in Table 3.1.  TriMesP-Br was first coupled 

with PMI(OR)3-e at 60 °C, which afforded a red solid in 80% yield.  C-T
5
M

10
-Br or 

MeOBC-Br was coupled with PMI(OR)3-e at lower temperature (40 °C or 50 °C, 

respectively), which resulted in a lower yield of each dyad [PMI(OR)3-e-C-T
5
M

10
, 65%; 

PMI(OR)3-e-MeOBC, 42%]. 

Section 3.3 Experimental 

A. General.  
1
H NMR (300 MHz) spectra were recorded in CDCl3 at room 

temperature unless noted otherwise.  Mass spectra were obtained by laser desorption mass 

spectrometry (MALDI-MS) in the presence of a matrix [POPOP, 

1,4-bis(5-phenyloxazol-2-yl)benzene].
47

  Absorption and emission spectra were collected in 

toluene at room temperature.  Preparative SEC
48

 was performed using BioRad Bio-Beads 

SX-1 (200-400 mesh) beads.  All commercially available materials were used as received. 

B. Literature Compounds.  Building blocks TriMesP-Br,
19,22 

C-T
5
M

10
-Br,

23,27 

MeOBC-Br;
24,26

 PMI(OR)3-e,
37 

and benchmark compounds TriPhP-e-Ph,
29

 

C-M
10

-e-TIPS,
30

 MeOBC-e-Ph
24

 were synthesized as described in the literature. 

C. Synthesis.  Synthesis ofbenchmark compound C-T
5
M

10
-e-Ph was described in 

Chapter 2.  Target dyads (PMI(OR)3-e-TriMesP, PMI(OR)3-e-C-T
5
M

10
, 

PMI(OR)3-e-MeOBC) were synthesized following a standard procedure for copper-free 

Sonogashira coupling reactions.
25

 

5-[(2-(4-(1,6,9-Tris(4-tert-butylphenoxy)-3,4-perylenedicarboximido)-3,5-diisoprop

ylphenyl)ethynyl]-10,15,20-trimesitylporphyrin [PMI(OR)3-e-TriMesP].  Following a 
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standard procedure,
13,25

 samples of TriMesP-Br (13.6 mg, 18.3 mol) and PMI(OR)3-e 

(17.4 mg, 18.3 mol) were coupled in a Schlenk flask using Pd2(dba)3 (2.5 mg, 2.70 mol ) 

and P(o-tol)3 (6.7 mg, 22.0 mol) in degassed toluene/triethylamine [9.0 mL (5:1)] at 60 °C 

for 3 h.  The reaction was monitored by MALDI-MS.  The reaction mixture was washed 

out of the Schlenk flask with CH2Cl2, concentrated to dryness, and passed through a silica 

column [hexanes/CH2Cl2 (1:1)].  Preparative SEC (THF) followed by a short silica column 

[hexanes/CH2Cl2 (3:2)] afforded a red solid (23.6 mg, 80%): 
1
H NMR (300 MHz, CDCl3)  

–2.14 (br, 1H), 1.29 (d, J = 6.6 Hz, 12H), 1.34 (s, 9H), 1.36 (s, 18H), 1.86 (s, 18H), 2.61 (s, 

3H), 2.63 (s, 3H), 2.85 (m, 2H), 6.91 (d, J = 8.7 Hz, 1H), 7.04–7.13 (m, 6H), 7.28 (s, 6H), 

7.38 (d, J = 9.0 Hz, 2H), 7.42–7.45 (m, 4H), 7.67 (t, J = 9.0 Hz, 1H), 7.92 (s, 2H), 8.37 (s, 

1H), 8.40 (s, 1H), 8.49 (d, J = 8.4 Hz, 1H), 8.57 (s, 4H), 8.75 (d, J = 4.5 Hz, 2H), 9.27 (d, J = 

8.7 Hz, 1H), 9.47 (d, J = 8.1 Hz, 1H), 9.71 (d, J = 4.8 Hz, 2H); abs (toluene) 434, 534, 575, 

672 nm; em (exc = 434 nm) 681 nm; MALDI-MS obsd 1613.88; calcd exact mass 

1611.8116 (C113H105N5O5). 

15-[(2-(4-(1,6,9-Tris(4-tert-butylphenoxy)-3,4-perylenedicarboximido)-3,5-diisopro

pylphenyl)ethynyl]-17,18-dihydro-10-mesityl-18,18-dimethyl-5-(4-methylphenyl)porphy

rin [PMI(OR)3-e-C-T
5
M

10
].  Following a standard procedure,

13,25
 samples of C-T

5
M

10
-Br 

(6.3 mg, 10.0 mol) and PMI(OR)3-e (9.5 mg, 10.0 mol) were coupled in a Schlenk flask 

using Pd2(dba)3 (1.4 mg, 1.50 mol ) and P(o-tol)3 (3.6 mg, 12.0 mol) in degassed 

toluene/triethylamine [7.2 mL (5:1)] at 40 °C for 3 h.  The reaction was monitored by 

MALDI-MS.  The reaction mixture was washed out of the Schlenk flask with CH2Cl2, 
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concentrated to dryness, and passed through a silica column [hexanes/CH2Cl2 (1:1)].  

Preparative SEC (THF) followed by a short silica column [hexanes/CH2Cl2 (3:2)] afforded a 

red solid (9.8 mg, 65%): 
1
H NMR (300 MHz, CDCl3)  –1.16 (br, 1H), –1.00 (br, 1H), 1.28 

(d, J = 6.0 Hz, 12H), 1.34 (s, 9H), 1.36 (s, 18H), 1.86 (s, 6H), 2.07 (s, 6H), 2.59 (s, 3H), 2.66 

(s, 3H), 2.84 (m, 2H), 4.78 (s, 2H), 6.91 (d, J = 8.7 Hz, 1H), 7.04–7.12 (m, 6H), 7.21–7.23 

(m, 2H), 7.38 (d, J = 9.0 Hz, 2H), 7.42–7.45 (m, 4H), 7.49–7.51 (m, 2H), 7.67 (t, J = 7.8 Hz, 

1H), 7.80 (s, 2H), 7.97–8.00 (m, 2H), 8.24–8.25 (m, 1H), 8.36–8.38 (m, 1H), 8.37 (s, 1H), 

8.40 (s, 1H), 8.49 (d, J = 8.4 Hz, 1H), 8.55–8.57 (m, 1H), 8.69–8.72 (m, 2H), 8.76 (s, 1H), 

9.21–9.23 (m, 1H), 9.26 (d, J = 9.0 Hz, 1H), 9.47 (d, J = 7.8 Hz, 1H); abs (toluene) 427, 532, 

556, 660 nm; em (exc = 427 nm) 671 nm; MALDI-MS obsd 1497.53; calcd exact mass 

1495.7490 (C104H97N5O5). 

15-[(2-(4-(1,6,9-Tris(4-tert-butylphenoxy)-3,4-perylenedicarboximido)-3,5-diisopro

pylphenyl)ethynyl]-5-methoxy-8,8,18,18-tetramethyl-2,12-bis(4-methylphenyl)bacterioc

hlo-rin [PMI(OR)3-e-MeOBC].  Following a standard procedure,
13,25

 samples of 

MeOBC-Br (12.6 mg, 19.1 mol) and PMI(OR)3-e (18.1 mg, 19.1 mol) were coupled in a 

Schlenk flask using Pd2(dba)3 (2.6 mg, 2.80 mol ) and P(o-tol)3 (6.9 mg, 23.0 mol) in 

degassed toluene/triethylamine [9.6 mL (5:1)] at 50 °C for 4 h.  The reaction was monitored 

by MALDI-MS.  The reaction mixture was washed out of the Schlenk flask with CH2Cl2, 

concentrated to dryness, and passed through a silica column [hexanes/CH2Cl2 (3:2)].  

Preparative SEC (toluene) followed by a short silica column [hexanes/CH2Cl2 (3:2)] afforded 

a purple solid (12.5 mg, 43%): 
1
H NMR (300 MHz, CDCl3) –1.52 (br, 1H), –1.27 (br, 1H), 
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1.27 (d, J = 6.6 Hz, 12H), 1.34 (s, 9H), 1.36 (s, 18H), 1.91 (s, 6H), 1.93 (s, 6H), 2.61 (s, 6H), 

2.83 (m, 2H), 4.35 (s, 2H), 4.48 (s, 3H), 4.63 (s, 2H), 6,91 (d, J = 8.7 Hz, 1H), 7.03–7.06 (m, 

2H), 7.09–7.12 (m, 4H), 7.38–7.45 (m, 6H), 7.57–7.60 (m, 4H), 7.66 (t, J = 7.8 Hz, 1H), 7.79 

(s, 2H), 8.10–8.15 (m, 4H), 8.37 (s, 1H), 8.40 (s, 1H), 8.49 (d, J = 7.5 Hz, 1H), 8.78 (s, 1H), 

8.79 (s, 1H), 8.89 (d, J = 1.8 Hz, 1H), 9.18 (d, J = 1.8 Hz, 1H), 9.26 (d, J = 9.3 Hz, 1H), 9.46 

(d, J = 7.5 Hz, 1H); abs (toluene) 382, 540, 751 nm; em (exc = 500 nm) 761 nm; 

MALDI-MS obsd 1528.45; calcd exact mass 1527.7752 (C105H101N5O6).  
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CHAPTER 4 

Thallium Porphyrin Arrays for Studies of Ground-State Hole/Electron Transfer 

Section 4.1 Introduction and Molecular Design 

Motivated by the aspiration to model the energy- and/or charge-transfer processes that 

occur in natural photosynthetic systems, our group and co-workers have been making efforts 

to develop molecular architectures that absorb light and give long-lived charge-separated 

states.  When such an architecture absorbs solar-light intensely, the resulting excited-state 

energy can migrate to a designated site via through-bond and/or through-space mechanisms.  

The conversion of solar energy into electrical energy requires efficient electron injection into 

the anode followed by ground-state hole migration away from the anode.  For this reason, a 

fundamental understanding of ground-state hole/electron-transfer processes is essential for 

the rational design of simpler synthetic reaction centers.  While excited-state 

charge-separation processes in light-harvesting architectures have been widely studied, 

ground-state hole/electron-transfer processes, particularly involving isoenergetic pigments, 

have received much less attention.  Due to the lack of a clear spectral signature, elucidating 

the rates of ground-state hole transfer between equivalent pigments is normally difficult; thus 

the key target of the studies of ground-state hole/electron-transfer process falls into the 

choice of proper methods that provide hyperfine “clocks”. 

During the past a few years, a number of methods have been employed to gain 

information about ground-state hole transfer in multicomponent arrays.
54-59

  Among those, 

the use of EPR techniques provides an internal “clock” that is based on the resolution of the 
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electron-nuclear hyperfine interactions.
60

  In such studies, multiporphyrin arrays were 

initially oxidized to give a charge-separated state, whereupon the resulting unpaired electron 

undergoes stepwise transfer along a chain of acceptors, and meanwhile the hole can transfer 

stepwise along a chain of donors.  During this process, the varying interaction between the 

migrating electron and an adjacent nucleus affects the EPR spectra.  The rates of 

hole/electron transfer often can be extracted by simulation of the EPR spectra.  Primarily, 

the studies based on EPR spectroscopy were limited to measurements of 
14

N and/or 
1
H 

interactions.  Because the couplings of 
14

N and 
1
H are relatively small,

61
 it is difficult to 

determine the exact rates of hole/electron transfer.  Later studies in our group introduced a 

13
C label at specific sites in the porphyrin macrocycle.  The 

13
C hyperfine interactions in 

porphyrin π-cation radicals are typically larger than those of 
14

N or 
1
H,

61,62
 as a consequence 

more accurate simulations of the EPR spectra were afforded. 

Although our group has synthesized a variety of multiporphyrin arrays containing 
13

C 

labels, we are still searching for an alternative hyperfine clock to further improve the EPR 

spectra simulations and to extract more accurate rates of hole/electron transfer.  Thallium is 

supposed to be a ideal candidate mainly due to its large magnetogyric ratios,
63

 which means 

that very small spin density on thallium should give significant hyperfine splitting.  In 

addition, the fact that 
203

Tl and 
205

Tl have nearly equal magnetogyric ratio, which reveals that 

the hyperfine splittings of the two isotopes of thallium are not distinguishable, avoids the 

preparation of isotopically pure complexes. 

Recently our group and collaborators have successfully used thallium as a new 

hyperfine clock to probe the rate of hole transfer in oxidized porphyrin dyads.
64

  Chart 4.1 
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shows one typical thallium-thallium porphyrin dyad.  The porphyrins are connected at the 

meso position via a PEP (phenyl-ethynyl-phenyl) linker.  Mesityl groups were employed at 

all nonlinking meso-positions to achieve solubility.  The PEP linker has a much higher 

LUMO and a much lower HOMO than those of the thallium porphyrins, yet facilitates 

hole/electron-transfer processes between two equivalent thallium porphyrins presumably via 

a superexchange mediated through-bond process.  EPR studies demonstrated that the 

hole/electron hops very rapidly between two thallium porphyrins.  At room temperature the 

rate of hole/electron transfer in TlTl-Mes-PEP is 1.0 × 10
9
 s

-1
, which is significantly faster 

than the rates that can be determined by using 
1
H, 

14
N, or 

13
C hyperfine clocks. 

N

NN

N

N

N N

N

Tl TlCl Cl

TlTl-Mes-PEP  

Chart 4.1 Previously studied thallium porphyrin dyad. 

 

 

In this chapter, I will report the synthesis of four new linear porphyrin arrays (Chart 4.2) 

for studies of hole/electron transfer through EPR methods.  All the triads are terminated by 

thallium porphyrins.  The terminal thallium porphyrins are connected to a free base or 

thallium-chelated central porphyrin via PEP linkers at the meso position, and bear mesityl 
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groups at all nonlinking meso positions.  Triad Tl-MesFb-Tl has a central free base 

porphyrin that bears two mesityl groups at the nonlinking meso positions.  Compared to the 

central free base porphyrin, thallium porphyrins have a less positive oxidation potential; 

therefore, the hole will be localized on the terminal porphyrins.  Because the energy level of 

the HOMO of the central free base porphyrin is slightly higher than that of the terminal 

porphyrin (~0.30 eV difference), the hole can pass between terminal porphyrins with 

assistance of the intervening central porphyrin as a superexchange mediator.  The distance 

between two thallium porphyrins in Tl-MesFb-Tl is more than twice that of dyad 

TlTl-Mes-PEP and should reduce the rate of electron/hole transfer.  The energy level of the 

HOMO of the central porphyrin can be tuned by changing substituent groups on the 

nonlinking meso-positions as well as alteration of the chelating metal ion.  In this regard, 

triad Tl-C6F5Fb-Tl was prepared.  The electron-withdrawing substituents will typically 

lower the HOMO of the central porphyrin.  In this way the relative energies of the HOMOs 

of the central versus terminal porphyrins can be manipulated, thereby affecting the 

hole/electron transfer rate.  Since alteration of the metalation state tunes the energy levels of 

frontier molecular orbitals of porphyrins, triads Tl-MesTl-Tl and Tl-C6F5Tl-Tl were 

synthesized for comparison. 
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Tl-C6F5Fb-Tl, M = H, H

Tl-C
6
F

5
Tl-Tl, M = TlCl

 

Chart 4.2 Thallium-porphyrin terminated arrays. 

 

Section 4.2 Synthesis 

4.2.1. Strategies.  Previously the Lindsey group have successfully prepared and 

studied a range of multiporphyrin arrays comprised of up to 21 porphyrins.
25,48,65

  In these 

studies, copper-free Sonogashira coupling reactions were extensively used to build the arrays.  

Porphyrins bearing one or more peripheral functional groups (iodo and/or trimethylsilyl 

(TMS) and/or ethyne) served as the basic building blocks.  Size-exclusion chromatography 
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(SEC) was successfully applied to purify and analyze the multiporphyrin arrays. 

Scheme 4.1 gives an example of trimeric porphyrin arrays.  The synthesis of triad 

ZnFbZn employed an A3B-type zinc porphyrin bearing one peripheral ethyne group and a 

trans-A2B2-type free base porphrin bearing two peripheral iodo groups as starting materials 

for the copper-free Sonogashira coupling reaction.  Analytical SEC was employed to 

monitor the reaction and analyze the purified product (Zn-e, retention time = 27.9 min; Fb-I2, 

retention time = 28.6 min; ZnFbZn, retention time = 23.9 min). 

N

NN

N

N

NH N

HN

N

N N

N

Zn

ZnFbZn

Zn

N

NN

N

H

N

NH N

HN

II+2 Zn

Zn-e Fb-I2

Pd2(dba)3, ligand

Toluene/TEA 5:1

 

Scheme 4.1 Synthesis of triad ZnFbZn. 
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Similar to ZnFbZn, the preparation of triads Tl-MesFb-Tl and Tl-C6F5Fb-Tl requires a 

thallium porphyrin building block Tl-e and two free base porphyrin building blocks 

MesFb-I2 and C6F5Fb-I2 (Scheme 4.2).  Copper-free Sonogashira coupling reactions were 

performed following a standard literature procedure
25

 and monitored by analytical SEC.  In 

the following sections, the preparation of porphyrin building blocks is described first and 

then the synthesis of Tl-MesFb-Tl and Tl-C6F5Fb-Tl triads via Sonogashira coupling 

reaction is discussed.  To prepare Tl-MesTl-Tl and Tl-C6F5Tl-Tl, Tl-MesFb-Tl and 

Tl-C6F5Fb-Tl were metalated following a general literature procedure.
66

 

4.2.2. Porphyrin Building Blocks.  Tl-e and MesFb-I2 (Scheme 4.2) were prepared 

following literature procedures.
66-68

  C6F5Fb-I2 (Scheme 4.2) was first reported by van Lier 

et al..
69

  Here, we prepared C6F5Fb-I2 by a 2+2 condensation of 

5-(pentafluorophenyl)dipyrromethane and 4-iodobenzaldehyde using TFA as catalyst and 

DDQ as oxidant.  Following the purification process reported in our previous paper,
70

 a 

purple solid was obtained, which was a mixture of C6F5Fb-I2 and larger molecules.  

Size-exclusion chromatography (SEC) was performed to remove the larger molecules and 

afforded C6F5Fb-I2 in pure form as a purple solid. 
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N

HTl Cl

N

NH N

HN

Ar

I

Ar

I

+

2

Pd2(dba)3, P(o-tol)3

Toluene/TEA 5:1

Tl-e

MesFb-I
2
, Ar = mesityl, 

C6F5Fb-I2, Ar = pentafluorophenyl

Tl-MesFb-Tl, Ar = mesityl

Tl-C6F5Fb-Tl, Ar = pentafluorophenyl  

Scheme 4.2 Synthesis of triads via Sonogashira coupling 

 

 

4.2.3. Syntheses of Triads Tl-MesFb-Tl and Tl-C6F5Fb-Tl.  Following a standard 

copper-free procedure for Sonogashira coupling reactions,
25

 MesFb-I2 was first coupled with 

2.0 equivalents of Tl-e in a Schlenk flask using 0.20 equivalent of Pd2(dba)3 and 1.6 

equivalents of P(o-tol)3 (Scheme 4.2).  The reaction was monitored by analytical SEC.  

After 22 h, analytical SEC showed peaks for remaining starting materials (MesFb-I2, 

retention time 28.64 min; Tl-e, retention time 28.13 min), dyads (retention time 26.00 min) 
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and triads (retention time 24.46 min).  Since most of Tl-e was consumed, the reaction was 

stopped.  The crude mixture was passed through a short silica column to remove palladium 

catalyst.  Purification by preparative SEC afforded a mixture of two compounds. Each of 

the compounds was collected after another column chromatography (silica, hexanes/CH2Cl2 

2:1).  MALDI-MS showed that one of the compounds is Tl-MesFb-Tl, while the other is 

Tl-MesFb-Fb (Chart 4.3).  The two triads were present in almost equal amounts, suggesting 

that demetalation of thallium under the reaction conditions could be one important reason for 

the low yield (9.7 mg, 36%) of the desired triad Tl-MesFb-Tl. 

Similarly, building block C6F5Fb-I2 was then coupled with Tl-e under the same 

conditions.  After 3 h, analytical SEC showed peaks for remaining starting material 

(C6F5Fb-I2, retention time 27.94 min), dyads (retention time 25.77 min) and triads (retention 

time 24.38 min).  Similarly, the crude mixture was passed through a short silica column to 

remove palladium catalyst.  Purification by preparative SEC afforded a mixture of three 

triads.  To separate the triads, another column chromatography was performed (silica, 

hexanes/CH2Cl2 2:1).  Absorption spectra and MALDI-MS showed that the first moving 

band on the column is Tl-C6F5Fb-Tl (green), the second one is Tl-C6F5Fb-Fb (green-yellow, 

Chart 4.3) and the last band is Tl-C6F5Fb-Fb (red, Chart 4.3).  Compared to triad 

Tl-MesFb-Tl, formation of Tl-C6F5Fb-Tl is faster and demetalation of thallium during the 

formation of Tl-C6F5Fb-Tl causes more byproduct, thereby leading to a lower yield. 
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Chart 4.3 Possible byproducts during Sonogashira coupling reaction. 

 

 

4.2.4. Synthesis of Tl-MesTl-Tl and Tl-C6F5Tl-Tl by Metalation.  Following a 

general procedure,
66

 a solution of triad Tl-MesFb-Tl was treated with excess TlCl3·4H2O 

and stirred at room temperature (Scheme 4.3).  The reaction was stopped when the 

absorption spectrum of the reaction mixture showed the disappearance of the band at 420 nm, 

which typically stems from the central free base porphyrin.  After standard workup and 

purification by column chromatography (silica, hexanes/ CH2Cl2 1:1), Tl-MesTl-Tl was 

obtained in 70% yield.  Similarly, Tl-C6F5Fb-Tl was metalated under the same conditions.  
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After standard workup and purification by column chromatography (silica, hexanes/ethyl 

acetate 3:1), the resulting solid was washed with chromatography grade hexanes to remove 

minor impurities.  Tl-C6F5Tl-Tl was obtained in 83% yield. 

TlCl3·4H2O

CH2Cl2, r.t.

N

NN

N

Tl Cl

N

NH N

HN

Ar

Ar

N

N N

N

TlCl

N

NN

N

Tl Cl

N

N N

N

Ar

Ar

N

N N

N

TlClTl Cl

Ar = mesityl or pentafluorophenyl

Scheme 4.3 Metalation of triads 

 

 

4.2.5. Synthesis of Benchmark Compounds.  Structures of benchmark monomers are 

shown in Chart 4.4.  MesFb was previously prepared and fully characterized.
70

  C6F5Fb 

was first reported by Suzuki et al..
71

  Here, we prepared C6F5Fb by a 2+2 condensation of 
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5-(pentafluorophenyl)dipyrromethane and 4-methylbenzaldehyde using TFA as catalyst and 

DDQ as oxidant.
70

  Then MesTl and C6F5Tl were prepared following a general procedure 

of metalation.
66

  A solution of free base porphyrin (MesFb or C6F5Fb) in CH2Cl2 was 

treated with excess TlCl3·4H2O and stirred at room temperature.  After standard workup, 

purification by column chromatography removed the remaining free base porphyrin and 

afforded thallium-chelated porphyrin in pure form. 
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Chart 4.4 Benchmark compounds 
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Section 4.3 Experimental 

A. General.  
1
H NMR spectra were recorded in CDCl3 at room temperature.  Mass 

spectra were obtained by laser desorption mass spectrometry (MALDI-MS) in the presence 

of a matrix [POPOP, 1,4-bis(5-phenyloxazol-2-yl) benzene].
47

  Absorption spectra were 

collected in HPLC grade dichloromethane or toluene at room temperature.  Preparative 

SEC
48

 was performed using BioRad Bio-Beads SX-1 (200-400 mesh) beads.  General 

method of analytical SEC was reported in Appendix I.  All commercially available materials 

were used as received. 

B. Literature Compounds.  Two of the building blocks (Tl-e,
66,68

 MesFb-I2
67

) and 

one of the benchmark monomers (MesFb
70

) were synthesized following literature 

procedures. 

C. Synthesis.  One of the porphyring building blocks (C6F5Fb-I2) and one of the 

benchmark porphyrins (C6F5Fb) were synthesized following a general procedure for 

trans-A2B2-type porphyrins.
70

  Triads Tl-MesFb-Tl and Tl-C6F5Fb-Tl were prepared 

following a standard procedure of copper-free Sonogashira coupling reaction.
25

  Triads 

Tl-MesTl-Tl, Tl-C6F5Tl-Tl, and two of the benchmark porphyrins (C6F5Tl, MesTl) were 

prepared following a general procedure of metalation.
66

 

5,15-Bis(pentafluorophenyl)-10,20-bis(4-iodophenyl)porphyrin [C6F5Fb-I2].  

Following a general procedure,
70

 samples of 5-(pentafluorophenyl)dipyrromethane (0.655 g, 

2.00 mmol) and 4-iodobenzaldehyde (0.464 g, 2.00 mmol) were dissolved in 200 mL of 

CH2Cl2 in a 500 mL round-bottomed flask, and then TFA (0.270 mL, 3.56 mmol) was added 
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slowly.  The reaction mixture was stirred at room temperature.  After 1 h, DDQ (0.454 g, 

2.00 mmol) was added, and the reaction mixture was stirred at room temperature for 1 h.  

The reaction mixture was poured onto a pad of alumina and eluted with CH2Cl2 until the 

solution was pale brown.  The solvent was removed under vacuum to give a black solid, 

which was then dissolved in toluene (50 mL).  DDQ (0.454 g, 2.00 mmol) was added, and 

the mixture was heated under reflux for 1 h.  After cooling to room temperature, the 

reaction mixture was passed through a pad of alumina and eluted with CH2Cl2 until all purple 

portions were collected.  Solvents were removed under vacuum, and the resulting solid was 

dissolved in eluting solvent (hexanes/CH2Cl2 2:1) and passed through a silica pad.  The first 

moving band was collected, and the solvent was evaporated to give a purple solid.  

MALDI-MS analysis showed the presence of impurities with larger molecular weight; thus, 

size-exclusion chromatography was performed in toluene to give the title compound as a 

purple solid (144.7 mg, 14%): 
1
H NMR (300 MHz, CDCl3) –br, 2H), 7.94–7.97 (m, 

4H), 8.13–8.16 (m, 4H), 8.83 (d, J = 4.8 Hz, 4H), 8.95 (d, J = 5.1 Hz, 4H)abs (CH2Cl2) 416, 

511, 543, 587, 641 nm; ESI obsd 1046.9533 [(M+H)
+
, M = C44H18F10I2N4]; calcd exact mass 

1045.9461. 

5,15-Bis(pentafluorophenyl)-10,20-bis(4-methylphenyl)porphyrin [C6F5Fb].  

Following a general procedure,
70

 samples of 5-(pentafluorophenyl)dipyrromethane (0.164 g, 

0.50 mmol) and 4-methylbenzaldehyde (0.060 g, 59.0 L, 0.50 mmol) were dissolved in 50 

mL of CH2Cl2 in a 100 mL round-bottomed flask, and then TFA (68.5 L, 0.89 mmol) was 

added slowly.  The reaction mixture was stirred at room temperature.  After 1 h, DDQ 
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(0.114 g, 0.50 mmol) was added, and the reaction mixture was stirred at room temperature 

for 1 h.  The reaction mixture was poured onto a pad of silica and eluted with CH2Cl2 until 

the solution was pale brown.  The solvent was removed under vacuum to give a black solid, 

which was then dissolved in toluene (10 mL).  DDQ (0.114 g, 0.50 mmol) was added, and 

the mixture was heated under reflux for 1 h.  After cooling to room temperature, the 

reaction mixture was passed through a pad of silica and eluted with CH2Cl2 until all purple 

portions were collected.  Solvents were removed under vacuum, and the resulting solid 

was dissolved in eluting solvent (hexanes/CH2Cl2 2:1) and passed through a silica pad.  

The first moving band was collected, and the solvent was evaporated to give a purple solid 

(28.7 mg, 14%): 
1
H NMR (300 MHz, CDCl3) 2.72 (s, 6H), 7.57 (d, J = 7.8 Hz, 4H), 8.08 

(d, J = 7.8 Hz, 4H), 8.78 (d, J = 4.8 Hz, 4H), 8.97 (d, J = 4.8 Hz, 4H); abs (toluene) 414, 

510, 544, 589 nm; ESI obsd 823.1908 [(M+H)
+
, M = C46H24F10N4]; calcd exact mass 

822.1841. 

Chloro[5,15-bis(pentafluorophenyl)-10,20-bis(4-methylphenyl)porphyrinato]thalliu

m(III) [C6F5Tl].  Following a general procedure,
66

 a solution of C6F5Fb (9.0 mg, 11.0 

mol) in CH2Cl2 (2.0 mL) was treated with TlCl3·4H2O (68.2 mg, 220 mol) and stirred at 

room temperature.  The reaction mixture turned green immediately.  After 4 h, the reaction 

was stopped.  The reaction mixture was washed with saturated aqueous NaCl.  The organic 

layer was separated, dried (Na2SO4), filtered, and concentrated to dryness.  TLC analysis 

(hexanes/CH2Cl2 1:1) showed the appearance of a major product (green) and remaining 

starting material (purple).  Column chromatography (silica, hexanes/CH2Cl2 1:1) afforded a 
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greenish-purple solid (7.4 mg, 63%): 
1
H NMR (300 MHz, CDCl3) 2.74 (s, 6H), 7.57–7.65 

(m, 4H), 8.00 (dd, J
4
 = 67.5 Hz, J

3
 = 7.2 Hz, 4H), 8.89 (dd, J

4
 = 63.0 Hz, J

3
 = 4.5 Hz, 4H), 

9.08 (dd, J
4
 = 63.6 Hz, J

3
 = 5.1 Hz, 4H);abs (CH2Cl2) 432, 564 nm; ESI obsd 1023.1398 

[(M–Cl)
.+

, M = C46H22ClF10N4Tl]; calcd exact mass 1060.1117. 

Chloro[5,15-dimesityl-10,20-bis(4-methylphenyl)porphyrinato]thallium(III) 

[MesTl].  Following a general procedure,
66

 a solution of MesFb (10.9 mg, 15.0 mol) in 

CH2Cl2 (3.0 mL) was treated with TlCl3·4H2O (93.0 mg, 300 mol) and stirred at room 

temperature.  The reaction mixture turned green immediately.  After 3 h, the reaction was 

stopped.  The reaction mixture was washed with saturated aqueous NaCl.  The organic 

layer was separated, dried (Na2SO4), filtered, and concentrated to dryness.  TLC analysis 

(hexanes/CH2Cl2 2:1) showed the appearance of a major product (green) and remaining 

starting material (purple).  Column chromatography (silica, hexanes/CH2Cl2 2:1) afforded a 

greenish-purple solid (7.9 mg, 55%): 
1
H NMR (300 MHz, CDCl3) 1.72 (s, 6H), 1.95 (s, 

6H), 2.64 (s, 6H) 2.71 (s, 6H), 7.27–7.32 (m, 4H), 7.52–7.62 (m, 4H), 8.00 (dd, J
4
 = 76.8 Hz, 

J
3
 = 7.5 Hz, 4H), 8.76 (dd, J

4
 = 62.4 Hz, J

3
 = 4.8 Hz, 4H), 8.90 (dd, J

4
 = 64.5 Hz, J

3
 = 4.8 Hz, 

4H); abs (CH2Cl2) 434, 567 nm; ESI obsd 927.3292 [(M–Cl)
.+

, M = C52H44ClN4Tl]; calcd 

exact mass 964.2998. 

Tl-MesFb-Tl.  Following a general procedure,
25

 samples of Tl-e (20.1 mg, 20.0 mol) 

and MesFb-I2 (9.5 mg, 10.0 mol) were coupled in a Schlenk flask using Pd2(dba)3 (1.8 mg, 

2.0 mol ) and P(o-tol)3 (4.9 mg, 16.0 mol) in degassed toluene/triethylamine [8.4 mL (5:1)] 

at 50 °C.  The reaction was monitored by analytical SEC.  After 22 h, most of the starting 
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material Tl-e was consumed, hence the reaction was stopped.  The reaction mixture was 

washed out of the Schlenk flask with CH2Cl2, concentrated to dryness, and passed through a 

short silica column [hexanes/CH2Cl2 (3:2)].  The crude solid was then passed through a 

preparative SEC (THF) column.  The first colored fraction was collected and concentrated 

to dryness.  TLC analysis [hexanes/CH2Cl2 (2:1)] showed the appearance of the target triad 

and a major byproduct.  Another silica column [hexanes/CH2Cl2 (2:1)] afforded a dark 

green solid (9.7 mg, 36%): 
1
H NMR (400 MHz, CDCl3) –2.55 (br, 2H), 1.86 (s, 18H), 1.90 

(s, 12H), 1.91(s, 18H), 2.65–2.67 (m, 24H), 7.30–7.33 (m, 16H), 8.05–8.14 (m, 4H), 8.08 (d, 

4H, J = 8.0 Hz), 8.18–8.20 (m, 2H), 8.32 (d, 4H, J = 7.6 Hz), 8.47–8.49 (m, 2H), 8.78 (d, 8H, 

J = 4.4 Hz), 8.90 (d, 8H, J = 4.4 Hz), 8.87–9.09 (m, 8H); abs (CH2Cl2) 421, 442 nm; 

MALDI-MS obsd 2629.7941 (M–2Cl, M = C160H130Cl2N12Tl2); calcd exact mass 2698.9406. 

Tl-MesTl-Tl.  Following a general procedure,
66

 a solution of Tl-MesFb-Tl (4.0 mg, 

1.5 mol) in CH2Cl2 (4.5 mL) was treated with a solution of TlCl3·4H2O (46.7 mg, 150 mol) 

in methanol (0.5 mL) and stirred at room temperature.  The reaction was monitored by 

absorption spectroscopy.  After 4 h, the band at 420 nm disappeared, hence the reaction was 

stopped.  The reaction mixture was washed with saturated aqueous NaCl.  The organic 

layer was separated, dried (Na2SO4), filtered, and concentrated to dryness.  Column 

chromatography (silica, hexanes/CH2Cl2 1:1) afforded a greenish purple solid (3.1 mg, 71%): 

1
H NMR (400 MHz, CDCl3) –m, 24H), 1.95–1.99 (m, 24H), 2.65–2.68 (m, 24H), 

7.28–7.35 (m, 20H), 8.06–8.26 (m, 10H), 8.50 (d, J = 7.6 Hz, 4H), 8.79 (d, J = 62 Hz, 8H), 

8.87 (dd, 
4
J = 64 Hz, 

3
J = 4.8 Hz, 4H), 8.91 (dd, 

4
J = 62 Hz, 

3
J = 4.4 Hz, 4H), 8.98–9.02 (m, 
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4H), 9.14 (dd, 
4
J = 17.6 Hz, 

3
J = 4.8 Hz, 2H); abs (CH2Cl2) 434, 442 nm; MALDI-MS obsd 

2902.84 (M–Cl, M = C160H128Cl3N12Tl3); calcd exact mass 2938.3176. 

Tl-C6F5Fb-Tl.  Following a general procedure,
25

 samples of Tl-e (30.1 mg, 30.0 mol) 

and C6F5Fb-I2 (15.7 mg, 15.0 mol) were coupled in a Schlenk flask using Pd2(dba)3 (2.7 

mg, 3.0 mol ) and P(o-tol)3 (7.4 mg, 24.0 mol) in degassed toluene/triethylamine [9 mL 

(5:1)] at 45 °C.  The reaction was monitored by analytical SEC.  After 3 h, most of the 

starting materials were consumed, hence the reaction was stopped.  The reaction mixture 

was washed out of the Schlenk flask with CH2Cl2, concentrated to dryness, and passed 

through a short silica column [hexanes/CH2Cl2 (1:1)].  The crude solid was then passed 

through a preparative SEC (THF) column.  The first colored fraction was collected and 

concentrated to dryness.  TLC analysis [hexanes/CH2Cl2 (2:1)] showed the appearance of 

the target triad and two major byproducts.  Another silica column [hexanes/CH2Cl2 (2:1)] 

afforded a green solid (10.3 mg, 25%): 
1
H NMR (400 MHz, CDCl3) –2.77 (br, 2H), 

1.85–1.86 (m, 18H), 1.91 (s, 18H), 2.65–2.66 (m, 18H), 7.30–7.33 (m, 16H), 8.06–8.16 (m, 

4H), 8.12 (d, 4H, J = 8.0 Hz), 8.20–8.21 (m, 2H), 8.32 (d, 4H, J = 7.6 Hz), 8.48–8.50 (m, 

2H), 8.78 (m, 4H), 8.90 (m, 8H), 8.98–9.10 (m, 4H), 9.06 (d, 4H, J = 4.9 Hz); abs (CH2Cl2) 

418, 441 nm; MALDI-MS obsd 2725.7627 (M–2Cl, M = C154H108Cl2F10N12Tl2); calcd exact 

mass 2794.7525. 

Tl-C6F5Tl-Tl.  Following a general procedure,
66

 a solution of Tl-C6F5Fb-Tl (5.0 mg, 

1.8 mol) in CH2Cl2 (5.0 mL) was treated with a solution of TlCl3·4H2O (56.0 mg, 180 mol) 

in methanol (1.0 mL) and stirred at room temperature.  The reaction was monitored by 



86 

absorption spectroscopy.  After 3 h, the band at 420 nm disappeared, hence the reaction was 

stopped.  The reaction mixture was washed with saturated aqueous NaCl.  The organic 

layer was separated, dried (Na2SO4), filtered, and concentrated to dryness.  Column 

chromatography (silica, hexanes/ethyl acetate 1:1) afforded a green solid (4.5 mg, 83%): 
1
H 

NMR (400 MHz, CDCl3) –m, 18H), 1.95–1.99 (m, 18H), 2.65–2.66 (m, 18H), 

7.28–7.35 (m, 16H), 8.07–8.26 (m, 8H), 8.47–8.53 (m, 4H), 8.79 (d, J = 62 Hz, 8H), 8.87 (m, 

2H), 8.99 (dd, 
4
J = 62 Hz, 

3
J = 4.4 Hz, 4H), 9.03–9.05 (m, 4H), 9.19–9.22 (m, 4H) 9.37–9.38 

(m, 2H); abs (CH2Cl2) 435, 441 nm; MALDI-MS obsd 3032.6003, 2997.6458 (M–Cl, M = 

C154H106Cl3F10N12Tl3); calcd exact mass 3032.6801. 
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Appendix I Analytical SEC report for thallium porphyrin arrays 

1. General Method.  Analytical SEC was performed on a Hewlett-Packard 1100 

HPLC using three PLgel columns (Polymer Laboratories, 5 m, 7.5 x 300 mm) of pore sizes 

100, 500 and 1000 Å connected in series.  HPLC grade THF was used as mobile phase.  

Flow rate is 0.8 mL/min.  Sample detection was achieved by absorption spectroscopy using 

a diode array detector at four or five different wavelengths. 

2. Preparation of Triad Tl-MesFb-Tl.  Absorption of the starting materials and 

reaction mixtures was detected at 4 different wavelengths (416, 443, 514, 575 nm). 

Test 1: A mixture of starting materials was injected into the HPLC before the reaction 

began.  Figure A1 gives the retention times of the starting materials: Tl-e (28.12 min), 

MesFb-I2 (28.63 min).  The 0.5 min difference in retention time is consistent with their size 

difference. 

Test 2: The reaction mixture was injected into the HPLC after stirring for 4 h.  Figure 

A2 shows peaks of Tl-e (28.19 min), MesFb-I2 (28.78 min), dyads (26.05~26.08 min), and 

triads (24.50 min).  Seen from the SEC traces shown in Figure A2, it is clear that only a tiny 

amount of triads was formed; and most of the starting materials remained unreacted. 

Test 3: The reaction mixture was injected into the HPLC after stirring for 22 h.  Figure 

A3 indicates that one of the starting materials Tl-e was almost entirely consumed, so the 

reaction was considered to be completed and stopped. 

3. Analysis of Triads Tl-MesFb-Tl and Tl-MesTl-Tl.  Absorption of Tl-MesFb-Tl 
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and Tl-MesTl-Tl was detected at 5 different wavelengths (421, 442, 568, 572, 609 nm). 

Test 4: After workup and purification, pure Tl-MesFb-Tl was injected into the HPLC.  

Figure A4 shows a single peak at 24.97 min. 

Test 5: Pure Tl-MesTl-Tl was injected into the HPLC.  Figure A5 shows a single peak 

at 24.93 min. 

4. Preparation of Triad Tl-C6F5Fb-Tl.  Absorption of the starting materials and 

reaction mixtures was detected at 5 different wavelengths (415, 443, 510, 541, 613 nm). 

Test 6: A mixture of starting materials was injected into the HPLC before the reaction 

began.  Figure A6 gives the retention times of the starting materials: Tl-e 28.15 min, 

C6F5Fb-I2 27.99 min. 

Test 7: The reaction mixture was injected into the HPLC after stirring for 4 h.  Figure 

A7 shows peaks of dyads (25.83~25.86), and triads (24.39~24.41).  It is clear that most of 

Tl-e and C6F5Fb-I2 were consumed. 

5. Analysis of Triads Tl-C6F5Fb-Tl and Tl-C6F5Tl-Tl.  Absorption of Tl-C6F5Fb-Tl 

and Tl-C6F5Tl-Tl was detected at 5 different wavelengths (415, 443, 510, 541, 613 nm). 

Test 8: After workup and purification, pure Tl-C6F5Fb-Tl was injected into the HPLC.  

Figure A8 shows a single peak at 24.41 min. 

Test 9: Pure Tl-C6F5Tl-Tl was injected into the HPLC.  Figure A9 shows a single peak 

at 24.35 min. 
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Figure A1 SEC traces of Tl-e and MesFb-I2 
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Figure A2 SEC traces of reaction mixture after 4 h (preparation of Tl-MesFb-Tl) 
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Figure A3 SEC traces of reaction mixture after 22 h (preparation of Tl-MesFb-Tl) 
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Figure A4 SEC traces of pure Tl-MesFb-Tl 
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Figure A5 SEC traces of Tl-MesTl-Tl 
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Figure A6 SEC traces of Tl-e and C6F5Fb-I2 
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Figure A7 SEC traces of reaction mixture after 4 h (preparation of Tl-C6F5Fb-Tl) 
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Figure 8 SEC traces of pure Tl-C6F5Fb-Tl 
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Figure A9 SEC traces of Tl-C6F5Tl-Tl 

 


