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Abstract 

As silicon-based microelectronics approaches its fundamental physical limit, 

molecular electronics is emerging as a promising candidate for future ultra-dense 

electronic devices with individual molecules as active device components. The emerging 

of molecular spintronics, which exploits the spin-dependent charge transport through 

organic materials, further demonstrate the promising future of molecular electronics.  

This dissertation describes the charge transport and spin-spin electronic coupling 

properties of an extraordinary class of molecular wires, alkyne-bridged porphyrin arrays. 

Chapter one provides a general background of molecular electronics and molecular 

wires, as well as the basics of electron paramagnetic resonance (EPR). Chapter two 

describes utilizing highly conjugated (porphinato)metal-based oligomers (PMn 

structures) as molecular wire components of nanotransfer printed (nTP) molecular 

junctions; electrical characterization of these “bulk” nTP devices highlights device 

resistances that depend on PMn wire length. This study demonstrates the ability to 

fabricate “bulk” and scalable electronic devices in which function derives from the 

electronic properties of discrete single molecules, and underscores how a critical device 

function—wire resistance—may be straightforwardly engineered by PMn molecular 

composition. Chapter three describe the electronic exchange coupling between two 

unpaired spin on Cu(II) ions in meso-meso alkyne-bridged multi[copper(II) porphyrin] 
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(mmPCu2). Spin and conformational dynamics in symmetric mmPCu2 have been studied 

in toluene solution at variable temperature using EPR spectroscopy. Comparison of the 

dimer EPR spectra to those of Cu porphyrin monomers shows clear evidence of an 

isotropic exchange interaction (Javg) in these biradicaloid structures, manifested by a 

significant line broadening in the dimer spectra. Comparison of ethyne and butadiyne 

alkyne bridges reveals a remarkable sensitivity to orbital interactions between the spacer 

and the metal, which is reflected in measurements of Javg as a function of temperature. 

The results suggest that orbital symmetry relationships may be more important than 

previously recognized in the design of optimized molecular spintronic devices. Chapter 

four reports a study of β-β linked bis[(porphinato)copper(II)] complexes (ββPCu2), 

which exhibit very different electronic structures compared to their mm linked analogs. 

By using electron paramagnetic resonance (EPR) spectroscopy, this study exhibits that a 

wide range (3 orders of magnitude) of the average electronic spin-spin exchange 

coupling can be achieved by varying the length of bridges and points of connections 

between the porphyrin rings. The pathways for mmPCu2 and ββPCu2 complexes were 

also investigated, with the ββPCu2 complexes exhibiting a dominant σ-type pathway 

and the mmPCu2 complexes showing a dominant π-type pathway. 
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1. Introduction  

The purpose of this introduction is to offer a brief explanation of this dissertation. 

Section 1.1 and 1.2 introduce the general background of molecular electronics and 

molecular wire, which is related to chapter 2. Section 1.3 introduce the basics of electron 

paramagnetic resonance (EPR) and spectra of spin-coupled system, which is related to 

chapter 3 and 4. Section 1.4 briefly concludes organization of this dissertation.    

1.1 Introduction to Organic Molecular Electronics 

The revolution of information technology in 21st century has changed human life-

such as the Internet, online communication, GPS navigation, artificial intelligence – 

simply weren’t present as little as twenty or thirty years ago. Shrinking the size of 

electronic components is a growing demand to design faster electronic devices. A 

relationship often cited in this discussion is known as Moore’s Law (Figure 1).1 The 

“Law” was originally stated in 1965 by Gordon E. Moore, co-founder of Intel, and was 

based on an empirical observation about the decreasing size of transistors in computer 

chips. While the size decreases and subsequent increase in computer capability are 

undeniable, a few undesired consequences in this silicon-based electronics regime may 

emerge in near future, such as heat, leakage and instability. It seems that designing an 

electronic circuit on a nanometer scale requires a different approach from fabrication 

methods used in conventional semiconductor industry and here is where “molecular 
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electronics” can play a key role. Molecular electronics, which is the concept of creating 

functional electrical circuits on the basis of properties inherent in individual or ensemble 

molecules, have several unparalleled advantages as compared to silicon-based electronic 

devices.2 First, the extremely reduced size of the molecules in order of 1 nm may enable 

heightened capacities and faster performance. Moreover, such small size of the molecule 

provides the ability to surpass the limit of conventional silicon circuit integration. 

Second, the abundant diversity in the molecular structures, which can be changed via 

flexible chemical designs, may lead to a direct observation of electronic and optical 

properties that are unique and not accessible using traditional materials or approaches. 

Third, another attractive feature of this approach is the universal availability of 

molecules due to the ease of bulk synthesis, thus potentially leading to low-cost 

manufacturing.3-5 In fact, molecular-scale electronics is currently a research area of focus 

because it not only meets the increasing technical demands of the miniaturization of 

traditional silicon-based electronic devices but also provides an ideal window of 

exploring the intrinsic properties of materials at the molecular level.5 Generally, 

molecular electronics refers to the use of single molecules or nanoscale collections of 

single molecules as electronic components.6-7, 5 The primary theme in this field is the 

construction, measurement, and understanding of the current—voltage responses of 
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electrical circuits, in which molecular systems play an important role as pivotal 

elements.8, 5 

 

 

Figure 1. Graphical representation of Moore’s Law, depicting the logarithmic 

growth of the number transistors in a processor over time (green squares), as well as 

the power (blue triangles), clock speed (purple circles) and performances per clock 

(perf/clock; maroon circles) of the same transistors.9 
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One of the most engaging structures in this emerging field of molecular 

electronics is the metal—molecule—metal junction,10, 8, 6, 11, 3, 12-13 which consists of a 

molecule acting as a wire between two electrodes and metal-molecule contacts on either 

side. Therefore, charge transport across the molecular junction is governed extensively 

by (i) the electronic and/or structural properties of molecules and (ii) the interfacial 

electronic interaction between the molecules and the electrodes through the contacts.8, 14-

16 The coherent tunneling through a molecular wire in molecular junctions can be 

roughly approximated as tunneling through a donor—bridge—acceptor (DBA) electron- 

transfer (ET) system, in which case the dependence of ET rate (kET) on the donor—

acceptor distance (LDA) can be expressed as kET=AT* exp(-βLDA), where AT is a temperature 

dependent prefactor and β is the tunneling decay parameter characterizing the bridge 

and DA pair. The β value is sensitive to the structure of the bridge, and it is found to be 

0.2—0.6 A-1 for highly conjugated organic bridges and ~0.6—1 A-1 for saturated 

molecules. The β value is largely related to the conducting channels of the molecule; 

thus, the molecular β value can provide important information about charge transport 

pathways, and the intrinsic relationship to the electronic structures of the molecules. In 

this context, this thesis reports utilizing β values to investigate charge transport in 

molecular junctions, which is described in Charpter 2. 
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1.2  Molecular Wires: Ethyne-Bridged (Porphinato)Zinc(II) 
Species 

Π-conjugated organic molecules have been extensively exploited as "molecular 

wires" because of several reasons: First, they have small HOMO-LUMO energy gaps 

(2~3 eV) that are lower than those of saturated organic molecules (~8 eV), which 

facilitate much higher charge transport efficiencies. Second, the structural and electronic 

properties of conjugated organic molecules are synthetically tailorable. The charge 

transport behavior through molecules can be controlled by several factors: molecular 

length, conformation, HOMO-LUMO energy gap, and redox potentials.17-18 

Among π-conjugated molecules, one class of molecular wires that displays 

exceptional opto-electronic properties and shows promise for implementation in ME is 

meso-to-meso ethyne-bridged (porphinato)zinc(II) oligomers (PZnn).19-24 Steady-state and 

time resolved electronic absorption spectroscopy establishes that PZnn oligomers evince 

lowest excited singlet states that are globally delocalized.20-21 Variable-temperature 

solution-phase X-band electron spin resonance spectroscopic studies of p-doped PZnn 

showed that [PZnn]+ structures feature the longest hole polaron delocalization lengths 

yet measured for a π-conjugated material in solution (~7.5 nm).22 Break junction single 

molecule conductance measurements of thiol-terminated PZnn have demonstrated a 

distance-dependent junction resistance that followed exponential behavior (R = R0eβL, 

where R0 is the contact resistance, β is the phenomenological resistance decay parameter 
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across the barrier, and L the molecular length). A phenomenological β value of 0.034 Å -1 

determined for PZnn, among the lowest yet determined for thiol-terminated single 

molecules, establishes the potential for these π-conjugated structures as molecular wires 

at electrode interfaces. Congruent with these exceptional properties, these structures 

have been utilized in a number of nanoscale devices that take advantage of their 

remarkable optoelectronic properties.25-26  

1.3 Electron Paramagnetic Resonance (EPR) 

This part provides a brief introduction to EPR and spectra of different spin 

systems, which is summarized from several books27-29 and articles30-31. 

1.3.1 Introduction 

Electron spin resonance (ESR) or electron paramagnetic resonance (EPR) 

spectroscopy was invented by the Russian physicist Zavoisky in 1945, which is based on 

the resonant absorption of microwave radiation in the presence of applied magnetic 

field. The basis for EPR spectroscopy relies on the perturbation of the electron spin state 

by the application of applied magnetic field, which is similar to the NMR spectroscopy.29 

According to Pauli’s principle the spin quantum number of free electron is S = 1/2. In the 

presence of an applied magnetic field, the quantum number of unpaired electron 

becomes effective (Ms= +1/2 or Ms =  ̶ 1/2). Due to the spin, electron possesses effective 

magnetic moment (μe) which is proportional to spin angular momentum (S): 
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                                                             (1) 

Where μB is Bohr magneton defined as μB=eℎ/4πme, e and me are electron 

elementary charge and rest mass, respectively, and h is plank’s constant.ge is so called 

electron g-factor or landé g-factor. For free electron, the g-factor is 2.0023.  

1.3.2 Molecules with S = 1/2 

For a system with one unpaired electron placed in magnetic field experiences the 

quantization of spin state and exhibits discrete spin states according to the spin 

multiplicity rule, 2S+1. The interaction between spin and field is described by the 

Zeeman-effect. The interaction energy between the spin and the field is a negative value 

of the scalar product of effective magnetic moment and applied magnetic field. 

                                      (2)                        

When the field is along the z-direction, the scalar product simplifies to: 

                       (3)                        

Therefore the energy for two different states: 

                                  (4)
 

                                     
(5)  

Zeeman splitting: 

                         (6) 
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Figure 2. Electron-Zeeman splitting as a function of applied magnetic field and 

absorption curve for S = 1/2 system. The 1st derivative is the usual EPR spectrum 

 

In the absence of an applied field, all spin states of the electron are degenerate as 

shown in Figure 2. Application of an applied field perturbs the degeneracy of the two 

spin states. The spin state with magnetic moment opposite to the applied field, rises in 

energy while the spin state having magnetic moment aligned with the applied field, 

decreases in energy as the strength of the applied field increases. When a frequency of 

energy which matches the energy separation between the two spin states is applied, the 

absorption occurs; this causes a transition between two spin states. The energy 

difference between two spin states is proportional to the applied magnetic field. The 

selection rule for transition between two levels is ∆Ms = ±1. Then a absorption curve is 
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observed, and the first derivative of the absorption curve is the most common EPR 

spectrum. (Figure 2)  

1.3.3 Electron-Nuclear Hyperfine Interaction 

The notion hyperfine interaction comes from atomic physics, where it is used for 

the interaction of the electronic magnetic moment with the nuclear magnetic moment. 

Nuclei with an odd number of protons and an odd number of neutrons possess the 

property of nuclear spin angular momentum (I). Electron-nuclei interactions have 

several mechanisms, the most prevalent being the Fermi contact and dipolar interactions. 

While the Fermi contact interaction is isotropic, the dipole interaction is anisotropic in 

nature. Dipole interactions occur between the magnetic moments of the nucleus and 

electron as an electron moves around a nucleus. However, as an electron approaches a 

nucleus, it has a magnetic moment associated with it. As this magnetic moment moves 

very close to the nucleus, the magnetic field associated with that nucleus is no longer 

entirely dipolar. The resulting interaction of these magnetic moments while the electron 

and nucleus are in contact is radically different from the dipolar interaction of the 

electron when it is outside the nucleus. This non-dipolar interaction of a nucleus and 

electron spin in contact is the Fermi contact interaction. The isotropic Fermi contact 

interaction is readily observed in solution EPR. The anisotropic coupling vanishes to 

zero in solutions because of the averaged motions of the system and can only be 
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determined for radicals in a rigid matrix (crystals, powders, frozen solutions). Dipole 

interactions (or electron spin- spin interactions) depend on the distance between spin 

and nucleus. This interaction gives the information about the position of spin on the 

molecule in solid lattice. 

 

 

Figure 3. Hyperfine splitting of electron-Zeeman levels for nucleus with I = 1/2 

and 1. 
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The spin Hamiltonian for the unpaired electron of an organic radical in magnetic 

field experiencing hyperfine interaction is given by, 

                            

(7)                    

            The first term is the Zeeman energy of electron, and the second term is the 

hyperfine coupling between electron and nucleus, where An is the hyperfine coupling 

constant.  

Figure 3 shows the hyperfine splitting by a nucleus X with I = 1/2 and I = 1 for a 

radical in magnetic field B. According to EPR selection rule ∆Ms = ±1 and ∆MI = 0, two 

transition are allowed for I = 1/2 and three for I = 1. The numbers of hyperfine lines grow 

multiplicatively with the number n of magnetic nuclei. Each additional nucleus splits 

every line to equidistant 2I + 1 lines of same intensity. For n number of equivalent nuclei 

the number of lines can be given by 2nI + 1. 

1.3.4 Molecules with S > 1/2 

In case of biradicals two unpaired electrons are present in a system, thus the spin 

state depends on the alignment of two electrons. If unpaired electrons are aligned 

antiparallel (S = 0) the spin multiplicity is singlet (2S + 1 = 1), suggesting only a singlet 

state available, thus no EPR signal observed. In case of parallel aligned spin (S = 1) the 

multiplicity is triplet (2S + 1 = 3). So according to the selection rule, ∆MS = ±1, there are 

two allowed transitions as shown in Figure 4. 
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Figure 4. Energy diagram for S = 1 system. 

 

For the biradicals, a simplest case of two spins system, the spin Hamiltonian can 

be written as, 

                    
  (8)             

The empirical operator, 2JSaSb, is the Heisenberg-Dirac-Van Vleck (HDVV) 

Hamiltonian and represents the exchange interactions. Sa and Sb are electron spin 

angular momentum operators and Jab is the isotropic exchange coupling constant. The 

product of spin angular momentum operators can be expressed in terms of component 

and product (total) spin angular momentum operators, 

                                   (9)              

                                                (10)              
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Since, the Eigenvalue of S is S - S(S + 1), the total energy (ETot) of the state with STot 

originating from interacting spins Sa and Sb is given by, 

                                                (11)              

            (12)              

Thus coupling of two interacting spins results in a triplet and a singlet state (in 

total 4 spin states, Figure 5). For ferromagnetic coupling (J > 0), the energy of triplet state 

(S = 1) using above formula is: 

                                                                                                                    (13)   

                                                                                                       (14) 

                                                                               (15) 

 

 

Figure 5. Energy level diagram for (a) ferromagnetic and (b) antiferromagnetic 

coupling. 
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The EPR spectral shape and number of lines highly depend on the relative 

magnitude of exchange coupling constant J and the hyperfine coupling constant ax. 

Figure 6 exhibit the transition between spin states (i.e. number of transitions) and their 

relative intensity of a nitroxide biradical with various values of the exchange coupling 

constant J, which can be discussed based on three regimes: 

1) J >> A, in the occasions when exchange interactions are much larger than the 

hyperfine coupling constant, for the n equivalent nuclei 2nl + 1 number of lines should 

be observed with A half of the same observed for related mono radical species. However, 

the total width of the spectrum should be same as the observed for the mono radical. 

  2) J << A, in this case each of the radical species behave independently and can be 

treated as the uncorrelated spin-system. Here the observed EPR spectrum matches 

exactly as monoradical system with signal intensity doubled compared to later. 

  3) J ~ A, here the mixing of singlet and triplet state through hyperfine interaction 

is possible. The total spectral width would be larger and the number of spectral lines 

would be more than the observed for mono radical system. 
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Figure 6. Transitions between spin states and the relative intensities of a 

nitroxide biradical with various values of the exchange coupling constant J (Several 

very small, widely spaced resonances have been omitted for J~2A and J~5A) 

 

1.3.5 EPR Spectrum of (Porphinato)copper(II) Complex 

(Porphinato)copper(II) complex has an unpaired electron in the dx2-y2 orbital, 

which has hyperfine interaction with the copper and four nitrogen nuclei. The spin 

Hamiltonian for the monomer in solution is given by: 

                  
(16) 
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where aCu and aNj are hf coupling constants of the copper and the jth nitrogen nucleus, 

respectively, and ICu and INj are the nucleus spin operators. The first term is the Zeeman 

energy, whereas the second and third terms correspond to hyperfine interaction energies. 

In the analysis, the second perturbation theory is adopted in calculating the transition 

energies: 

     
(17)                 

Since the anisotropy of the hyperfine constants for the copper is much larger 

than that of nitrogen in these compounds, we consider the mI dependence of the line 

width only for copper nuclei spins using equation (18): 

                                    (18) 

Another point to which need attention is that there are two isotopes, 63Cu and 

65Cu, with the same nuclear spin multiplicity (J = 3/2). Although we could not 

distinguish two isotopes in the EPR spectra from fluid solutions, Q band EPR 

measurements of polycrystalline and EPR spectra from a 63Cu enriched powder sample 

provide confirmation that the two isotopomers exhibit different hyperfine constants. 

Fortunately, the ratio of the observed two sets of hyperfine constants are in good 

agreement with that of the magnetic moments for the two isotopomers, within 

experimental error. Thus, we performed our simulation assuming: (i) the two 
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isotopomers contribute the EPR spectra with the ratio of the natural abundance (69.1% 

for 63Cu and 30.9% for 65Cu), and (ii) the ratio of the magnitude of hyperfine interaction 

of 65Cu versus that of 63Cu is identical to that of the nuclear magnetic ratios, i.e.,μ(65Cu)/ 

μ(63Cu) = 1.07, 

If measured in fluid solution, the (porphinato)copper(II) should have a molecular 

diffusion correlation time (τc) and this affects the line widths of the spectra in fluid 

solution. In equation (18), all three parameters are strongly correlated with τc, which can 

be given by the Stokes-Einstein relation: 

                                  (19)                          

where r and η are the solute molecular radius and solvent viscosity, respectively. A 

greater correlation time is expected for the larger size molecules. 

Suppose we have two molecules with same type of unpaired spins (For example, 

a Cu porphyrin monomer and a monocopper porphyrin dimer), under the condition 

that the microwave frequency is much faster than the correlation rate, we may assume 

that and k2 in equation (18) increase in proportion to τc, and k0 involves a non-

proportional part of τc. Thus, we only have to consider the difference in the correlation 

times between the monomer and dimers in the line widths. This situation enables us to 

express the line width of the dimer, ∆BD, by parameters k0, and k2 for the monomer, and 
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by the ratio of the rotational correlation times of the dimer and monomer, τcD /τc M, as 

follows: 

    (20) 

where k0(1) and k0(2) are the proportional and non-proportional parts of k0, i.e., k0 = k0(1) + 

k0(2). For simulation of the monocopper dimer, which have only one-half spin, we hold 

τcD /τc M and k2 as those of the monomer and obtain the best fit spectra by varying τcD /τc M 

and the portion k0(2). According to equation (20), the value obtained for τcD /τc M should 

correspond to the effective molecular radius ratio of the monomer and dimers. In the 

simulation used for chapter 3 and chapter 4. We used parameters from previously 

reported literature. 30 

 

Figure 7. Transition between spin states (left) and the EPR spectrum (right) of 

a (porphinato)copper(II) complexes at 300 K in toluene fluid solution 
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Figure 7 shows the transition between spin states (left) and the EPR spectrum 

(right) of a (porphinato)copper(II) complexes at 300 K in toluene fluid solution. As 

mentioned above, hyperfine coupling with the copper nucleus gives four lines in each 

orientation, and the interaction of four nitrogens further splits each copper line into nine 

lines with intensity ratio 1:4:10:16:19:16:10:4:1. In total there are 36 transitions,  and the 

asymmetric line-broadening give rise to the spectrum shown in Figure 7.  

 

1.4 Thesis Goals and Overviews 

The subjects selected for inclusion herein tell a story about the charge transport 

along the alkyne-bridged (porphinato)metal-based molecular wires and the electronic 

exchange coupling between unpaired spins on metal ions in these structures. 

 Chapter two describes the incorporation of terminally functionalized meso-to-

meso ethyne-bridged (porphinato)metal(II) oligomers (PMn structures) into nanotransfer 

printed (nTP) devices, which integrate thousands of these molecules into a ‘bulk’ ME 

junction. Besides, the ‘bulk’ nTP devices are electrically characterized, which exploit 

α,ω-di[(4’-thiophenyl)ethynyl]-terminated-PMn (dithiol-PMn) molecules, and determine 

how measured device resistances depend on PMn wire length and the nature of the 

metal center. This dependence is further compared to earlier work that evaluated single 

molecule resistances via molecular break junction measurements, to investigate how the 
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‘bulk’ device setting impacts distance-dependent resistance measurements. In this 

chapter, the porphyrin macrocycle central metal atom substitution is utilized to probe 

how nTP device resistances track with the valence band energy level of the PMn wire. 

Chapter 3 describe the electronic exchange coupling in meso-meso alkyne-

bridged multi[copper(II) porphyrin] (mmPCu2). Spin and conformational dynamics in 

symmetric mmPCu2 have been studied in toluene solution at variable temperature using 

steady-state electron paramagnetic resonance (EPR) spectroscopy. Comparison of the 

dimer EPR spectra to those of Cu porphyrin monomers shows clear evidence of an 

isotropic exchange interaction (Javg) in these biradicaloid structures, manifested by a 

significant line broadening in the dimer spectra. The extent of the line broadening 

depends on molecular structure and temperature, suggesting that Javg is modulated by 

conformational dynamics that impact the torsional angle distribution between the 

porphyrin-porphyrin least-squares planes. Computational simulation of the 

experimental EPR spectra, using a previously developed algorithm for J modulation in 

flexible organic biradicals, supports this hypothesis. Comparison of ethyne and 

butadiyne alkyne bridges reveals a remarkable sensitivity to orbital interactions between 

the spacer and the metal, which is reflected in measurements of Javg as a function of 

temperature. The results suggest that orbital symmetry relationships may be more 
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important than previously recognized in the design of optimized molecular spintronic 

devices. 

Chapter four reports a study of β-β linked bis[(porphinato)copper(II)] complexes 

(ββPCu2), which exhibit very different electronic structures compared to their mm 

linked analogs. For these complexes, the magnitude of electronic coupling between the 

porphyrinic components of the array depends strictly upon the porphyrin- to-porphyrin 

bridge type and follows the order mm > ββ. However, the ββPCu2 complexes show 

remarkably stronger spin-spin exchange coupling compared to mm linked ones because 

the unpaired electron in the dx2-y2 orbital develops only at the β position and not at the 

meso position, which highlights the importance of a ββ bond in electronic spin-spin 

coupling. This major difference in electronic structure and spin distribution allows for 

more precise control of the exchange interaction by using different bridge lengths and 

different connection points between the porphyrin rings. Moreover, due to their 

differences in electronic structure and spin distribution, the pathways for spin-spin 

exchange coupling between mmPCu2 and ββPCu2 complexes might also be quite 

different. Here we present an initial study, using electron paramagnetic resonance (EPR) 

spectroscopy, that explores not only the possibility to control the magnitude of the spin-

spin exchange coupling, but also differences in exchange coupling pathways for 

bis[(porphinato)copper(II)] complexes with different points of connection. 
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2. Valence Band Dependent Charge Transport in Bulk 
Molecular Electronic Devices Incorporating Highly 
Conjugated Multi[(Porphinato)Metal] Oligomers 

This work has been published. 32   

Ruobing Wang led the project, designed and synthesized the molecules, conduct 

electrochemistry experiments and prepared the manuscript.  

Robert C. Bruce fabricated molecular junctions, measured molecular junctions’ 

resistances, and characterized molecular monolayer by utilizing UPS and XPS.  

Michael J. Therien and Wei You contributed to the editing and polishing of the 

manuscript for publication. 

2.1 Introduction 

Designing electronic components at the single molecule level promises extremely 

high density devices, offering an alternative solution to circumvent limitations that will 

soon face silicon-based technologies.33 The promise and power of molecular electronics 

(ME) comes in large part from the tunable properties that have been demonstrated and 

realized through a host of single molecule (or few molecule) structure-property 

measurements.4 For example, modulating the redox states34 or conjugation properties of 

molecules35 has been shown to alter measured single molecule conductance values. 

Likewise, specialized inorganic complexes, such as valence tautomers and spin 
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crossover complexes,36-37 highlight approaches to regulate molecular conductance and 

spin states, and suggest strategies to develop organic spin valve devices.38-40  

One class of conjugated molecular wires that displays exceptional opto-electronic 

properties and shows promise for implementation in ME is meso-to-meso ethyne-bridged 

(porphinato)zinc(II) oligomers (PZnn, Figure 8).19-23, 41 Steady-state and time resolved 

electronic absorption spectroscopy establishes that PZnn oligomers evince lowest excited 

singlet states that are globally delocalized.20-21 Variable-temperature solution-phase X-

band electron spin resonance spectroscopic studies of p-doped PZnn showed that [PZnn]+ 

structures feature the longest hole polaron delocalization lengths yet measured for a π-

conjugated material in solution (~7.5 nm).22 Break junction single molecule conductance 

measurements of thiol-terminated PZnn have demonstrated a distance-dependent 

junction resistance that followed exponential behavior (R = R0eβL, where R0 is the contact 

resistance, β is the phenomenological resistance decay parameter across the barrier, and 

L the molecular length). A phenomenological β value of 0.034 Å -1 determined for PZnn, 

among the lowest yet determined for thiol-terminated single molecules, establishes the 

potential for these π-conjugated structures as molecular wires at electrode interfaces. 

Congruent with these exceptional properties, these structures have been utilized in a 

number of nanoscale devices that take advantage of their remarkable optoelectronic 

properties.25-26 
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Figure 8. Device schematic highlighting α,ω-di[(4’-thiophenyl)ethynyl]-

terminated meso-to-meso ethyne-bridged (porphinato)metal(II) oligomers (dithiol-

PMn wires; M = Zn(II), Cu(II), or Ni(II); n = 1-3), assembled on a bottom gold 

substrate, and wired into an electrical device with a top gold electrode attached via 

nTP. A gold-coated AFM tip is used to electrically address the nTP devices. 

 

One key difficulty in ME is observing molecular based properties in practical 

device settings. ME devices have been designed and tested through methods such as 

scanning tunneling microscope (STM) break junctions,15 conducting atomic force 

microscopy (c-AFM),42 or EGaIn electrodes,43 but these techniques are presently analytic 

in nature and not usable in practical settings. To overcome this hurdle, a range of 

techniques has been developed to provide permanent device settings.3, 44 In particular, 

soft lithographic transfer of metal contacts enables working electrodes to be transferred 

onto organic materials without damaging the active layer.45 These techniques have been 
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shown to work with basic organic monolayers – such as alkanedithiols – but beyond this, 

device output becomes inconsistent with that determined for analogous single molecule 

measurements, due to factors that include extensive molecular aggregation.46-47 In light 

of these facts, it is clear that developing practical ‘bulk’ devices that possess functions 

that derive from properties of organized collections of single-molecules is non-trivial. 

Here, we incorporate terminally functionalized meso-to-meso ethyne-bridged 

(porphinato)metal(II) oligomers (PMn structures) into nanotransfer printed (nTP) 

devices, which integrate thousands of these molecules into a ‘bulk’ ME junction (Figure 

8). We then electrically characterize ‘bulk’ nTP devices that exploit α,ω-di[(4’-

thiophenyl)ethynyl]-terminated-PMn (dithiol-PMn) molecules, and determine how 

measured device resistances depend on PMn wire length and the nature of the metal 

center. We further compare this dependence to earlier work that evaluated single 

molecule resistances via molecular break junction measurements, to investigate how the 

‘bulk’ device setting impacts distance-dependent resistance measurements. In this study, 

we utilize porphyrin macrocycle central metal atom substitution to probe how nTP 

device resistances track with the valence band energy level of the PMn wire. 

2.2 Result and Discussion 

The design, synthesis, and characterization of S-acetyl-protected α,ω-di[(4’-

thiophenyl)ethynyl]-terminated (porphinato)metal compounds (PMn(SAc)2) are 
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described in the Methods section. Monolayers of dithiol-PMn were prepared on gold 

substrates from 0.1 M THF (M = Zn, Ni) or CH2Cl2 (M = Cu) solutions via in situ 

deprotection using ammonium hydroxide. Note that these dithiol-PMn structures are 

based on 10,20-bis(2’,6’-bis(3,3-dimethyl-1-butyloxy)phenyl)porphyrin building blocks; 

the steric interaction between the porphyrin β-hydrogen atoms and the 10- and 20-

phenyl ring ortho-alkoxy substituents is substantial, severely restricting the extent of 

aryl ring vibrational motion as well as the range of accessible torsional angles between 

the phenyl and porphyrin least-squares planes at ambient temperature.48-49 The phenyl 

2’,6’-bis(3,3-dimethyl-1-butyloxy) substituents thus lie approximately orthogonal to the 

porphyrin plane, preventing dithiol-PMn aggregation and providing self-assembled 

monolayers that are not densely packed on Au surfaces. Investigation of optimized, as-

prepared SAMs of dithiol-PMn on Au by X-ray photoelectron spectroscopy (XPS) 

indicates a significant fraction of dithiol-PMn species lying flat on the surface, evidenced 

by the relative bound and unbound S 2p spectra thiol signal intensities (Methods 

section). Electrical measurements (vide infra) ultimately probe the dominant population 

of dithiol-PMn species standing off the surface.  

Figure 8 outlines the integration of dithiol-PMn wires into a device setting. 

Nanotransfer printing (nTP) was used to print 200 nm diameter gold contacts onto the 

dithiol-PMn monolayers; a gold coated AFM tip allowed for electrical characterization of 
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the nTP devices. The advantage of nTP is that it prints a large number of top contacts 

across each monolayer, allowing for measurement of many devices on the same 

substrate.  

 

Figure 9. Natural logarithmic plots of measured resistance versus molecular 

length for dithiol-PMn structures determined in nTP devices as a function of 

molecular wire length and the nature of the porphyrin macrocycle central metal ion. 

Red, M = Zn(II); green, M = Cu(II); blue, M = Ni(II). Error bars represent one standard 

deviation. 

Figure 9 presents a summary of electrical data measured across multiple PMn 

monolayers; each data point corresponds to the average of the values obtained on 

several substrates (see Methods section). For each dithiol-PMn composition, we evaluate 
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the resistance decay parameter across the barrier, β, from fitting an exponential to 

experimental resistance values determined in these nTP devices as function of molecular 

length. While the magnitude of β is affected by multiple parameters,45 here we use it to 

characterize a phenomenological distance dependence of experimentally determined 

nTP molecular device resistances, and probe the impact of the nature of dithiol-PMn 

metal center on measured resistance in a nTP device setting (Figure 9). 

The first point that should be highlighted is the nearly identical 

phenomenological β value (β = 0.065 Å -1, Figure 9, red line) obtained from the nTP 

junctions constructed with dithiol-PZnn wires relative to previously reported break 

junction single molecule conductance measurements that examined these identical 

molecules (β = 0.034 Å -1).23 This finding is noteworthy for two reasons. First, the similar 

resistance attenuation values offer direct evidence that nTP is a viable and reliable 

method for designing ‘bulk’ ME junctions with these specialized porphyrin wires. 

Second, it contrasts data acquired for previously characterized large area molecular 

junctions that exploit densely packed phenylenedithiols, which exhibit diminished β 

values relative to that determined in single molecule measurements.46-47 Such effects 

presumably trace their genesis to electronic states and charge transport pathways made 

possible in molecular aggregates that are not relevant to the conductance properties of 

isolated single molecules. For dithiol-PMn, intermolecular interactions that lead to these 
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additional charge transport pathways in densely packed monolayers are sterically 

precluded (vide supra); as a result, the phenomenological β value obtained from the nTP 

junction data for dithiol-PZnn species mirrors that evaluated from single molecule break 

junction experiments. 

With dithiol-PZnn-based nTP devices validating that single molecule resistance 

attenuation properties are preserved in a practical device setting, analogous dithiol-

PCun and dithiol-PNin structures were incorporated into nTP ‘bulk’ ME junctions. 

Similar electrical measurements and β value determinations for dithiol-PCun and 

dithiol-PNin molecular wires were performed (Figure 9). The increases in the magnitude 

of the phenomenological β for dithiol-PCun and dithiol-PNin molecular wires relative to 

dithiol-PZnn reflect a gradual transition of the charge transport process from a regime 

where a mix of tunneling, hopping, and resonant transport mechanisms operate 

(dithiol-PZnn),50-51, 23, 52 to those where more classic tunneling behavior is exhibited 

(dithiol-PCun, dithiol-PNin). While previous work established a dependence of single 

molecule resistances for monomeric (porphinato)metal complexes upon the nature of the 

central metal ion (M = Ni, Co, Cu),53 this work demonstrates for the first time a 

macrocycle central metal ion dependence of the experimentally determined β value for 

porphyrin oligomer-based wires in a ME device. These findings, discovered in a ‘bulk’ 

device setting, not only highlight the intrinsic capability to modify the charge transport 
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properties of dithiol-PMn wires via metal center variation, but underscore the suitability 

of these molecules for more practical and scalable device applications. 

 

Figure 10. Potentiometrically determined HOMO energy levels for S-acetyl-

protected dithiol-PMn structures (PMn(SAc)2) from cyclic voltammetric data. These 

redox potentials are shown relative to the ferrocene/ferrocenium (Fc/Fc+) redox couple, 

which was used as an internal standard in these experiments. Experimental 

conditions: solvent = CH2Cl2, [chromophore] = 2 mM, [NBu4PF6] = 0.1 M, scan rate = 

100 mV/s, T = 25 °C. Details regarding these experiments are available in the 

experimental. 

To understand the impact of the nature of the macrocycle central metal ion on 

the molecular length-dependent resistances measured for these PMn wires in nTP device 

settings, cyclic voltammetric (CV) experiments were utilized to determine the E1/20/+ 
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values for the S-acetyl-protected PMn(SAc)2 molecules in solution (Figure 10). Because 

charge transport through the porphyrins is hole mediated,14, 25, 51, 54-55 these 

potentiometrically determined HOMO energy levels provide qualitative insight into the 

barriers associated with the dithiol-PMn junctions. As indicated by Figure 10, lowering 

the HOMO energy level leads to a larger barrier height for hole transport, congruent 

with the Figure 9 data that show β(PZnn) < β(PCun) < β(PNin). 
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While the Figure 10 data highlight PMn(SAc)2 solution E1/20/+ values, it is known 

that surface interactions can shift energy levels and effective barrier heights.16 Due to the 

inability to spectroscopically address dithiol-PMn molecules in a fully finished device, 

we probed dithiol-PMn HOMO levels relative to vacuum in the closest configuration 

possible to that of the final device – as monolayers on gold – via ultraviolet 

photoelectron spectroscopic (UPS) experiments. Figure 11 displays the UPS data from 

the Fermi level region acquired for each PMn monomer. Note that the estimated barrier 

heights determined from these experiments (EF – EHOMO, Table 1), track with the 

macrocycle central-metal-ion-dependent E1/20/+ value shifts chronicled in Figure 10. We 

note that previous studies show that the charge transport barrier determined from 

spectroscopic EF-EHOMO offsets may be lower than those evaluated from electrically 

measured barrier heights.16. 
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Figure 11. Fermi level region UPS data for dithiol-PM1 (red = Zn(II), green = 

Cu(II), blue = Ni(II)), compared against a bare gold substrate (black line). 

 

Congruent with this, earlier computational studies indicate that transport 

barriers as large as ~0.5 eV produced mixed tunneling and resonant transport channels 

due to energy level broadening of the molecular states at the electrode surface.56 

Similarly, flickering or transient resonant mechanisms have been proposed to describe 

charge transfer in these strongly coupled PMn oligomers,57 when the barrier height is of 

the magnitude accessed in these experiments. 
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Table 1. UPS Data acquired for dithiol-PM1 on Au substrates 

Molecule Cutoff Energy (eV) ɸSAMa (eV)  ΔɸSAM (eV)   EF-EHOMOb (eV) 

Au 16.06 5.14 -   - 

dithiol-PZn1 16.94 4.26 0.88   0.42 

dithiol-PCu1 17.01 4.19 0.95   0.58 

dithiol-PNi1 17.02 4.18 0.96   0.65 

aCalculated using the equation KE=hv-BE- ɸSAM, where KE is kinetic energy, BE is the binding energy, and hv is the ionization source 

energy (21.2 eV, He(I); see Methods section). bObtained from the BE corresponding to the first peak after the Fermi level of Au (EF 
defined at BE = 0 eV). 

 

These UPS data also demonstrate that the electronic structure of the dithiol-PMn 

wire does not impact appreciably the nature of the Au-monolayer interface. Table 1 

tabulates the results, and also highlights that the work function of the gold surface, 

ΔɸSAM, is identical within the experimental error (0.1 eV) characteristic of these 

measurements, indicating that local electrostatic effects of all the dithiol-PM1 monolayers 

are similar, and that these Au-molecule interfaces are indistinguishable. Note in this 

regard that the Table 1 EF – EHOMO values, which provide an estimate of the barrier 

height for hole transport, are larger in magnitude that this 0.1 eV error, congruent with 

the picture that the modulations in the magnitude of β that are observed in these dithiol-

PMn nTP devices derive from the electronic structure of the molecular wire, which is 

modulated by the nature of the macrocycle central metal ion, and not from a disparate 
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character of the molecule-electrode interface. While UPS is unable to probe the Au 

interface of dithiol-PM2 and dithiol-PM3 monolayers due to their extended molecular 

lengths and the low electron escape depth of the technique,19b XPS data (Methods section) 

indicate that dithiol-PMn interfaces are identical irrespective of molecular length. 

Therefore, as with the dithiol-PM1 monolayers, nTP device electronic properties will be 

dictated by the nature of the metal center and map the electrochemical data of Figure 3, 

and not governed by interfacial interactions. 

2.3 Conclusion 

In conclusion, terminally functionalized meso-to-meso ethyne-bridged 

(porphinato)metal(II) oligomers (dithiol-PMn structures) have been incorporated as 

monolayers into ‘bulk’ molecular electronic devices by nTP. Conductive-AFM 

characterization of these devices demonstrates that device resistances depend on PMn 

wire length; this dependence parallels that evaluated previously in single molecule 

break junction measurements, underscoring that nTP is a viable and reliable method for 

designing ‘bulk’ molecular electronics junctions with these specialized porphyrin wires. 

Cyclic voltammetric data, and ultraviolet photoelectron spectroscopic studies carried out 

at gold surfaces, indicate that these nTP device resistances track with the valence band 

energy level of the PMn wire. This finding highlights the ability to fabricate ‘bulk’ and 

scalable molecular electronic devices by nTP in which function derives from the 
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electronic properties of discrete single molecules, and underscores how a critical device 

function – wire resistance – may be straightforwardly engineered in PMn compositions. 

This work further suggests opportunities for incorporating metal ions with unpaired 

electrons into PMn wires and the evolution of nTP devices for spintronics,39 as well as 

PMn-based nTP devices where metal ion axial ligand binding events manipulate 

junction electrical output.58, 25, 34 

2.4 Methods 

Instrumentation Electronic absorption spectra were recorded on a Shimadzu 

UV/vis/near-IR spectrophotometry system that is based on the optics of a Cary 14 

spectrophotometer. NMR spectra were recorded on a 400 MHz DMX-300 Brüker 

spectrometer.  Potentiometric measurements were performed using a Bioanalytical 

Systems BASi Epsilon EC Electrochemical Workstation. The electrochemical cell used for 

these experiments utilized a carbon disk working electrode, a platinum wire counter 

electrode, and a saturated Ag/AgCl reference electrode. The ferrocene/ferrocenium 

redox couple was utilized as an internal potentiometric standard. 

 

2.4.1 Synthetic Methods 

Design and Synthesis 
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Figure 12. Synthetic route to PMn(SAc)2. (n = 1, 2, 3, M = Cu, Ni) 

 

The synthetic route to S-acetyl-protected dithiol-PMn (n=1, 2, 3) compounds 

(PMn(SAc)2) structures, M=Cu, Ni) is illustrated in Figure 12. The synthesis of PZnn-SAc 

(n=1, 2, 3) has been reported elsewhere.23 In the Scheme 1, the syntheses of the starting 

materials [5,15-bis-triisopropylsiIylethynyl-10,20-di(2’,6’,-bis(33-dimethyl-l-

butyloxy)phenyl)porphinato]zinc(II) (PZnTIPS), 1,2-bis[(15-(triisopropylsilylethynyl)-

10,20-bis(2’,6’-bis(3,3-dimethyl-1-butyloxy)phenyl)porphinato)zinc(II)-5-yl]ethyne 
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(PZn2TIPS) and 5,15-bis[(15-(triisopropylsilylethynyl)-10,20-bis(2’,6’-bis(3,3-dimethyl-1-

butyloxy)phenyl)porphinato) zinc(II)-5-yl]ethynyl]-10,20-bis[2’,6’-di(3,3-dimethyl-1-

butyloxy)phenyl]porphinato)zinc(II) (PZn3TIPS) have been reported earlier.20, 22 

 

General procedure for Pd-catalyzed cross-coupling reactions: 

All cross-coupling reactions were performed in a Schlenk tube under Ar. The 

reagents were placed in the tube, which was then evacuated and backfilled with Ar 

three times. A mixture of solvent and base, subjected to three freeze-pump-thaw degas 

cycles, was added to the reaction tube. After the reaction was complete, the reaction 

mixture was diluted with CH2Cl2 and washed with sat. NH4Cl (aq.) (×2) and water. The 

combined aqueous layers were extracted with CH2Cl2 (×3) and the combined organic 

layers were dried over MgSO4, unless otherwise stated. The crude mixture was purified 

by chromatography on silica gel using an appropriate solvent mixture as eluent. Further 

purification was performed by size exclusion chromatography on SX-1 biobeads using 

THF as eluent, followed by chromatography on silica gel, if necessary.  

 

 

Synthetic Procedures: 
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5,15-bis-triisopropylsilylethynyl-10,20-di(2’,6’,-bis(3,3-dimethyl-l-

butyloxy)phenyl)porphyrin (compound 1). 1 ml of TFA was added to PZnTIPS (100 

mg, 0.078 mmol) in 20 ml of CH2C12. The reaction was stirred for 30 min. The mixture 

was poured into water (10 ml). After adding CH2C12 (10 ml), the organic layer was 

washed with water (x2), sat. NaHCO3 (aq.): water (v/v 50%/50%), and water, and then 

dried over MgSO4. The crude product was chromatographed on silica gel using 1:1 

hexanes: CH2Cl2 as eluent, and then recrystallized in hexanes/MeOH to afford 

compound 1 (80 mg, 84% yield based on PZnTIPS). 1H NMR (CDC13, 400 MHz): 9.52 (d, 

4H), 8.74 (d, 2H), 7.64(t, 2H), 6.94 (d, 4H), 3.88 (t, 8H), 0.84 (t, 8H), 0.36 (s, 36H), -2.08 (s, 

2H) ppm. UV-vis (THF): 425, 520, 556, 595, 653 nm. MALDI-TOF MS (M+) = 1223.5 (calcd 

1222.81). 

1,2-bis[15-(triisopropylsilylethynyl)-10,20-bis(2’,6’-bis(3,3-dimethyl-1-

butyloxy)phenyl)porphyrin-5-yl]ethyne (compound 2). 1 ml of TFA was added to 

PZn2TIPS (70 mg, 0.0314 mmol) in 10 ml of CH2C12. The reaction was stirred for 1 h. The 

mixture was poured into water (10 ml). After adding CH2C12 (10 ml), the organic layer 

was washed with water (x2), sat. NaHCO3 (aq.): water (v/v 50%/50%), and water, and 

then dried over MgSO4. The crude product was chromatographed on silica gel using 1:1 

hexanes: CH2Cl2 as eluent, and then recrystallized in hexanes/MeOH to afford 

compound 2 (64 mg, 96% yield based on PZn2TIPS). 1H NMR (CDC13, 400 MHz): 10.19 
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(d, 4H), 9.58 (d, 4H), 8.94 (d, 4H), 8.82(d, 4H), 7.75 (t, 4H), 7.06(d, 8H), 3.97 (t, 16H), 1.27 

(t, 16H), 0.36 (s, 72H), -1.64 (s, 4H) ppm. UV-vis-NIR (THF): 417, 443, 478, 528, 627, 736 

nm. MALDI-TOF MS (M+) = 2109.8 (calcd 2107.33). 

5,15-bis[15-(triisopropylsilylethynyl)-10,20-bis(2’,6’-bis(3,3-dimethyl-1-

butyloxy)phenyl )porphyrin-5-yl]ethynyl-10,20-bis[2’,6’-di(3,3-dimethyl-1-

butyloxy)phenyl]porphyrin (compound 3). 1 ml of TFA was added to PZn3TIPS (60 mg, 

0.0188 mmol) in 10 ml of CH2C12. The reaction was stirred for 1 h. The mixture was 

poured into water (10 ml). After adding CH2C12 (10 ml), the organic layer was washed 

with water (x2), sat. NaHCO3 (aq.): water (v/v 50%/50%), and water, and then dried over 

MgSO4. The crude product was chromatographed on silica gel using 1:1 hexanes: CH2Cl2 

as eluent, and then recrystallized in hexanes/MeOH to afford compound 3 (54 mg, 96% 

yield based on PZn3TIPS). 1H NMR (CDC13, 400 MHz): 10.19 (m, 8H), 9.56 (d, 4H), 8.94 

(m, 8H), 8.80(d, 4H), 7.75 (m, 6H), 7.06(d, 12H), 3.97 (t, 24H), 1.27 (t, 24H), 0.36 (s, 108H), 

-1.25(s, 2H), -1.65(s, 4H) ppm. UV-vis-NIR (THF): 437, 482, 647, 778 nm. MALDI-TOF MS 

(M+) = 2992.8 (calcd 2991.85). 

[5,15-bis-triisopropylsilylethynyl-10,20-di(2’,6’,-bis(3,3-dimethyl-1-

butyloxy)phenyl) porphinato]copper(II) (compound 4). A 100 ml flask was charged 

with 1:1 CH2Cl2: MeOH (50 ml), compound 1 (30 mg, 0.0245 mmol), copper(II) acetate 

(44 mg, 10 eq.) and refluxed for 3 h. After cooling the mixture to room temperature, the 
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solution was washed with water, separated and evaporated. The residue was 

redissolved in a minimal amount of 1:1 hexanes: CH2Cl2, and purified by column 

chromatography using the same eluent, giving 30 mg of product (95% yield, based on 30 

mg of compound 1). UV-vis (THF): 434, 566, 610 nm. MALDI-TOF MS (M+) = 1284.2 

(calcd 1283.72). 

1,2-bis[(15-(triisopropylsilylethynyl)-10,20-bis(2’,6’-bis(3,3-dimethyl-1-

butyloxy)phenyl) porphinato)copper(II)-5-yl]ethyne (compound 5). A 100 ml flask was 

charged with 1:1 CH2Cl2: MeOH (50 ml), compound 2 (30 mg, 0.0142 mmol), copper(II) 

acetate (52 mg, 10 eq.) and refluxed for 3 h. After cooling the mixture to room 

temperature, the solution was washed with water, separated and evaporated. The 

residue was redissolved in a minimal amount of 1:1 hexanes: CH2Cl2, and purified by 

column chromatography using the same eluent, giving 30 mg of product (98% yield, 

based on 30 mg of compound 2). UV-vis-NIR (THF): 435, 447, 480, 563, 694 nm. MALDI-

TOF MS (M+) = 2229.6 (calcd 2229.16). 

5,15-bis[(15-(triisopropylsilylethynyl)-10,20-bis(2’,6’-bis(3,3-dimethyl-1-

butyloxy)phenyl) porphinato)copper(II)-5-yl]ethynyl]-10,20-bis[2’,6’-di(3,3-dimethyl-

1-butyloxy)phenyl] porphinato)copper(II) (compound 6). A 100 ml flask was charged 

with 1:1 CH2Cl2: MeOH (50 ml), compound 3 (20 mg, 0.0067 mmol), copper(II) acetate 

(36 mg, 10 eq.) and refluxed for 3 h. After cooling the mixture to room temperature, the 
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solution was washed with water, separated and evaporated. The residue was 

redissolved in a minimal amount of 1:1 hexane: CH2Cl2, and purified by column 

chromatography using the same eluent, giving 20 mg of product (94% yield, based on 20 

mg of compound 3). UV-vis-NIR (THF): 420, 439, 491, 569, 735 nm. MALDI-TOF MS (M+) 

= 3175.6 (calcd 3174.6). 

[5,15-bis-triisopropylsilylethynyl-10,20-di(2’,6’,-bis(3,3-dimethyl-1-

butyloxy)phenyl)porphinato]nickel(II) (compound 7). A 100 ml flask was charged with 

toluene (50 ml), compound 1 (30 mg, 0.0245 mmol), nickel(II) acetylacetonate (62.9 mg, 

10 eq.) and refluxed for 24 h. After cooling the mixture to room temperature, the 

solution was washed with water, separated and evaporated. The residue was 

redissolved in a minimal amount of 1:1 hexanes: CH2Cl2, and purified by column 

chromatography using the same eluent, giving 30 mg of product (95% yield, based on 30 

mg of compound 1). 1H NMR (CDC13, 400 MHz): 9.45 (d, 4H), 8.68 (d, 4H), 7.62(t, 2H), 

6.91 (d, 4H), 3.88 (t, 8H), 0.95 (t, 8H), 0.32 (s, 36H) ppm. UV-vis (THF): 431, 549, 587 nm. 

MALDI-TOF MS (M+) =1278.4 (calcd 1278.73). 

1,2-bis[(15-(triisopropylsilylethynyl)-10,20-bis(2’,6’-bis(3,3-dimethyl-1-

butyloxy)phenyl) porphinato)nickel(II)-5-yl]ethyne (compound 8). A 100 ml flask was 

charged with toluene (50 ml), compound 2 (30 mg, 0.0142 mmol), nickel(II) 

acetylacetonate (73 mg, 10 eq.) and refluxed for 24 h. After cooling the mixture to room 
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temperature, the solution was washed with water, separated and evaporated. The 

residue was redissolved in a minimal amount of 1:1 hexanes: CH2Cl2, and purified by 

column chromatography using the same eluent, giving 28 mg of product (92% yield, 

based on 30 mg of compound 2). 1H NMR (CDC13, 400 MHz): 9.97 (d, 4H), 9.49 (d, 4H), 

8.30 (d, 4H), 8.72 (d, 4H), 7.62(t, 4H), 6.91 (d, 8H), 3.88 (t, 16H), 0.95 (t, 16H), 0.32 (s, 72H) 

ppm. UV-vis (THF): 434, 442, 478, 548, 650 nm. MALDI-TOF MS (M+) = 2221.2 (calcd 

2219.17). 

5,15- bis[(15-(triisopropylsilylethynyl)-10,20-bis(2’,6’-bis(3,3-dimethyl-1-

butyloxy)phenyl) porphinato)nickel(II)-5-yl]ethynyl]-10,20-bis[2’,6’-di(3,3-dimethyl-1-

butyloxy)phenyl] porphinato)nickel(II) (compound 9). A 100 ml flask was charged 

with toluene (50 ml), compound 3 (20 mg, 0.0067 mmol), nickel(II) acetylacetonate (52 

mg, 10 eq.) and refluxed for 24 h. After cooling the mixture to room temperature, the 

solution was washed with water, separated and evaporated. The residue was 

redissolved in a minimal amount of 1:1 hexanes:CH2Cl2, and purified by column 

chromatography using the same eluent, giving 20 mg of product (94% yield, based on 20 

mg of compound 3). 1H NMR (CDC13, 400 MHz): 9.95 (m, 8H), 9.44 (d, 4H), 8.80 (m, 8H), 

8.68 (d, 4H), 7.64 (m, 6H), 6.95 (d, 12H), 3.92 (m, 24H), 0.95 (m, 24H), 0.36 (m, 108H) ppm. 

UV-vis-NIR (THF): 430, 483, 551, 687 nm. MALDI-TOF MS (M+) = 3159.6 (calcd 3159.61). 
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[5,15-bis-ethynyl-10,20-di(2’,6’,-bis(3,3-dimethyl-1-

butyloxy)phenyl)porphinato]copper(II) (compound 10). TBAF (0.1 M in THF, 0.92 ml, 

0.092 mmol) was added to compound 4 (30 mg, 0.023 mmol) in 10 ml of THF at 0 °C. 

After 10 min, the solution was poured onto a plug of silica gel then eluted with CH2C12. 

After the solvent was evaporated, the residue was chromatographed over silica gel 

using 1:5 THF: hexanes as eluent to afford 20 mg compound 10. (90% yield, based on 30 

mg of compound 4). UV-vis: 426, 556, 597 nm. MALDI-TOF MS (M+) = 971.6 (calcd 

971.45) 

1,2-bis[(15-ethynyl-10,20-bis(2’,6’-bis(3,3-dimethyl-1-

butyloxy)phenyl)porphinato)copper (II)-5-yl]ethyne (compound 11). TBAF (0.1 M in 

THF, 0.53 ml, 0.053 mmol) was added to compound 5 (30 mg, 0.0134 mmol) in 10 ml of 

THF at 0 °C. After 10 min, the solution was poured onto a plug of silica gel then eluted 

with CH2C12. After the solvent was evaporated, the residue was chromatographed over 

silica gel using 1:5 THF: hexanes as eluent to afford 23 mg compound 11. (90% yield, 

based on 30 mg of compound 5). UV-vis-NIR (THF): 437, 448, 478, 553, 684 nm. MALDI-

TOF MS (M+) = 1919.4 (calcd 1919.47). 

5,15-bis[(15-ethynyl-10,20-bis(2’,6’-bis(3,3-dimethyl-1-

butyloxy)phenyl)porphinato) copper(II)-5-yl]ethynyl]-10,20-bis[2’,6’-di(3,3-dimethyl-

1-butyloxy)phenyl]porphinato) copper(II) (compound 12). TBAF (0.1 M in THF, 0.25 ml, 
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0.025 mmol) was added to compound 6 (20 mg, 0.0063 mmol) in 10 ml of THF at 0 °C. 

After 10 min, the solution was poured onto a plug of silica gel then eluted with CH2C12. 

After the solvent was evaporated, the residue was chromatographed over silica gel 

using 1:5 THF: hexanes as eluent to afford 16 mg compound 12. (88% yield, based on 20 

mg of compound 6). UV-vis-NIR (THF): 420, 439, 491, 561, 726 nm. MALDI-TOF MS (M+) 

= 2863.4 (calcd 2862.33). 

[5,15-bis-ethynyl-10,20-di(2’,6’,-bis(3,3-dimethyl-1-

butyloxy)phenyl)porphinato]nickel(II) (compound 13). TBAF (0.1 M in THF, 0.92 ml, 

0.092 mmol) was added to compound 7 (30 mg, 0.023 mmol) in 10 ml of THF at 0 °C. 

After 10 min, the solution was poured onto a plug of silica gel then eluted with CH2C12. 

After the solvent was evaporated, the residue was chromatographed over silica gel 

using 1:5 THF: hexanes as eluent to afford 20 mg compound 13. (90% yield, based on 30 

mg of compound 7). 1H NMR (CDC13, 400 MHz): 9.45 (d, 4H), 8.68 (d, 4H), 7.62(t, 2H), 

6.91 (d, 4H), 4.04 (s, 2H), 3.88 (t, 8H), 0.95 (t, 8H) ppm. UV-vis (THF): 423, 539, 574 nm. 

MALDI-TOF MS (M+) = 967.5 (calcd 966.46). 

1,2-bis[(15-ethynyl-10,20-bis(2’,6’-bis(3,3-dimethyl-1-

butyloxy)phenyl)porphinato) nickel(II)-5-yl]ethyne (compound 14). TBAF (0.1 M in 

THF, 0.53 ml, 0.053 mmol) was added to compound 8 (30 mg, 0.0134 mmol) in 10 ml of 

THF at 0 °C. After 10 min, the solution was poured onto a plug of silica gel then eluted 
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with CH2C12. After the solvent was evaporated, the residue was chromatographed over 

silica gel using 1:5 THF: hexanes as eluent to afford 23 mg compound 14. (90% yield, 

based on 30 mg of compound 8). 1H NMR (CDC13, 400 MHz): 9.97 (d, 4H), 9.49 (d, 4H), 

8.30 (d, 4H), 8.72 (d, 4H), 7.62(t, 4H), 6.91 (d, 8H), 4.04 (s, 2H), 3.88 (t, 16H), 0.95 (t, 16H), 

0.35 (s, 72H) ppm. UV-vis (THF): 432, 438, 475, 539, 641 nm. MALDI-TOF MS (M+) = 

1906.2 (calcd 1906.9). 

5,15-bis[(15-ethynyl-10,20-bis(2’,6’-bis(3,3-dimethyl-1-

butyloxy)phenyl)porphinato) nickel(II)-5-yl]ethynyl]-10,20-bis[2’,6’-di(3,3-dimethyl-1-

butyloxy)phenyl]porphinato) nickel(II) (compound 15). TBAF (0.1 M in THF, 0.25 ml, 

0.025 mmol) was added to compound 9 (20 mg, 0.0063 mmol) in 10 ml of THF at 0 °C. 

After 10 min, the solution was poured onto a plug of silica gel then eluted with CH2C12. 

After the solvent was evaporated, the residue was chromatographed over silica gel 

using 1:5 THF: hexanes as eluent to afford 16 mg compound 15. (88% yield, based on 20 

mg of compound 9). 1H NMR (CDC13, 400 MHz): 9.95 (m, 8H), 9.44 (d, 4H), 8.80 (m, 8H), 

8.68 (d, 4H), 7.64 (m, 6H), 6.95 (d, 12H), 4.04 (s, 2H), 3.92 (m, 24H), 0.95 (m, 24H), 0.36 (m, 

108H) ppm. UV-vis-NIR (THF): 430, 481, 542, 678 nm. MALDI-TOF MS (M+) = 2863.4 

(calcd 2862.33). 

[5,15-bis(4’-(S-acetylthio)phenylethynyl)-10,20-bis(2’,6’-bis(3,3-dimethyl-1-

butyloxy) phenyl)porphinato]copper(II) (PCu(SAc)2). Compound 10 (30 mg, 0.031 
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mmol), 1-(S-acetylthiol)-4-iodobenzene (86 mg, 0.31 mmol), and Pd(PPh3)4 (20 mg, 0.017 

mmol) in 5 ml of 10:1 THF:DIEA were heated at 40 °C for 3 d under Ar. After workup, 

the residue was chromatographed on silica gel using CH2C12 as eluent. The crude 

product was further purified by size exclusion chromatography (SX-1 biobeads, eluent = 

THF), and then chromatographed on silica gel using CH2Cl2 as eluent to afford 

PCu(SAc)2 (28 mg, 71% yield based on compound 10). UV-vis (log ε, in THF): 446 (5.71), 

532 (3.94), 572 (3.98), 627 (4.83) nm. MALDI-TOF MS (M+) = 1271.8 (calcd 1271.48). 

1,2-bis[(15-(4’-(S-acetylthio)phenylethynyl)-10,20-bis(2’,6’-bis(3,3-dimethyl-1-

butyloxy)phenyl)porphinato]copper(II)-5-yl]ethyne (PCu2(SAc)2). Compound 11 (20 

mg, 0.011 mmol), 1-(S-acetylthiol)-4-iodobenzene (46 mg, 0.22 mmol), and Pd(PPh3)4 (13 

mg, 0.011 mmol) in 5 ml of 10:1 THF:DIEA were heated at 40 °C for 3 d under Ar. After 

workup, the residue was chromatographed on silica gel using CH2Cl2 as eluent. The 

crude product was further purified by size exclusion chromatography (SX-1 biobeads, 

eluent = THF), and then chromatographed on silica gel using CH2Cl2 as eluent to afford 

PCu2(SAc)2 (20 mg, 81% yield based on compound 11). UV-vis-NIR (log ε, in THF): 438 

(5.28), 453 (5.29), 483 (5.53), 565 (4.42), 705 (5.01) nm. MALDI-TOF MS (M+) = 2216.5 

(calcd 2216.92). 

[5,15-bis[(15’-(4’-(S-acetylthio)phenylethynyl)-10’,20’-bis(2’,6’-bis(3,3-dimethyl-

1-butyIoxy)phenyl)porphinato)copper(II)ethyn-5’-yl]-10,20-bis(2’,6’-bis(3,3-dimethyl-
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1-butyloxy)phenyl)porphinato]copper(II) (PCu3(SAc)2). Compound 12 (15 mg, 0.0052 

mmol), 1-(S-acetylthiol)-4-iodobenzene (29 mg, 0.11 mmol), and Pd(PPh3)4 (13 mg, 0.011 

mmol) in 5 ml of 10:1 THF:DIEA were heated at 40 °C for 3 d under Ar. After workup, 

the residue was chromatographed on silica gel using CH2Cl2 as eluent. The crude 

product was further purified by size exclusion chromatography (SX-1 biobeads, eluent = 

THF), and then chromatographed on silica gel using CH2C12 as eluent to afford 

PCu3(SAc)2 (12 mg, 72% yield based on compound 12). UV-vis-NIR (log ε, in THF): 447 

(5.40), 493(5.57), 571(4.57), 742(5.23) nm MALDI-TOF MS (M+) = 3162.4 (calcd 3162.36). 

[5,15-bis(4’-(S-acetylthio)phenylethynyl)-10,20-bis(2’,6’-bis(3,3-dimethyl-1-

butyloxy)phenyl)porphinato]nickel(II) (PNi(SAc)2). Compound 13 (20 mg, 0.021 

mmol), 1-(S-acetylthiol)-4-iodobenzene (115 mg, 0.42 mmol), and Pd(PPh3)4 (12 mg, 0.011 

mmol) in 5 ml of 10:1 THF:DIEA were heated at 40 °C for 3 d under Ar. After workup, 

the residue was chromatographed on silica gel using CH2Cl2 as eluent. The crude 

product was further purified by size exclusion chromatography (SX-1 biobeads, eluent = 

THF), and then chromatographed on silica gel using CH2C12 as eluent to afford 

PNi(SAc)2 (20 mg, 75% yield based on compound 13). 1H NMR (400 MHz, CDC13) 9.44 

(,d, 4H), 8.69 (d, 4H), 7.95 (d, 4H), 7.65 (t, 2H), 7.53 (d, 4H), 6.95 (d, 8H), 3.90 (t, 8H),2.47 

(s, 6H), 0.97 (t, 8H), and 0.30 (s, 36H) ppm. UV-vis (log ε, in THF): 444 (5.70), 519 (3.90), 

557 (4.36), 602 (4.82) nm. MALDI-TOF MS (M+) = 1266.6 (calcd 1266.49). 
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1,2-bis[(15-(4’-(S-acetylthio)phenylethynyl)-10,20-bis(2’,6’-bis(3,3-dimethyl-1-

butyloxy)phenyl)porphinato)nickel(II)-5-yl]ethyne (PNi2(SAc)2). Compound 14 (20 mg, 

0.0104 mmol), 1-(S-acetylthiol)-4-iodobenzene (46 mg, 0.22 mmol), and Pd(PPh3)4 (13 mg, 

0.011 mmol) in 5 ml of 10:1 THF:DIEA were heated at 40 °C for 3 d under Ar. After 

workup, the residue was chromatographed on silica gel using CH2Cl2 as eluent. The 

crude product was further purified by size exclusion chromatography (SX-1 biobeads, 

eluent = THF), and then chromatographed on silica gel using CH2Cl2 as eluent to afford 

PNi2(SAc)2 (18 mg, 78% yield based on compound 14). 1H NMR (400 MHz, CDC13) 9.93 

(d, 4H), 9.46 (d, 4H), 8.79 (d, 4H), 8.72 (d, 4H), 7.97 (d, 4H), 7.66 (t, 4H), 7.57 (d, 4H), 6.94 

(d, 8H), 3.95 (t, 16H), 2.48 (s, 6H), 1.01 (t, 16H), and 0.39 (s, 72H) ppm. UV-vis-NIR(log ε, 

in THF): 432 (5.24), 477 (5.56), 554 (4.45), 668 (5.00) nm. MALDI-TOF MS (M+) = 2206.2 

(calcd 2206.93). 

[5,15-bis[(15’-(4’-(S-acetylthio)phenylethynyl)-10’,20’-bis(2’,6’-bis(3,3-dimethyl-

1-butyloxy)phenyl)porphinato)nickel(II)ethyn-5’-yl]-10,20-bis(2’,6’-bis(3,3-dimethyl-1-

butyloxy) phenyl)porphinato]nickel(II) (PNi3(SAc)2). Compound 15 (15 mg, 0.0052 

mmol), 1-(S-acetylthiol)-4-iodobenzene (29 mg, 0.11 mmol), and Pd(PPh3)4 (13 mg, 0.011 

mmol) in 5 ml of 10:1 THF:DIEA were heated at 40 °C for 3 d under Ar. After workup, 

the residue was chromatographed on silica gel using CH2Cl2 as eluent. The crude 

product was further purified by size exclusion chromatography (SX-1 biobeads, eluent = 
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THF), and then chromatographed on silica gel using CH2Cl2 as eluent to afford 

PNi3(SAc)2 (12 mg, 72% yield based on compound 15). 1H NMR (400 MHz, CDC13) 9.98 

(m, 8H), 9.46 (d, 4Hz), 8.84 (m, 8H), 8.72 (d, 4H), 7.98 (d, 4H), 7.76 (m, 6H), 7.56 (d, 4H), 

6.98 (m, 12H), 3.99 (t, 16H), 2.49 (s, 6H), 1.04 (t, 8H), 0.39 (m, 108H) ppm. UV-vis-NIR 

(log ε, in THF): 436 (5.51), 484 (5.71), 554 (4.75), 692 (5.22) nm MALDI-TOF MS (M+) = 

3147.2 (calcd 3147.37). 

 

Figure 13.1H NMR spectra of [5,15-bis(4’-(S-acetylthio)phenylethynyl)-10,20-

bis(2’,6’-bis(3,3-dimethyl-1-butyloxy)phenyl)porphinato]zinc(II) (PZn1(SAc)2) in 

CDCl3. 
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Figure 14.1H NMR spectra of 1,2-bis[(15-(4’-(S-acetylthio)phenylethynyl)-10,20-

bis(2’,6’-bis(3,3-dimethyl-1-butyloxy)phenyl)porphinato)zinc(II)-5-yl]ethyne 

(PZn2(SAc)2) in CDCl3. 



 

 

52 

 
Figure 15.1H NMR spectra of [5,15-bis[(15’-(4’-(S-acetylthio)phenylethynyl)-

10’,20’-bis(2’,6’-bis(3,3-dimethyl-1-butyloxy)phenyl)porphinato)zinc(II)ethyn-5’-yl]-

10,20-bis(2’,6’-bis(3,3-dimethyl-1-butyloxy)phenyl)porphinato]zinc(II) (PZn3(SAc)2) in 

CDCl3. 

 



 

 

53 

 

Figure 16.1H NMR spectra of [5,15-bis(4’-(S-acetylthio)phenylethynyl)-10,20-

bis(2’,6’-bis(3,3-dimethyl-1-butyloxy)phenyl)porphinato]nickel(II) (PNi(SAc)2) in 

CDCl3. 
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Figure 17. 1H NMR spectra of 1,2-bis[(15-(4’-(S-acetylthio)phenylethynyl)-

10,20-bis(2’,6’-bis(3,3-dimethyl-1-butyloxy)phenyl)porphinato)nickel(II)-5-yl]ethyne 

(PNi2(SAc)2) in CDCl3. 
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Figure 18.1H NMR spectra of [5,15-bis[(15’-(4’-(S-acetylthio)phenylethynyl)-

10’,20’-bis(2’,6’-bis(3,3-dimethyl-1-butyloxy)phenyl)porphinato)nickel(II)ethyn-5’-yl]-

10,20-bis(2’,6’-bis(3,3-dimethyl-1-butyloxy)phenyl)porphinato]nickel(II) (PNi3(SAc)2) 

in CDCl3. 

2.4.2 nTP Molecular Junction Fabrication 

Gold Substrate Preparation. Silicon wafers were cut into approx. 1 cm × 1 cm 

size for each device, then cleaned in RCA solution (2:1:1 water: ammonium hydroxide: 

hydrogen peroxide) for 15 min. Upon removal from RCA, the Si wafers were rinsed with 

water and ethanol, dried with N2 gas, and cleaned in UV/ozone for 20 min. After 
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cleaning, 5 nm Ti/ 40 nm Au were thermally evaporated on the wafers, the Ti layer at a 

rate of 1 Å /s, the Au layer starting at 1 Å /s for the first 5 nm then increased to 10 Å /s for 

the duration of the deposition. 

 

Monolayer Preparation. To prepare monolayers for all chemicals, freshly 

evaporated Au/Ti on Si substrates were immersed in the prepared solutions inside a N2 

glove box (O2 < 5.0 ppm). 10 μL of NH4OH was added upon immersion for deprotection 

of –SAc protecting groups on the porphyrins. After 24 h, substrates were removed from 

solution, sonicated in a fresh solvent solution for 60 s to remove physiabsorbed 

molecules, then rinsed in ethanol and dried under N2 gas. 

 

Photoelectron Spectroscopy. Monolayer properties on gold were evaluated 

using x-ray photoelectron spectroscopy (XPS) characterization and ultraviolet 

photoelectron spectroscopy (UPS). XPS was done using a monochromatic Al K𝛼 source 

(source and detector from Kratos) with power output of 150 W. All signals were 

optimized to maximize the Au 4f7/2 signal. Au 4f, Ni 2p, Cu 2p, and Zn 2p spectra were 

obtained by averaging 2 sweeps at 500 ms per point; and S 2p spectra were obtained by 

averaging 6 sweeps at 800 ms per point, all with resolution of 50 mV. XPS spectra were 

analyzed by subtracting a Shirley background and then assigning a combination of 
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Lorenzian and Gaussian (Voigt) functions. Spin-orbit separation between S 2p3/2 and S 

2p1/2 signals was set to 1.18 eV; between Au 4f7/2 and Au 4f5/2 signals, 3.67 eV; between Ni 

2p3/2 and 2p1/2, 17.27 eV; between Cu 2p3/2 and 2p1/2, 19.80 eV; and between Zn 2p3/2 and 

2p1/2, 22.97 eV. The UPS experiments utilized a helium source (He I, KE = 21.2 eV). UPS 

measurements were taken with 100 ms dwell times and 25 mV resolution for full scans, 

or 1200 ms dwell times and 10 mV resolution, averaging 3 sweeps. UPS spectra utilized 

linear backgrounds to identify onsets of the low energy and cutoff regions of the spectra.  

 

Nanotransfer Printing (nTP). Perfluoropolyether (PFPE) stamps were prepared 

by UV curing liquid PFPE on PFPE-based molds with arrays of raised featured. For 

curing, the UV cure chamber (ELC-500, Electro-Lite Corporation, 365 nm exposure) was 

purged for 15 mins with N2, then UV light was illuminated for 30 s. Stamps were then 

removed from the PFPE-based molds and loaded into a thermal evaporator where 20 

nm Au were deposited at 1 Å /s for the first 5 nm, then 10 Å /s for the duration. PFPE 

stamps with gold were then placed gold side down onto a monolayer on Au, tapped 

lightly to encourage contact with the unbound thiol of the dithiol monolayer, and placed 

in a vacuum for 30 min to remove air between stamp and monolayer. After removal 

from vacuum, the PFPE stamps are peeled off, exposing the patterned printed gold 
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contacts on the monolayer device. Characterization of these features was done shortly 

after stamp removal. 

 

Atomic Force Microscopy (AFM). Nanotransfer printed electrodes were 

characterized and analyzed via atomic force microscopy (AFM), using an Asylum 

Atomic Force Microscope (Asylum MFP-3D, Asylum Research). Tapping-mode images 

were taken using silicon cantilevers (BudgetSensors, Tap300Al) with resonance 

frequencies of approximately 300 kHz and a force constant of approximately 40 N/m. 

Conductive measurements of individual features were taken using the same AFM 

system. Cantilevers for these measurements were purchased from Olympus (AC240TS, 

force constant ~2 N/m), then modified by sputtering chromium and gold using the 

recipe: 2.5 nm Cr, 5.0 nm Au, 2.5 nm Cr, 10.0 nm Au, 2.5 nm Cr, 35.0 nm Au, 2.5 nm Cr, 

50.0 nm Au. The resulting conductive tips had large tip radii (~30 nm) in order to sustain 

the currents measured in our junctions. Conductive measurements were made by 

applying 20 nN force to individual nTP features, then sweeping a bias on the Si 

substrate/Au film. Each feature was measured 4 times to test for reproducibility of 

measurements. 
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Cyclic Voltammetry. Cyclic voltammetry was taken on a BASi EC Epsilon cyclic 

voltammeter, using a Ag/AgCl reference electrode, Pt wire as counter electrode, and 

glassy carbon as working electrode. At room temperature (T = 25 °C) 0.1 M 

tetrabutylammonium-hexaflurorophosphate (NBu4PF6) was added to all solutions, along 

with active component ([chromophore] = 2 mM), in DCM. Solutions were prepared with 

anhydrous solvent and purged with argon. The scan rate is 100 mV/s.  All observed peaks 

were normalized to observed ferrocene (Fc/Fc+) oxidation in same solutions. 

 

XPS Characterization discussion:  

Metal Centers. XPS spectra below identify the metal center through their 

respective metal core shells in monolayers of PZnn(SAc)2, PCun(SAc)2, and PNin(SAc)2. All 

monolayers exhibit characteristic metals on a surface (after sonication to remove possible 

physiabsorbed metals), indicating that the porphyrin central metal ion remains 

complexed after monolayer formation. 

 

S 2p Core Shells. Thiols that are chemically bound to the gold substrate will 

show different signals in XPS than unbound thiols. Therefore, we can use the S 2p core 

shells to comment on the quality of our monolayers. Figure 19, Figure 20, Figure 21 and 

Figure 22 below show the S 2p core shell XPS spectra for the PZnn(SAc)2, PCun(SAc)2, and 
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PNin(SAc)2 series, respectively. These spectra show three doublets, assigned as “Peak 1” 

for S 2p3/2 ≅ 161.0 eV, “Peak 2” for S 2p3/2 ≅ 161.9 eV, and “Peak 3” for S 2p3/2 ≅ 163.5 eV. 

Peaks 2 and 3 have been well characterized as sulfur bound to gold and unbound sulfur, 

respectively.59 Peak 1 has been seen in more disordered thiol-based monolayers,60 

representing another type of bound thiol. The disorder in this porphyrin oligomer 

system is expected due to the large solubilizing chains preventing long-range order. As 

has been mentioned in the main paper, we stress that UPS shows nearly identical work 

function for the gold surface across monolayers with different metal centers despite the 

different magnitude of Peak 2 versus Peak 3, indicating that there is no effect of the 

different binding modes and their magnitudes on the nature of the interface. We 

therefore group Peaks 2 and 3 together as “bound thiol” for the remainder of this 

analysis. 
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Figure 19. XPS of respective metal centers for A) PZn1(SAc)2, B) PCu1(SAc)2, 

and C) PNi1(SAc)2 monolayer. 
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Figure 20. PZnn(SAc)2 S 2p XPS spectra for A) monomer, B) dimer, C) trimer 

monolayer. 
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Figure 21. PCun(SAc)2 S 2p XPS spectra for A) monomer, B) dimer, C) trimer 

monolayer. 
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Figure 22. PNin(SAc)2 S 2p XPS spectra for A) monomer, B) dimer, C) trimer 

monolayer. 
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Using these data, we seek to account for attenuation of the bound thiol signal 

through the carbon based monolayer to obtain a true number of bound and unbound 

thiol thiols. To do this, we utilize an attenuation model from literature: 61 

                         （1） 

where Aud represents the Au 4f7/2 peak intensity measured through a certain 

monolayer depth (d), θ is the angle between XPS x-ray source and detector (in this case, 

θ = 0°), and λAL is the attenuation length of our gold signal through the monolayer. We 

use 32.8 Å  as the attenuation length in this study as calculated by Cumpson and Seah for 

attenuation of an electron traveling through a carbon based layer with kinetic energy 

corresponding to the Au 4f orbital.61 A monolayer of hexadecanethiol with a measured 

height d = 16 Å  is used as a reference comparison to measure the heights of the 

phenylenedithiol monolayers. 

Table 2 below shows the monolayer height estimated by this model for several 

representative molecules, and then accounts for the attenuation of the bound thiol signal 

through the monolayer (unbound thiol will have no attenuation as it sits on top of 

monolayer). 
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Table 2. Monolayer Height and S 2p Peak Ratios for Various PMn(SAc)2 

Monolayers 

  Raw S 2p Ratios Attenuated S 2p Ratios 

 
Monolayer 

Height (Å ) 
Bound Thiol Unbound Thiol Bound Thiol Unbound Thiol 

PZn1(SAc)2 18.1 57.5 % 42.5 % 70.0 % 30.0 % 

PZn2(SAc)2 19.8 74.2 % 25.8 % 84.0 % 16.0 % 

PZn3(SAc)2 29.8 60.9 % 39.1 % 79.1 % 20.9 % 

PCu1(SAc)2 17.0 52.2 % 47.8 % 64.7 % 35.3 % 

* Attenuations calculated using Equation 1. All monolayers prepared from 1:4 PMn: NH4OH. 

Monolayer Quality Discussion. Unlike most monolayers that have a much larger 

vertical component than horizontal, the porphyrin molecules here possess bulky 

alkoxyether groups on the benzene ligands. These ligands, as shown by the calculation, 

stick out from the plane of the porphyrin backbone in the lowest energy configuration, 

measuring 13.5 Å  end to end. The consequence of these ligands is that there is steric 

hindrance to the packing of porphyrin molecules in a monolayer. Any good packing 

would need to result in rotating these ligands, an effect that does not appear to happen 

as seen by the bound/unbound thiol ratios. Also, because they are rotated to the plane of 

the porphyrin heterocycle, these solubilizing ligands provide steric hindrance to the 

intermolecular π-π interactions that would lead to strong packing. Though there may be 

a gain in the intermolecular interactions if these ligands were to rotate, the experimental 
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evidence suggests it does not occur, and the molecules instead exhibit a large tilt toward 

the surface.  

 

Figure 23. Visualizing porphyrin wire attachment to a surface. A) Modeling 

the wires, separating the core (green ball) from the metal binding groups (red balls, 

modeled as blue if bound to surface). PZn1-SAc is used here, but the model is 

intended to be general for different metal centers and lengths. B) Proposed 

attachment to a surface, highlighting one molecule lying flat (both thiols bound to 

surface) for every molecule standing up (one bound thiol and one unbound thiol) to 

represent 25% unbound thiol and 75% bound thiol. 

Figure 23 attempts to provide a pictorial description of this effect on a surface. 

After accounting for attenuation, we observe that there is between 70-84% bound thiol 

on our substrates relative to 16-30% unbound, depending on the particular molecule 

studied. To explain the data, we take a round number and assume approximately 75% 

bound thiol and 25% unbound thiol are observed by S 2p, a number about in the middle 

of the percentages observed. Assuming these numbers to be about true, it would 

indicate the presence of three bound thiols for every unbound thiol on the surface. Such 
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a scenario would indicate a monolayer where one molecule is standing up (one bound 

thiol, one unbound thiol) for every molecule lying flat (two bound thiols). This would 

likely lead to what was previously discussed, that there is not a significant amount of 

packing of molecules and very little intermolecular interaction.  

What is interesting in this case is that we can postulate that the molecules that 

are standing up are not as significantly bent as expressed by the previously calculated 

bend angle numbers. Equation 1 assumes that electrons are being attenuated through a 

layer of non-vacuum material, and the end calculated molecular length represents 

essentially a sheet thickness. However, based on the description just given from the S 2p 

signal, we know this is not the case. If we have sites where molecules are both standing 

up and lying flat, the attenuation will be different due to sites of different thicknesses of 

carbon-based material, and ultimately, the value we calculate from Equation 1 will be a 

weighted average of those two scenarios. What this means is that the molecules that are 

standing up, as indicated by the presence of unbound thiols in all porphyrin monolayers, 

will be a decent amount taller than the values given in Table 2. Calculating the exact 

bend to these molecules that are standing would involve a more thorough analysis with 

many assumptions, but what is important to us here is that these molecules are standing 

straighter than the monolayer thickness implies and therefore with lower bent, a factor 

which will be important when we begin to discuss attaching top contacts. 
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This picture ultimately shows that the idea of these porphyrin wires self-

assembling is likely erroneous. However, we have observed an increasing thickness to 

the monolayers with molecular length and expressed that there are likely molecules still 

standing up in these monolayers. Ultimately, this gives evidence that this system may 

still be suited for the electrical devices intended to be produced and utilizing 

nanotransfer printing (nTP) (Figure 24). As shown below, nTP of 200 nm diameter gold 

features can be reliably and reproducibly transferred onto PZn1-SAc monolayers on gold 

(Figure 25). Note that the nTP process as developed in this study has only shown quality 

transferred features on substrates with metal binding groups at the surface. The fact that 

pads can be transferred indicates that the unbound thiols present are sufficient to create 

transfer of features onto these monolayers. Nearly identical quality transfer was seen 

through all PZn-SAcn monolayer lengths, validating our evaluation of some molecules 

standing up and for taking these monolayers to be used for electrical measurements. 
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Figure 24. Procedure for nanotransfer printing. Liquid PFPE is cured on a mold 

from a patterned elastomeric stamp. The patterned stamp has metal evaporated onto it, 

and the metal can be transferred onto another substrate. Removing the stamp exposes 

the metal. Reprinted with permission from literature.62 Copyright 2009 American 

Chemical Society. 
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Figure 25. Representative 200 nm diameter gold pads, prepared by nTP, 

printed onto a monolayer of PZn1-SAc. 
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UPS characterization discussion. UPS is presented here for the monomers (n = 1) 

of the PZnn(SAc)2, PCun(SAc)2, and PNin(SAc)2 series. UPS was also done on the dimers 

(n = 2) and trimers (n = 3); however, the monolayers are too long to obtain the Fermi 

peak of gold (defined here as binding energy = 0 eV, corresponding to kinetic energy = 

26.2 eV) and align the spectra due to the low escape depth of electrons with the (lower 

energy) He source. Therefore, analysis is focused on the monomers. Figure 26, Figure 27, 

Figure 28 show the UPS spectra of PZn1(SAc)2, PCu1(SAc)2, and PNi1(SAc)2  
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Figure 26. UPS full spectra for porphyrin monomers (indicated by respective 

colors) and gold substrate for comparison. 
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Figure 27. UPS in the Fermi level region for gold films, dithiol-PZn1, dithiol-

PCu1, and dithiol-PNi1 surfaces. Black lines indicate raw data, red lines indicate linear 

fits from background region. 
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Figure 28. UPS in the cutoff energy region for gold films, dithiol-PZn1, dithiol-

PCu1, and dithiol-PNi1 surfaces. Black lines indicate raw data, red lines indicate linear 

fits from background region. 
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Figure 29. A) Structure of α,ω-di[(4’-thiophenyl)ethynyl]-terminated meso-to-

meso ethyne-bridged (porphinato)metal(II) oligomers. B) 3-D molecular diagram of 

dithiol-porphyrin framework, showing macrocycle parallel to plane of page. C) 3-D 

molecular diagram of dithiol-porphyrin framework, showing macrocycle 

perpendicular to plane of page. 

 

2.4.3 Statistical Evaluation of Charge Transport 

General Methods. Resistances for measured devices were extracted by doing a 

linear fit from    -0.1 V to 0.1 V for the cAFM data, then using V = IR to calculate the 

resistance. Following the statistical method described by Whitesides,63 we uses the 

Gaussian mean (μG) and standard deviation (σG) determined by fitting a Gaussian 

function to the histograms of log(R).  The fitting of Gaussian functions to histograms are 

accomplished by the curve-fitting tool in MATLAB 8.11.0.604 (R2013a). The options we 
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used are the standard options in MATLAB for the ‘gauss1’ model: no excluded data, no 

weights, no bounds for the mean, a lower bound of zero for the standard deviation, no 

“robust” fitting options selected. In the simulated results, the first parameter specifies 

the area under the curve, the second parameter is the Gaussian mean (µ G), and the third 

parameter should be divided by the square root of two, in order to find the Gaussian 

standard deviation (σG). Table 3 concludes all µ G and σG of corresponding porphyrin 

oligomers and Figure 30 exhibits all histogram and fitted Gaussian curve. 

Table 3. µG and σG of log(Resistance) for PZnn(SAc)2, PCun(SAc)2, and 

PNin(SAc)2.(n=1,2,3) 

 µ G σG  µ G σG  µ G σG 

PZn(SAc)2 6.46 0.52 PCu(SAc)2 6.78 0.96 PNi(SAc)2 6.67 0.7 

PZn2(SAc)2 6.88 0.83 PCu2(SAc)2 7.55 0.63 PNi2(SAc)2 7.65 0.68 

PZn3(SAc)2 7.08 0.54 PCu3(SAc)2 8.04 0.63 PNi3(SAc)2 8.35 0.4 
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Figure 30. Histogram and fitted Gaussian curve (red line) of PZnn(SAc)2, 

PCun(SAc)2, and PNin(SAc)2.(n=1,2,3) 
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3. Alkyne-Bridged Multi[Copper(II) Porphyrin] Structures: 
Nuances of Orbital Symmetry in Long-Range, Through-
Bond Mediated, Isotropic Spin Exchange Interactions 

This work has been published. 64 

Ruobing Wang led the project, designed and synthesized the molecules, 

performed electron paramagnetic resonance (EPR) spectroscopy experiment and 

prepared the manuscript for publication. 

Alexander M. Brugh wrote the EPR simulation program. 

Michael J. Therien and Malcolm D.E. Forbes contributed to the editing and 

polishing of the manuscript for publication. 

3.1 Introduction 

The field of spintronics focuses on the simultaneous movement of charge and 

spin for the purpose of delivering quanta of information across molecular dimensions, 

and has gained attention from researchers concerned with quantum computing and the 

development of new optoelectronic or magneto–optical devices.65 

Polymetallic coordination complexes with isolated but regularly distributed 

transition metal atoms are ideal platforms for spintronics applications because they 

combine the inherent optical, redox, and magnetic properties of the intervening metal 

centers with those of the parent, purely organic materials. For electronic spin-spin 

interactions, there are few reports in the literature for isolated two-spin systems. There 
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are many studies of so-called “superexchange” phenomena in single crystals of 

inorganic coordination complexes, but these have typically involved the study of bulk 

properties such as magnetic susceptibility rather than individual isotropic exchange 

interactions. For biradical or biradicaloid systems involving two metal centers coupled 

to a rigid spacer, the literature is sparse. Multi[(porphinato)metal] structures, such as 

those shown in Figure 31, are promising platforms for systematic studies of spin-spin 

coupling across rigid spacers, as these may be constructed with spacers of variable 

electronic structure and length, different points of attachment to the porphyrin 

macrocycles, and with various porphyrin central metal ions.  

Previous computational studies suggest unique spintronic utility (e.g., spin 

filtering) for highly conjugated multi[(porphinato)metal] arrays, that derive from 

possibilities to promote long-range ferromagnetic spin ordering and half-metallic 

electronic structures.39,66,67 In contrast to these hypothetical, computationally investigated 

systems, meso-to-meso ethyne-bridged (porphinato)metal oligomers (PMn compounds) 

define a family of experimentally well-investigated structures that display exceptional 

electronic properties, ripe for exploitation in molecular electronic and spintronic 

devices.19, 68-69, 20, 70, 21-23, 41, 24, 32 Collectively, this body of work supports the notion that PMn 

wires that feature paramagnetic porphyrin-central metal ions, define ideal platforms 

through which molecular spintronic functionalities may be engineered and explored. 
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Figure 31. Chemical structures of PCu, PCu-E-PZn, PCu-E-PCu, PCu-EE-PCu, 

and PCu-E-PZn-E-PCu. Ar = 2',6'-bis(3,3-dimethyl-l-butyloxy)phenyl. The syntheses of 

these compounds are described in the Methods section. 

 

Metal-metal spin-spin coupling in porphyrin-based magnetic molecules can 

provide information about magnetism, spin delocalization, metal-ligand d-π mixing, 

and pathways for transmitting spin effects.71-72 There are relatively few reports on 

experimental measurements of metal-metal spin-spin couplings in such frameworks 

when a highly delocalized electronic structure exists. Here we report steady–state (dark) 

electron paramagnetic resonance (EPR) measurements of the intramolecular exchange 

interaction between the Cu paramagnetic centers in bis[copper(II) porphyrin] structures 

(Figure 31). In particular, we have determined how the magnitude of the isotropic 

exchange interaction (Javg) varies as a function of temperature, and, as will be shown 

below, demonstrate a remarkable and previously underappreciated sensitivity of Javg to 

metal-bridge orbital interactions. 
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3.2 Result and Discussion 

Figure 32 shows steady-state X-band EPR spectra of three Cu porphyrin 

complexes obtained in toluene solution at 300 K for: (a) a monomeric 

(porphinato)copper(II) species (PCu), (b) an ethyne-bridged (porphinato)zinc(II)-

(porphinato)copper(II) complex (PZn-E-PCu), and (c) an ethyne-bridged 

(porphinato)copper(II)-(porphinato)copper(II) dimer (PCu-E-PCu). The PCu structure 

exhibits a typical monomer Cu porphyrin EPR spectrum (Figure 1a),30 centered at g = 

2.09. The spectrum of PZn-E-PCu shows almost identical peak positions to that of PCu 

in fluid solution, which implies that the hyperfine coupling constants and g–factors are 

similar for PCu and PZn-E-PCu, in which the hyperfine interactions for the nitrogen 

nuclei and copper nucleus are respectively AN = 16 and ACu = 92 Gauss. This is a similar 

result to that obtained previously for gable-type Cu(II) porphyrin dimers in solution.30 

Due to the larger size of PZn-E-PCu, its natural line width is expected to be broader than 

for PCu, leading to a less well–resolved spectrum. Using established methods,25 we 

calculate that the rotational correlation time increases by a factor of three when the size 

of the molecule increases from PCu to PZn-E-PCu. This result matches our experimental 

observations almost exactly. In the EPR spectrum of PCu–E–PCu (Figure 32c), the 

hyperfine splitting pattern within each packet of lines broadens significantly compared 

to PZn-E-PCu (Figure 32b). Because the PCu–E–PCu structure is almost identical in size 
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to PCu–E–PZn, this major difference in their respective EPR spectra must derive from 

and additional interaction that we assign to an isotropic exchange interaction between 

the unpaired electrons on the two Cu(II) metal centers. 

 

Figure 32. Experimental (left) and simulated (right) EPR spectra of: (a) PCu, (b) 

PCu-E-PZn, and (c) PCu-E-PCu. Experimental spectra were acquired at room 

temperature in toluene solvent. Acquisition parameters, experimental conditions, as 

well as simulation methods and parameters are described in the Methods section. 

At a very basic level, these alkyne-bridged bis[(porphinato)-copper(II)] 

complexes are analogous to organic biradicals that have been studied extensively using 

both steady-state73 and time-resolved74 EPR methods. For example, their spectra are 

simulated using identical spin Hamiltonians. However, there are also some important 

differences in the theoretical approach: 1) in a monomeric copper(II) porphyrin fragment, 

the unpaired spin is located within a dx2-y2 orbital, and has a large hyperfine interaction 

with the Cu nucleus. 2) This hyperfine interaction exhibits a large anisotropy because of 

the molecular structure. A complicated line shape analysis is thus required even when 
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simulating monoradical copper(II) porphyrin EPR spectra. 3) Most of the purely organic 

biradical structures studied to date have featured flexible polymethylene chains having 

many rotational degrees of freedom. Alkyne-bridged (porphinato)copper(II) complexes 

also possess dynamic structures due to modest barriers to rotation about the conjugated 

bridge that links the (porphinato)metal units. Such conformational dynamics can 

modulate the exchange interaction, sometimes significantly, as has been noted in a 

recent report.75 

It should be noted that the systems in Figure 31 have substantially fewer degrees of 

freedom than do classic alkyl chain-linked biradicals in solution. The dynamic motion of 

the Figure 31 complexes can lead to a conformational effect on spin-spin coupling 

(called “J modulation”). This requires a more complicated theory to simulate both the 

modulation and the magnitude of exchange interaction, and a rigorous analysis leads to 

both static and dynamic information regarding the coupling itself. Fortunately, a 

rigorous theory for J modulation has been developed for steady-state biradicals, first by 

Luckhurst and coworkers for steady-state EPR spectroscopy of stable nitroxide 

biradicals in the 1960s,76-77 which was then generalized for both symmetric and 

asymmetric organic biradical structures exhibiting chemically induced dynamic electron 

spin polarization (CIDEP) by Avdievich et al. in the 1990s.78 
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 Simulation of the steady-state EPR (SSEPR) spectra presented here was achieved by 

first calculating a “stick plot” showing the position and intensity of each line in the 

spectrum. This is accomplished by: 1) selecting a spin Hamiltonian and basis set, 2) 

diagonalizing the Hamiltonian, and 3) using the standard selection rules to calculate the 

resonant EPR frequencies from energy differences for the allowed transitions. Equation 1 

shows the spin Hamiltonian, which is the sum of the Zeeman and hyperfine interactions. 

Here βe is the Bohr magneton, B0 is the applied external magnetic field, g1 is the g-factor, 

S1z is electron spin along the z axis, ai is the hyperfine coupling, and Izi is the nuclear spin 

projection along the z-axis (the applied field direction).   

     
1

0 1 1= ( )                        (1)z i z ziH B g S a S I    

For a biradical species, or for two-coupled paramagnetic metal ions, the Hamiltonian 

is written to account for the spin exchange interaction (J), in the standard Dirac notation, 

between the radical centers.79 

1

0 1 1 2 2 1 2 1 2

1
= ( )  ( 2 )       (2)

2
z z i z zi j z zj avgH B g S g S a S I a S I J S S       

 

The most appropriate basis set is a singlet state and three triplet states (|S> and |T+>, 

|T->, and |T0>). Four allowed transitions exist between these states, with probabilities (tp) 

described by Eqs 3a-b. Q is the Larmor precessional frequency difference between the 

radical centers (g–factor and nuclear spin state differences):      

2(cos(0.5 arctan( / )))                (3a)avgtp Q J 
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2(sin(0.5 arctan( / )))                  (3b)avgtp Q J   

The SSEPR spectrum of a copper(II) porphyrin is a quartet of nonets due to the 

interaction of the Cu nuclear spin (I=3/2) and the four N atoms (I=1). Each transition is 

initially given a Lorentzian line shape, where the line width is dependent upon several 

parameters. For metal complexes, asymmetric line broadening even in the absence of J 

modulation can be significant.  

The second step of the simulation routine is to account for the “monoradical” 

anisotropy present in the Cu(II) system EPR spectra. In this regard, an empirical 

equation devised by Wilson and Kivelson was adapted to our simulation program (eq 

4).80, 30   

2

0 1 2( )               (4)
D

D c
I IM

c

B k k m k m



   

 

  The line width (∆BD) is a function of the z component of the copper nuclear spin 

(mI). The various constants (k0, k1, k2) represent interactions of the nuclear-electronic and 

anisotropic g-tensors. These constants were determined through spectral simulation of 

the monoradical species, PCu. The ratio of monomer and dimer rotational correlation 

times is represented by TCD/TCM. Note that the asymmetric line broadening affects the 

low-field line shape significantly more than the high-field lines (Figure 32a-b).   

Lastly, it was necessary to consider the possibility of conformational modulation of Javg 

due to porphyrin-porphyrin interplanar torsional motion. The J modulation contribution 
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to the line width is solved by perturbation theory, leading to a term <V2>τe, where V is 

the magnitude of the time-dependent fluctuation in J, and τe is the correlation time for 

the perturbation. Ultimately, the <V2>τe term, which has units of s–1, adds to the 

relaxation time T2-1, but it should be noted that in symmetrical structures there are many 

transitions for which there is no broadening (e.g. when Q = 0). The modulation manifests 

itself in the spectrum as changes in certain line widths of the individual EPR transitions 

according to eq 5.78 

                                    (5a) 

             (5b) 

Here Q is the local magnetic field difference between the radical centers: 

  (6) 

Ultimately, the <V2>τe term in eq 5, which has units of s–1, adds to the relaxation time 

T2
-1, i.e., it makes a contribution to the natural line width, proportional to Q. 

The important simulation parameters for calculating the EPR 

spectrum of PCu-E-PCu are summarized in Table 1.  

To further investigate how spacer delocalized electronic structure and Cu-Cu distance 

can affect the exchange interaction, butadiyne-bridged (porphinato)copper(II)-

(porphinato)copper(II) (PCu-EE-PCu) and ethyne-bridged (porphinato)copper(II)-
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(porphinato)zinc(II)-(porphinato)copper(II) complexes (PCu-E-PZn-E-PCu) were 

synthesized (Chart 1). 

The PCu-E-PCu, PCu-EE-PCu and PCu-E-PZn-E-PCu structures all feature modest 

torsional barriers to rotation of the porphyrin rings about the bridge;81-83 hence, the EPR 

spectra of these species reflect the time-averaged populations of the torsional conformers 

of these species in fluid solution. Temperature-dependent EPR spectroscopy was carried 

out to examine the impact of the conformational distribution upon the magnitude of the 

isotropic exchange interaction. 

 

Figure 33. Temperature-dependent experimental (left) and simulated (right) 

EPR spectra of PCu-E-PCu. Simulation parameters are listed in Table 4 

Figure 2 shows representative temperature-dependent experimental (left) and 

simulated (right column) EPR spectra of PCu-E-PCu; analogous temperature-dependent 
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experimental and simulated EPR spectra of PCu-EE-PCu and PCu-E-PZn-E-PCu were 

obtained and are available in the Additional Information (Figure 38). Table 4 lists the 

parameters used in the simulations, Javg at each temperature (as defined in the expanded 

spin Hamiltonian, eq 2), and Jmod, a parameter that scales with the librational correlation 

time for conformational changes (i.e., the torsional motion of the porphyrin planes about 

the molecular axis defined by the ethyne or butadiyne bridge). It is assumed that the 

correlation time is the same for both rings, and that their librational motion is the major 

degree of freedom leading to Jmod. 

Table 4. Parameters used in simulations. The error limits of Javg and Jmod are ±5  

and ±10 Gauss, respectively. 

 PCu-E-PCu PCu-EE-PCu PCu-E-PZn-E-PCu 

Temp (oC) Javg  (G) Jmod (G) Javg (G) Jmod (G) Javg (G) Jmod (G) 

-20 110 350 30 600 42 400 

25 80 500 25 720 24 600 

50 60 600 20 820 16 700 

70 40 720 16 850 12 800 

90 26 800 16 900 10 850 

 

The Javg values for PCu-E-PCu, PCu-EE-PCu, and PCu-E-PZn-E-PCu are 80, 25, and 24 

Gauss, respectively at 298 K. All of these Javg values are several times larger than those 

observed for arene-bridged Cu(II) porphyrin dimers at room temperature (≤ 4 Gauss).30 

Considering that PCu-EE-PCu and PCu-E-PZn-E-PCu have more σ bonds between the 

two Cu (II) ions compared to a 1,3-benzene-bridged-bis[(porphinato)Cu] complex,30 the 
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observed augmentation of the exchange interaction can be attributed to the highly 

delocalized electronic structures characteristic of PCu-E-PCu, PCu-EE-PCu, and PCu-E-

PZn-E-PCu. 

Besides the increase in magnitude of the exchange interaction at room 

temperature, there are several other notable features in the data presented in Table 4. 

First, for all three structures, with increasing temperature, Javg decreases while Jmod 

increases, congruent with augmented temperature decreasing the relative population of 

conformers having modest porphyrin-porphyrin interplanar torsional angles. As 

increasing temperature increases the population-weighted average of the porphyrin-

porphyrin interplanar torsional angle, smaller Javg values are manifest.  

 

Figure 34. Javg of PCu-E-PCu (red) and PCu-EE-PCu (blue) at decreasing 

temperature 

Figure 3 displays the experimental dependences of Javg for PCu-E-PCu and PCu-EE-

PCu as a function of temperature. As anticipated for an alkyne-bridged bis[copper(II) 



 

 

91 

porphyrin] structure in which the unpaired electron spins reside in a dx2-y2 orbital 

orthogonal to the porphyrin macrocycle system, PCu-EE-PCu manifests an experimental 

dependence of its isotropic exchange interaction that is relatively flat over the -20 to 

90 °C temperature domain. In contrast, note that the magnitude of Javg for PCu-E-PCu 

increases four-fold over this temperature domain (Table 4), and displays a temperature 

dependence of Javg that varies sharply with respect to that anticipated for a scenario in 

which Cu dx2-y2 orbitals and the chromophore σ-bond network primarily govern the 

magnitude of the isotropic exchange interaction (Figure 34). The fact that Javg values for 

PCu-E-PCu increase steadily with decreasing temperature underscores that modest 

porphyrin-porphyrin interplanar torsional angles must provide greatly augmented 

isotropic exchange interaction relative to less-conjugated conformers characterized by 

larger porphyrin-porphyrin interplanar torsional angles, as the relative population of 

more conjugated conformers increases with decreasing temperature (Figure 34).  

These data indicate that the augmented (porphinato)metal-(porphinato)metal 

electronic coupling made possible by ethyne bridges relative to butadiyne ones results 

from an isotropic exchange interaction that is inadequately described by a model in 

which the unpaired electron spin density is confined predominantly to the two copper 

dx2-y2 orbitals, as is the case for PCu-EE-PCu. This analysis suggests that in addition to 

the carbon σ-bond framework and the dx2-y2 orbitals, the magnitude of Javg in PCu-E-PCu 
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depends strongly on π-conjugative interactions. Hence, relative to PCu-EE-PCu, for 

PCu-E-PCu: (i) a reduced energy gap must separate the dx2-y2 orbitals of the two 

(porphinato)Cu units from the globally delocalized, b1u HOMO characteristic of meso-to-

meso ethyne-bridged (porphinato)metal systems20, 22, 24 that has a significant metal dπ 

contribution, and (ii) this orbital must play a role in determining the magnitude of the 

Cu-Cu exchange interaction. This situation is consistent with a Zener indirect exchange 

coupling model for extended solids, where long-range spin-spin interactions are 

mediated by the intervening semiconductor p-derived states.84 
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Figure 35. Porphyrin-porphyrin interplanar torsional angle-dependent energy 

maps of PCu-EE-PCu and PCu-E-PCu dimers obtained by DFT calculations at the 6-

31G level. 
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Figure 35 highlights the porphyrin-porphyrin interplanar torsional angle-

dependent energies of bis[(porphinato)copper] complexes PCu-EE-PCu and PCu-E-PCu 

obtained by DFT calculations at the 6-31G level.  Note that the calculated rotational 

barrier for PCu-EE-PCu (2.69 kJ/mol) is 1.87 kJ/mol lower than that calculated for PCu-E-

PCu (4.56 kJ/mol). Since the magnitude of Jmod scales with the correlation time for 

porphyrin plane rotation, an Arrhenius plot of the Table 1 data give a slope representing 

the activation energy for the rotational barrier (Figure 36); activation energies for 

porphyrin-porphyrin interplanar torsional rotation for PCu-E-PCu, PCu-EE-PCu and 

PCu-E-PZn-E-PCu were determined to be 5.77 kJ/mol, 2.84 kJ/mol and 5.31 kJ/mol, 

respectively, consistent with the DFT computational results for PCu-E-PCu and PCu-EE-

PCu. These rotational barriers determined for alkyne-bridged (porphinato)copper(II) 

complexes, which are extracted from the simulation for SSEPR spectra of these 

complexes, are consistent with previous theoretical81-82 and experimental83 investigations 

regarding the rotation barrier of alkyne-bridged (porphinato)zinc(II) analogs. 
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Figure 36. Arrhenius plots (ln(Jmod/Jmod0) vs. 1/T) of PCu-E-PCu (blue), PCu-EE-

PCu (green), and PCu-E-PZn-E-PCu (red). 

3.3 Conclusion 

These experiments clearly demonstrate the utility of rigid spacers for the assessment 

of electronic couplings in biradicaloid structures. The ability to simultaneously probe 

static and dynamic properties of the coupling in an electronically neutral system in the 

dark is unparalleled, as purely organic analogues of such structures are typically 

produced photochemically, and are not thermally stable. While the observed trends in 

the magnitude of the exchange coupling with temperature for PCu-E-PCu, PCu-EE-PCu, 

and PCu-E-PZn-E-PCu are well modeled in a qualitative sense, our results also reiterate 
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the challenge for DFT methodologies to provide accurate quantitative calculations for 

open shell systems.85  

A more subtle but significant outcome from these studies is the realization that for one 

of the systems (PCu-E-PCu), the value of Javg at room temperature (80 Gauss) is almost 

exactly the same magnitude as the largest hyperfine coupling constant ACu (~90 Gauss). 

A consequence of this is that the singlet and triplet electronic spin wave functions will be 

strongly mixed (superimposed), which may find utility in quantum computing for two 

reasons: 1) The system will function as a near complete superposition of two electronic 

states, which is attractive for efficient data transmission, and 2) the periodic oscillations 

between the singlet (|S>) and triplet (|T0>) manifolds will be very fast indeed (on the 

order of Q/2, which for Cu(II) is about 5 ns). Indeed, we are unaware of any other 

example of a stable, weakly-coupled, neutral biradicaloid system where this mixing rate 

is so fast. The potential for encoding electron spin information by judicious choice of 

molecular structure is very high if such a complete superposition of states is 

controllable.85 Such control requires coherence between the singlet and triplet 

biradicaloid states, and is achievable by using photophysically induced electron spin 

polarization or by direct pulsed microwave pumping between the these states. 

The dimers studied here show great promise as model compounds for the study of 

spin and magnetic effects as a function of distance, molecular structure, and temperature. 
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With our current simulation program, we are able to quantitatively extract both static 

(Javg) and dynamic (Jmod) information that helps to understand the mechanism of spin 

communication in highly delocalized structures. The results shown in Figure 34 and 

Table 4 highlight the important and perhaps somewhat underappreciated effect of 

orbital symmetry in electronic communication using donor-bridge-acceptor molecules;86 

while the symmetry of the zero-order localized molecular orbitals is an important 

determinant of the magnitude of the exchange coupling, this work highlights that 

frontier molecular orbitals are not necessarily the major mediators of the exchange 

interaction. The implications for molecular electronics applications are clear: 

optimization of orbital symmetry may lead to better control of spin/charge transfer 

efficiencies, whilst ignoring them may lead to spin and electron exchange interactions of 

undesirable magnitudes. 

 

3.4 Methods 

3.4.1 Experimental Methods 

Electronic absorption spectra were recorded on a Shimadzu UV/vis/near-IR 

spectrophotometry system based on the optics of a Cary 14 spectrophotometer. NMR 

spectra were recorded on a Bruker Model DMX-300 spectrometer operating at 400 MHz. 

EPR spectra were acquired on a JEOL FA-100 spectrometer operating at X–band (9.5 
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GHz) using a TE011 cylindrical microwave resonator with 100 kHz field modulation. For 

variable temperature studies (258-363 K) the microwave resonator was equipped with a 

quartz Dewar with flowing N2 gas for low temperatures and warm compressed air for 

high temperatures. All temperature readings are ±1 K. Samples were rigorously 

degassed with three consecutive freeze-pump-thaw cycles on a vacuum line. 

Modulation amplitudes were typically 10 Gauss if the spectra exhibited very broad line 

widths, which were reduced to 2–5 Gauss if higher spectral resolution (e.g., of the 

nitrogen hyperfine splitting in the high field packet of lines) was desired. Typical scan 

times were 8 minutes, centered at 3140 Gauss, with an output time constant of 0.3 s and 

a sweep width of 800 Gauss.  
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3.4.2 Synthetic Procedures 

A graphical summary of the synthetic procedures is given in Figure 37. 

 

Figure 37. Overview of synthetic routes employed to produce all 5 meso-meso 

alkyne-bridged (porphinato)copper(II )compounds studied in this work. 

 

The synthesis of 5,15-bis[2,6-bis(3,3-dimethyl-1-butyloxy)phenyl]porphyrin (PH2), 5-

bromo-10,20-bis[2,6-bis(3,3-dimethyl-1-butyloxy)phenyl]porphyrin (PH2Br), (5-bromo-
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10,20-bis[2,6-bis(3,3-dimethyl-1-butyloxy)phenyl]porphinato)- zinc(II) (PZnBr), (5,15-

dibromo-10,20-bis[2,6-bis(3,3-dimethyl-1-butyloxy)- phenyl]porphinato)zinc(II) (PZnBr2), 

(5-triisopropylsilylethynyl-10,20-bis[2,6- bis(3,3-dimethyl-1-

butyloxy)phenyl]porphinato)zinc(II) (PZn-E-TIPS), bis[(5,5’- 10,20-bis[2,6-bis(3,3-

dimethyl-1-butyloxy)phenyl]porphinato)zinc(II)]ethyne (PZn-E-PZn), and bis[(5,5’-

10,20-bis[2,6-bis(3,3-dimethyl-1-butyloxy)phenyl] porphinato)zinc(II)]butadiyne (PZn-

EE-PZn), have been reported previously.1,2 

 

(10,20-bis[2,6-bis(3,3-dimethyl-1-butyloxy)phenyl]porphinato)copper(II) (PCu) 

A 1L flask was charged with 1:1 CH2Cl2:methanol (400 mL), PH2 (1.54 g, 1.78 mmol), 

copper(II) acetate tetrahydrate (3.2 g, 10 eq.) and refluxed for 3 hours. After cooling the 

mixture to room temperature, the solution was washed with water, separated and 

evaporated. The red residue was redissolved in a minimal amount of 1:1 hexanes:CH2Cl2, 

and purified by column chromatography using the same eluent, giving 1.56 g of product 

(95% yield, based on 1.54 g of PH2). Vis (log ε, in toluene): 405 (5.37), 528 (4.01), 564 (3.49) 

nm. MALDI-TOF MS(M+) = 923.6 (calcd 923.2). 

 

Bis(5,5’-10,20-bis[2,6-bis(3,3-dimethyl-1-butyloxy)phenyl]porphyrin)ethyne (1)  
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1 mL of TFA was added to PZn-E-PZn (50 mg, 0.027 mmol) in 20 mL of CH2C12. 

The reaction was stirred for 30 min. The mixture was then poured into water (10 mL). 

After adding CHC13 (10 mL), the organic layer was washed with water (x2), sat. 

NaHCO3 (aq.): water (v/v 50%/50%), and water, and then dried over MgSO4. The crude 

product was chromatographed on silica gel using 1:1 hexanes:CH2Cl2 as eluent, and then 

recrystallized in CH2Cl2/MeOH to afford product (40 mg, 85% yield based on PZn-E-

PZn), 1H NMR (CDC13, 400 MHz): 10.34 (d, 4H), 10.05 (s, 2H), 9.20 (d, 4H), 9.04(d, 4H), 

8.90 (d, 4H), 7.75 (t, 4H), 7.06(d, 8H), 3.97 (t, 16H), 1.27 (t, 16H), 0.36 (s, 72H), -2.16(s, 4H). 

Vis (THF): 400, 421, 469, 512, 607, 698 nm. MALDI-TOF MS(M+) =1748.1 (calcd 1747.06). 

 

Bis[(5,5’-10,20-bis[2,6-bis(3,3-dimethyl-1-butyloxy)phenyl]porphinato)-

copper(II)]ethyne (PCu-E-PCu). A 200 ml flask was charged with 1:1 CH2Cl2:methanol 

(100 mL), compound 1 (30 mg, 0.017 mmol), copper(II) acetate tetrahydrate (0.032 g, 10 

eq.) and refluxed for 3 hours. After cooling the mixture to room temperature, the 

solution was washed with water, separated, and evaporated. The residue was 

redissolved in a minimal amount of 1:1 hexanes:CH2Cl2, and purified by column 

chromatography using the same eluent, giving 30 mg of product (85% yield, based on 30 

mg of compound 1). Vis (log ε, in toluene): 402 (4.76), 474 (5.13), 552 (4.11), 646 (4.36) nm. 

MALDI-TOF MS(M+) =1868.2 (calcd 1868.89). 
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Bis(5,5’-10,20-bis[2,6-bis(3,3-dimethyl-1-butyloxy)phenyl]porphyrin)butadiyne 

(2). 1 mL of TFA was added to PZn-EE-PZn (45 mg, 0.026 mmol) in 20 mL of CH2C12. 

The reaction was stirred for 30 min. The mixture was poured into water (10 mL). After 

adding CH2C12 (10 mL), the organic layer was washed with water (x2), sat. NaHCO3 

(aq.): water (v/v 50%/50%), and water, and then dried over MgSO4. The crude product 

was chromatographed on silica gel using 1:1 hexanes:CH2Cl2 as eluent then 

recrystallized in CH2Cl2 /MeOH to afford product (38 mg, 85% yield based on 45 mg of 

PZn-EE-PZn), 1H NMR (CDC13, 400 MHz): 10.05 (s, 2H), 9.89 (d, 4H), 9.18 (d, 4H), 

8.97(d, 4H), 8.84 (d, 4H), 7.74 (t, 4H), 7.04 (d, 8H), 3.95 (t, 16H), 1.27 (t, 16H), 0.36 (s, 72H), 

-2.16(s, 4H). Vis (THF): 441, 469, 514, 574, 599, 691 nm. MALDI-TOF MS(M+) =1770.9 

(calcd 1771.06). 

 

Bis[(5,5’-10,20-bis[2,6-bis(3,3-dimethyl-1-butyloxy)phenyl]porphinato)copper-

(II)]butadiyne (PCu-EE-PCu). A 200ml flask was charged with 1:1 CH2Cl2:methanol (100 

mL), compound 2 (35 mg, 0.016 mmol), copper(II) acetate tetrahydrate (0.042 g, 10 eq.) 

and refluxed for 3 hours. After cooling the mixture to room temperature, the solution 

was washed with water, separated and evaporated. The residue was redissolved in a 

minimal amount of 1:1 hexane: CH2Cl2, and purified by column chromatography using 
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the same eluent, giving 25 mg of product (82% yield, based on 35 mg of compound 2). 

Vis (log ε, in toluene): 443 (5.00), 475 (4.98), 556 (4.18), 642 (4.35) nm. MALDI-TOF 

MS(M+)=1892.2 (calcd 1892.89). 

 

5-triisopropylsilylethynyl-10,20-bis[2,6-bis(3,3-dimethyl-1-

butyloxy)phenyl]porphyrin (3). 1 mL of TFA was added to PZnETIPS (150 mg, 0.136 

mmol) in 20 mL of CH2C12. The reaction was stirred for 30 min. The mixture was then 

poured into water (10 mL). After adding CH2C12 (10 mL), the organic layer was washed 

with water (x2), sat. NaHCO3 (aq.): water (v/v 50%/50%), and water, and then dried over 

MgSO4. The crude product was chromatographed on silica gel using 1:1 hexanes:CH2Cl2 

as eluent then recrystallized in CH2Cl2 /MeOH to afford product (120 mg, 85% yield 

based on PZnETIPS). 1H NMR (CDC13, 400 MHz): 10.02 (s,1 H), 9.72 (d, 2 H), 9.20 (d, 2 

H,), 8.91 (t, 4 H), 7.68 (t, 2 H), 6.99 (d, 4 H), 3.88 (t, 8 H), 1.43 (m), 0.27 (s, 36 H), -

2.85(s,2H), Vis (THF): 425, 460, 520, 556, 595, 653 nm.  MALDI-TOF MS (M+)=1042.7 

(calcd 1042.7). 

 

(5-triisopropylsilylethynyl-10,20-bis[2,6-bis(3,3-dimethyl-1-

butyloxy)phenyl]porphinato)copper(II) (4). A 100ml flask was charged with 1:1 

CH2Cl2:methanol (40 mL), compound 3 (100 mg, 0.096 mmol), copper(II) acetate (180 mg, 
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10 eq.) and refluxed for 3 hours. After cooling the mixture to room temperature, the 

solution was washed with water, separated, and evaporated. The purple residue was 

then redissolved in a minimal amount of 1:1 hexanes:CH2Cl2, and purified by column 

chromatography using the same eluent, giving 98 mg of product (92% yield, based on 

100 mg of 3). Vis (THF): 423, 549, 582 nm, MALDI-TOF MS(M+)=1103.6 (calcd 1103.2). 

 

(5-ethynyl-10,20-bis[2,6-bis(3,3-dimethyl-1-butyloxy)phenyl]porphinato)-

copper(II) (5). Compound 4 (86 mg, 0.078 mmol) was dissolved in THF (20 mL). TBAF 

(0.16 mL, 1M in THF) was added and the reaction was stirred in an ice bath for 5 min. 

TLC analysis of the reaction mixture (1:5 THF:hexanes) showed complete formation of 

the product and consumption of the starting material. The reaction mixture was then 

quenched with water (50 mL), extracted with CH2C12, and evaporated. The residue was 

purified by column chromatography using 1:5 THF:hexanes as the eluent, giving 67 mg 

of product (91% yield, based on 86 mg of starting material 4). Vis (THF): 421, 547, 579 

nm, MALDI-TOF MS (M+) = 947.5 (calcd 947.2).  

 

[(5,-10,20-bis[2,6-bis(3,3-dimethyl-1-butyloxy)phenyl]porphinato)copper(II)]- 

[(5’,-10’,20’-bis[2,6-bis(3,3-dimethyl-1-butyloxy)phenyl]porphinato)zinc(II)]ethyne 

(PCu-E-PZn). PZn-Br (69 mg, 6.9 x 10-2 mmol) and compound 5 (33 mg, 3.4 x 10-2 mmol), 
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10 ml of dry THF, and 1.0 ml of trimethylamine were added to a 50 mL Schlenk tube. 

Pd2(dba)3 (19 mg, 2.1 x 10-2 mmol) and AsPh3 (51 mg, 0.17 mmol) were transferred to the 

Schlenk tube in a dry box, following which the solution was degassed by three 

successive freeze-pump-thaw cycles. The reaction mixture was stirred at 50 °C for 10.5 

hours, after which time the solvent was evaporated, and the residue chromatographed 

on silica gel using 10:1 hexanes:THF as the eluent. Yield = 48 mg (76%, based on 33 mg of 

compound 5). Vis (log ε, in toluene): 406 (4.82), 477 (5.16), 552 (4.09), 661 (4.39) nm. 

MALDI-TOF MS (M+) = 1868.7 (calcd 1869.89). 

 

5,15-bis[[5’,-10’,20’-bis[2,6-bis(3,3-dimethyl-1-

butyloxy)phenyl]porphinato)copp-er(II)]ethynyl]-10,20-bis[2,6-bis(3,3-dimethyl-1-

butyloxy)phenyl]porphinato)zinc(II) (PCu-E-PZn-E-PCu). PZn-Br2 (32 mg, 0.029 mmol) 

and compound 5 (56 mg, 0.06 mmol), 20 ml of dry THF, and 2.0 ml of trimethylamine 

were added to a 50 mL Schlenk tube. Pd2(dba)3 (19 mg, 0.021 mmol) and AsPh3 (51 mg, 

0.17 mmol) were transferred to the Schlenk tube in a dry box, following which the 

solution was degassed by three successive freeze-pump-thaw cycles. The reaction 

mixture was stirred at 45 °C for 10.5 hours, after which time the solvent was evaporated, 

and the residue chromatographed on silica gel using 10:1 hexanes:THF as the eluent. 
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Yield = 62 mg (74%, based on 32 mg of PZn-Br2). Vis-NIR (log ε, in toluene): 409 (5.02), 

491 (5.24), 555 (4.25), 722 (4.65) nm. MALDI-TOF MS (M+) = 2814.1 (calcd 2815.33). 

 

3.4.3 Additional Information 

 

Figure 38. Experimental (left) and simulated (right) EPR spectra of (a) PCu-EE-

PCu and (b) PCu-E-PZn-E-PCu at different temperatures in toluene. 

 

Explanation of radical, radicaloid, biradical, biradicaloid term in this study 

For the line shape analysis we use the general term “radical” as it is appropriate 

for that text. When we first introduce the Cu complex specifically, the term 

“monoradical” is used, but with quote marks to note its more common nomenclature.  
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The second use of this term, in the following paragraph is “monoradical-like”, which 

further emphasizes this point.  In all other places in the manuscript, the term 

“biradicaloid” is used, a term taken directly from the IUPAC Gold Book, which notes 

that the descriptor is “often used to refer to a species in which the two radical centres 

interact significantly”.   
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4. Intramolecular Exchange Interaction in β-β Alkyne 
Bridged Dimeric (Porphinato)copper(II) Complexes 

This work has been submitted for publication.87 

Ruobing Wang led the project, designed and synthesized the molecules, 

performed electron paramagnetic resonance (EPR) spectroscopy experiment and 

prepared the manuscript for publication. 

Alexander M. Brugh wrote the EPR simulation program. 

Michael J. Therien and Malcolm D.E. Forbes contributed to the editing and 

polishing of the manuscript for publication. 

 

4.1 Introduction 

 Two major goals in the field of molecular magnetism are the design and 

synthesis of polynuclear complexes containing paramagnetic transition metal ions with 

predetermined structures and predictable electronic and magnetic properties.88 In 

addition to their use as models for fundamental research on electron exchange and 

electron transfer phenomena between distant metal centers through extended bridges, 

homo- and heterovalent polynuclear complexes are of great importance in the ‘‘bottom-

up” approach to molecular spintronic devices.89-90 In this regard, the distance 

dependence of the magnitude of the electronic spin exchange coupling J can provide 
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important information about spin distribution, spin densities, and pathways for 

facilitating the electron exchange process.91-92, 65  

Such a distance dependence was first put forward by Coffman and Buettner,93 

who proposed a limit function applicable for strong exchange interactions (J > 1 cm-1) as 

|J| = 1.47 × 103 exp(-1.8r), where r is the center to center distance between the interacting 

spins. This limit function was later updated using new experimental information by 

Hoffmann et al.,94 who proposed a new limit function applicable for weak exchange 

interactions as |J|= 5.9 × exp(−0.335r) (10-3 cm-1 < J < 1 cm-1). This limit function provided 

a baseline for investigation of σ– or π–type pathways for through-bond exchange 

interaction between two spins. Data exhibiting consistency with the Coffman limit 

function indicates a σ-type pathway while deviation from the limit function suggests a 

π-type pathway. 95, 71, 96 

Historically, charge transfer processes have been studied in the absence of spin 

effects. However, in electronic redistribution and charge transfer events driven by 

photoexcitation of organic and inorganic chromophores, the spin states of the precursors 

and the resulting electronically excited and reactive intermediates (e.g., biradicals, 

radical pairs or radical ion pairs) must be considered. In many ways, “spin chemistry” 

phenomena such as chemically induced dynamic electron spin polarization (CIDEP), 
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which were extensively investigated in the latter half of the 20th century, kindled the fire 

for the strong present interest in the coupling of spin information and charge transfer. 

Meso-to-meso ethyne-bridged (porphinato)metal oligomers (mmPMn, Scheme 1, 

top row) define a family of experimentally well-investigated structures that display 

exceptional electronic properties, ripe for exploitation in molecular electronic and 

spintronic devices.19, 68-69, 20-23, 41, 24, 32 Previous computational studies suggest that these 

structures may provide unique spintronic utility (spin filtering), promote long-range 

ferromagnetic spin ordering, and provide half-metallic electronic structures.39, 66-67 A 

recent study on meso-meso alkyne bridged bis[(porphinato)copper(II)] arrays 

(mmPCu2)64 reveals that the highly conjugated structure facilitates an electronic 

exchange interaction between the unpaired spin on each Cu ion.  

The mmPCu2 structure has previously revealed a remarkable sensitivity to 

orbital  interactions  between  the  spacer and  the  metal when comparing the ethyne 

and butadiyne alkyne bridges. This  sensitivity manifests itself in temperature 

dependent  EPR measurements of the average exchange interaction (Javg) in these 

structures. For example, the ethyne–bridged mmPCu2 strucutre shows a four fold 

increase in Javg from –25–90 oC. This was not expected for a scenario in which the Cu dx2-y2 

orbitals and the chromophore σ-bond network primarily govern the magnitude of an 

isotropic exchange interaction. The augmented coupling made possible by ethyne 
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relative to butadiyne bridges is inadequately described by a model in which the 

unpaired electron spin density is confined predominantly to the two copper dx2-y2 

orbitals, as in butadiyne-bridged mmPCu2 structures. These results suggest that in 

addition to the carbon σ-bond framework and the dx2-y2 orbitals, the magnitude of Javg in 

enthyn-briged mmPCu2 depends strongly on π-conjugative interactions.  

 

Figure 39. Chemical structures of mmPCu2 (top row) and ββPCu2 (middle and 

bottom rows) structures. Ar = 2',6'-bis(3,3-dimethyl-l-butyloxy)phenyl. m = meso 

postion, β = β position  

In preivous research,81 β-β linked multi[(porphinato)metal] complexes (ββPMn), 

has been investigated and compared to the meso-meso and meso-β linked analogs 

(mmPMn and mβPMn). It was found that the degree of porphyrin-porphyrin electronic 

coupling decreases with increasing bridge length for a specific linkage topology; most 
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importantly, the magnitude of this coupling is extremely sensitive to the connection sites 

of the ethynyl or butadiynyl interchromophore bridges on the porphyrin carbon 

framework. The electronic coupling can be further attenuated for a specific conjugated 

bridge length when severely disparate steric interactions exist for three types of 

porphyrin-to-porphyrin linkage (meso-meso, meso-β and β-β) and enforce non-

isostructural porphyrin-porphyrin orientations or distributions of orientations for the 

supramolecular systems, as was observed for the ethyne-bridged mmPZn2, mβPZn2, and 

ββPZn2. When such steric effects are not manifest, the magnitude of electronic coupling 

between the porphyrinic components of the array depends strictly upon the porphyrin-

to-porphyrin bridge type and follows the order meso-meso > meso-β > β-β. Other 

photophysical properties of these arrays, such as the degree of the red shift of their Q-

type absorptions, the magnitude of the oscillator strength of these absorptions, and the 

wavelength of their emission maximum, similarly correlate with linkage topology.81  

Here we report a study of spin-spin coupling between Cu ions in β-β linked 

bis[(porphinato)copper(II)] complexes (ββPCu2, Figure 39, middle and bottom rows). 

Metal-metal spin-spin coupling in porphyrin-based magnetic molecules can provide 

information about magnetism, spin delocalization, metal-ligand d-π mixing, and 

pathways for transmitting spin effects.71-72 In contrast to the fact that mmPCu2 has 

stronger porphyrin-porphyrin electronic coupling than ββPCu2, the ββPCu2 complexes 
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show remarkably stronger spin-spin exchange coupling (J) between unpaired spins on 

Cu ions compared to mmPCu2. This is because the unpaired electron in the Cu dx2-y2 

orbital develops more dominantly at the β positions than at the meso positions, and the 

more abundant spin density on β positions give rise to the stronger spin-spin exchange 

interaction in ββPCu2.97 Obviously, the unique spin distribution of Cu porphyrin allows 

for more precise control of the exchange interaction by using different bridge lengths 

and different connection points between the porphyrin rings. However, besides the 

effect of spin distribution, the intrinsic difference between mmPCu2 and ββPCu2 with 

regard to spin-spin exchange interaction between unpaired spins on Cu ions, and the 

relationship to their electronic structures, are more fundamentally interesting to 

investigate. In particular, the difference in exchange interaction pathway is crucial for 

understanding the metal-bridge orbital interactions.95, 72, 96 Here we present an initial 

study, using electron paramagnetic resonance (EPR) spectroscopy, that explores how the 

magnitude of the isotropic exchange interaction (Javg) varies as a function of different 

connecting points, and, as will be shown below, demonstrate a remarkable difference in 

the exchange coupling pathway between alkyne-bridged mmPCu2 and ββPCu2 

structural motifs. The results show that desirable electronic and magnetic properties can 

be fine–tuned in these interesting molecules, making them attractive building blocks for 

spin and optical applications at the molecular level. 
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4.2 Result and Discussion 

   

 

Figure 40. Steady-state X-band EPR spectra of β-β bridged 

bis[(porphinato)copper(II)] structures obtained in toluene solution at 300 K for: (a) 

PCu(β)-E-(β)PCu, (b) PCu(β)-E2-(β)PCu, (c) PCu(β)-E4-(β)PCu, (d) PCu(β)-E-(m)PZn(m)-

E-(β)PCu, (e) PCu(β)-E2-(m)PZn(m)-E2-(β)PCu. 

 

Figure 40 shows steady-state X-band EPR spectra of five β-β bridged 

bis[(porphinato)copper(II)] structures obtained in toluene solution at 300 K for: (a) 

PCu(β)-E-(β)PCu, (b) PCu(β)-E2-(β)PCu, (c) PCu(β)-E4-(β)PCu, (d) PCu(β)-E-
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(m)PZn(m)-E-(β)PCu, (e) PCu(β)-E2-(m)PZn(m)-E2-(β)PCu. In line with previous studies, 

the spectrum of bis[(porphinato)copper(II)] complexes in fluid solution has similar 

hyperfine coupling constants and g–factors to monomeric (porphinato)copper(II) 

complex in which g=2.09, and the hyperfine interactions for the nitrogen nuclei and 

copper nucleus are respectively AN = 16 and ACu = 92 Gauss.64 Table 1 notes the 

parameters used in the simulations; here Javg represents the average exchange interaction 

at each temperature, and Jmod is a parameter that scales with the librational correlation 

time for conformational changes (i.e., the torsional motion of the porphyrin planes about 

the molecular axis defined by the ethyne or butadiyne bridges). The important simulation 

parameters for calculating the EPR spectrum of all bis[(porphinato)copper(II)] structures 

in this study are summarized in Table 1 (the EPR spectra and simulation of three meso-

meso linked bis[(porphinato)copper(II)] structures have been reported previously 64). 

 

Table 5. Parameters used in simulations of Figure 40. The error limits of Javg 

and Jmod are ±5 and ±10 Gauss, respectively. 

Complex Javg (Gauss) Jmod (Gauss) 

PCu(β)-E-(β)PCu 600 0 

PCu(β)-E2-(β)PCu 400 400 

PCu(β)-E4-(β)PCu 150 600 

PCu(β)-E-(m)PZn(m)-E-(β)PCu 100 100 

PCu(β)-E2-(m)PZn(m)-E2-(β)PCu 30 700 

PCu(m)-E-(m)PCu 64 80 500 

PCu(m)-E2-(m)PCu 64 25 650 

PCu(m)-E-(m)PZn(m)-E-(m)PCu 64 24 600 
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The Javg values for the ββPCu2 structures are several times larger than those of 

their mm analogs, which is due to the fact that spin density in the dx
2-y

2 orbital develops 

more dominantly at the β position than at the meso position.97 Besides the increase in 

magnitude of the exchange interaction between the mmPCu2 to the ββPCu2 complexes, 

the falloff of Javg with distance in the two sets of complexes is also different (measured as 

the change in the magnitude of the spin exchange coupling versus the number of 

intervening σ-bonds). The magnitude of Javg in the mmPCu2 complexes deviates from the 

exponential distance decay as a function of the number of σ-bonds (Figure 41, red dashed 

line), which is anticipated for a scenario in which the Cu dx
2-y

2 orbitals and the 

chromophore σ-bond network primarily govern the magnitude of the isotropic exchange 

interaction. For example, PCu(m)-E-(m)PZn(m)-E-(m)PCu) has 18 σ–bonds between the 

two Cu ions, which has 7 more σ–bonds compared to PCu(m)-E2-(m)PCu, but the 

difference in Javg between them is only 1 Gauss. This is because in addition to the σ-bond 

framework and the dx
2-y

2 orbitals, the magnitude of Javg in ethyne-bridged PCu(m)-E2-

(m)PCu and PCu(m)-E-(m)PZn(m)-E-(m)PCu depend more strongly on π-conjugative 

interactions compared to PCu(m)-E2-(m)PCu.64 Although there are 7 more σ–bonds 

between two Cu ions, the more efficient π-type pathway for spin-spin exchange 

interaction in PCu(m)-E-(m)PZn(m)-E-(m)PCu leads to a deviation from the anticipated 

exponential decay in magnitude of Javg.  
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Figure 41. Natural logarithmic plots of measured average exchange interaction 

(Javg) versus σ-bond number between two Cu ions for bis[(porphinato)copper(II)] 

structures. 

In contrast, Javg for the ββPCu2 complexes show a strict exponential decay with an 

increasing number of σ-bonds between the two Cu ions as shown in Figure 41 (blue solid 

line). Unlike the mmPCu2 complexes, whose Javg is affected greatly by electronic 

structure and conformational distribution,64 the magnitude of Javg strictly decays as an 

exponential function of σ-bond number between two Cu ions, regardless of the difference 

in conformational distribution and electronic structure. This notable result indicates the σ-
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type pathway for exchange coupling between the two Cu ions is more dominant in the 

ββPCu2 complexes.  

 

 

Figure 42. Temperature-dependent experimental (left) and simulated (right) 

EPR spectra of PCu(β)-E4-(β)PCu.  Simulation parameters are listed in Table 2 

 

Table 6. Parameters used in simulations of Figure 42. The error limits of Javg 

and Jmod are ±5 and ±10 Gauss, respectively. 

Temp (°C) Javg (Gauss) Jmod (Gauss) 

25 150 600 

50 150 650 

70 150 720 

90 150 850 
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Figure 43. Javg of PCu(m)-E-(m)PCu (red), PCu(m)-E2-(m)PCu (green) and 

PCu(β)-E4-(β)PCu (blue) at decreasing temperature  

 

This difference in exchange coupling pathways between the mmPCu2 and 

ββPCu2 complexes are further exemplified by temperature-dependent EPR results of 

PCu(β)-E4-(β)PCu (Figure 42 and Figure 43), which  display  the  experimental EPR 

temperature dependencies  of  Javg for PCu(m)-E-(m)PCu, PCu(m)-E2-(m)PCu and 

PCu(β)-E4-(β)PCu. These three compounds were selected for this study is that all of 

them feature modest torsional barriers to rotation of the porphyrin rings about the 
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bridge. For this reason the EPR spectra of these species reflect the time-averaged 

populations of conformational isomers of all accessible dihedral angles in fluid solution. 

With decreasing temperature, the Javg value for (PCu(m)-E-(m)PCu and PCu(m)-E2-

(m)PCu) increases over this temperature domain. However, the Javg of PCu(β)-E4-(β)PCu 

remains constant (Figure 43), which further indicates that the electronic exchange 

coupling in PCu(β)-E4-(β)PCu is dominated by a σ-type pathway, independent of any 

changes in the conformational distribution.  

 

 

4.3 Conclusion 

 This study exhibits that a wide range (3 orders of magnitude) of the average 

electronic spin-spin exchange coupling can be achieved by varying the length of bridges 

and points of connections between the porphyrin rings. The pathways for mmPCu2 and 

ββPCu2 complexes were also investigated, with the ββPCu2 complexes exhibiting a 

dominant σ-type pathway and the mmPCu2 complexes showing a dominant π-type 

pathway.  The results show that electronic coupling pathways and points of attachment 

can be used to modulate spin exchange interactions in a logical fashion, which can be of 

great advantage in the molecular level design of magneto-optical materials. 
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4.4 Methods 

4.4.1 Experimental Methods 

Steady–State EPR Spectroscopy. All EPR spectra were acquired on a JEOL FA-100 

spectrometer operating at X–band (9.5 GHz) using a TE011 cylindrical microwave 

resonator with 100 kHz field modulation. Samples were rigorously degassed with three 

consecutive freeze-pump-thaw cycles on a vacuum line. Experimental conditions: scan 

times = 8 min, output time constant = 0.3 s, sweep widths = 2000 Gauss (centered at 3140 

Gauss); modulation amplitudes were typically 8 Gauss. For variable temperature studies 

(258-363 K) the microwave resonator was equipped with a quartz Dewar with flowing 

N2 gas for low temperatures and warm compressed air for high temperatures. All 

temperature readings are ±1 K. 

Spectra simulation. Our simulation routine for bis[(porphinato)copper(II)] 

complex EPR spectra has been reported in chapter 3.  
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4.4.2 Synthetic Procedures 

A graphical summary of the synthetic procedures is given in Figure 44. 

 

Figure 44. Overview of synthetic methods employed to produce all 5 

compounds studied in this work. 
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The synthesis of bis[2,2'-5,10,15,20-tetraphenyl(porphinato)zinc(II)]ethyne 

(PZn(β)-E-PZn(β)), bis[2,2'-5,10,15,20-tetraphenyl(porphinato)zinc(II)]butadiyne 

(PZn(β)-E2-PZn(β)), (2-bromo-5,10,15,20-tetraphenyporphinato)copper(II) (PCu(β)-Br), 

(2-ethynyl-5,10,15,20-tetraphenylporphinato)zinc(II) (PZn(β)-E-H), [5,15-bis-ethynyl-

10,20-di(2’,6’,-bis(33-dimethyl-l-butyloxy)phenyl)porphinato]zinc(II) (H-E-

(meso)PZn(meso) -E-H) have been reported previously.81 

 

bis(2,2'-5,10,15,20-tetraphenylporphyrin)ethyne (1) 1 mL of TFA was added to 

PZn(β)-E-PZn(β) (37 mg, 0.027 mmol) in 20 mL of CH2C12. The reaction was stirred for 

30 min. The mixture was poured into water (10 mL). After adding CHC13 (10 mL), the 

organic layer was washed with water (x2), sat. NaHCO3 (aq.): water (v/v 50%/50%), and 

water, and then dried over MgSO4. The crude product was chromatographed on silica 

gel using 1:1 hexane: CH2Cl2 as eluent then recrystallized in CH2Cl2/MeOH to afford 3 

(29 mg, 85% yield based on PZn-E-PZn), 1H NMR (CDC13, 400 MHz): 9.26(s, 2H), 

8.89(m,12H), 8.27(m,4H), 8.20(m,12H), 7.97 (m, 4H), 7.83 (m, 2H), 7.75 (m, 18H), -2.16(s, 

4H). Vis (THF): 423, 522, 577, 603, 658 nm. MALDI-TOF MS(M+) =1250.8 (calcd 1251.48). 

 

bis[(2,2'-5,10,15,20-tetraphenylporphinato)copper(II)]ethyne (PCu(β)-E-PCu(β)) 

100 mL flask was charged with 1:1 CH2Cl2:methanol (40 mL), 1 (25 mg, 0.02 mmol), 
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copper(II) acetate hydrate (36 mg, 10 eq.) and refluxed for 3 h. After cooling the mixture 

to room temperature, the solution was washed with water, separated and evaporated. 

The red residue was redissolved in a minimal amount of 1:1 hexane: CH2Cl2, and 

purified by column chromatography using the same eluent, giving 26 mg of product 

(95% yield, based on 26 mg of 1). Vis (log ε, in toluene): 421 (5.02), 552(4.20), 602 (4.26) 

nm. MALDI-TOF MS(M+) = 1374.6 (calcd 1374.54). 

 

bis(2,2'-5,10,15,20-tetraphenylporphyrin)butadiyne (2) 1 mL of TFA was added 

to PZn(β)-E2-PZn(β) (35 mg, 0.025 mmol) in 20 mL of CH2C12. The reaction was stirred 

for 30 min. The mixture was poured into water (10 mL). After adding CHC13 (10 mL), 

the organic layer was washed with water (x2), sat. NaHCO3 (aq.): water (v/v 50%/50%), 

and water, and then dried over MgSO4. The crude product was chromatographed on 

silica gel using 1:1 hexane: CH2Cl2 as eluent then recrystallized in CH2Cl2/MeOH to 

afford 3 (26 mg, 81% yield based on PZn-E2-PZn), 1H NMR (CDC13, 400 MHz): 9.15(s, 

2H), 8.74(m,12H), 8.11(m,16H), 7.65 (m, 24H), -2.16(s, 4H).Vis (THF): 426, 524, 563, 603, 

659 nm. MALDI-TOF MS(M+) =1275.8 (calcd 1275.5). 

 

bis[(2,2'-5,10,15,20-tetraphenylporphinato)copper(II)]butadiyne (PCu(β)-E2-

PCu(β)) 100 mL flask was charged with 1:1 CH2Cl2:methanol (40 mL), 1 (25 mg, 0.02 
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mmol), copper(II) acetate hydrate (36 mg, 10 eq.) and refluxed for 3 h. After cooling the 

mixture to room temperature, the solution was washed with water, separated and 

evaporated. The red residue was redissolved in a minimal amount of 1:1 hexane: CH2Cl2, 

and purified by column chromatography using the same eluent, giving 26 mg of product 

(95% yield, based on 25 mg of 1). Vis (log ε, in toluene): 426 (4.65), 552 (3.81), 599 (3.79) 

nm. MALDI-TOF MS(M+) = 1374.6 (calcd 1374.54). 

 

(2-triisopropylsilylbutadiynyl-5,10,15,20-tetraphenylporphinato)zinc(II) (3) An 

25-ml round bottom bottle equipped with a magnetic stirring bar was charged with 

PZn(β)-E-H (50 mg, 0.07 mmol), (triisopropyl-silyl)acetylene (63.8 mg, 5 eq.), Cu(OAc)2 

(40 mg, 0.2 mmol) and 5 ml of pyridine. The mixture was then warmed and stirred at 

90°C for 1hour. The solution was quenched with H2O. A crude dark-green precipitate 

was collected, re-dissolved in CH2Cl2, dried over NaSO4, and purified by column 

chromatography on silica with 70:30 hexanes: THF as eluent. A dark-green band was 

collected and evaporated to yield 48 mg of product (78% yield, based on 50 mg PZn(β)-

E-H). 1H NMR (CDC13, 400 MHz):  9.27 (s, 1 H), 8.92 (m, 6 H), 8.19 (m, 8 H), 7.75 (m, 12 

H), and 1.29 (s, 21 H). Vis (THF): 436, 567, 603 nm. MALDI-TOF MS(M+) =882.6 (calcd 

882.48). 
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(2-butadiynyl-5,10,15,20-tetraphenylporphinato)zinc(II) (4) TBAF (0.1 M in THF, 

0.92 ml, 0.092 mmol) was added to 3 (30 mg, 0.034 mmol) in 10 ml of THF at 0 °C. After 

10 min, the solution was poured onto a plug of silica gel then eluted with CH2C12. After 

the solvent was evaporated, the residue was chromatographed over silica gel using 1:5 

THF: hexanes as eluent to afford 22 mg of product. (90% yield, based on 30 mg of 3). 1H 

NMR (CDC13, 400 MHz):  9.27 (s, 1 H), 8.92 (m, 6 H), 8.19 (m, 8 H), 7.75 (m, 12 H), and 

4.03 (s, 1 H). Vis (THF): 435, 566, 604 nm. MALDI-TOF MS (M+) = 726.3 (calcd 726.14) 

 

bis[(2,2'-5,10,15,20-tetraphenylporphinato)zinc(II)]octatetrayne (5) A 25-ml 

round bottom bottle equipped with a magnetic stirring bar was charged with 4 (15 mg, 

0.02 mmol), Cu(OAc)2 (10 mg, 0.05 mmol) and 3 ml of pyridine. The mixture was then 

warmed and stirred at 90°C for 1hour. The solution was quenched with H2O. A crude 

dark-green precipitate was collected, re-dissolved in CH2Cl2, dried over NaSO4, and 

purified by column chromatography on silica with 70:30 hexanes: THF as eluent. A 

dark-green band was collected and evaporated to yield 12 mg of product (83% yield, 

based on 15 mg of 4). 1H NMR (CDC13, 400 MHz):  9.27 (s, 2 H), 8.92 (m, 12 H), 8.19 (m, 

16 H), and 7.75 (m, 24 H). Vis (10:1 CHCl3:pyridine): 452, 479, 583, 620 nm. MALDI-TOF 

MS(M+) =1450.4 (calcd 1450.27). 
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bis(2,2'-5,10,15,20-tetraphenylporphyrin)octatetrayne (6) 1 mL of TFA was 

added to 5 (12 mg, 0.008 mmol) in 20 mL of CH2C12. The reaction was stirred for 30 min. 

The mixture was poured into water (10 mL). After adding CHC13 (10 mL), the organic 

layer was washed with water (x2), sat. NaHCO3 (aq.): water (v/v 50%/50%), and water, 

and then dried over MgSO4. The crude product was chromatographed on silica gel using 

1:1 hexane: CH2Cl2 as eluent then recrystallized in CH2Cl2/MeOH to afford 6 (11 mg, 96% 

yield based on 12 mg of 5), 1H NMR (CDC13, 400 MHz): 9.27 (s, 2 H), 8.92 (m, 12 H), 8.19 

(m, 16 H), 7.75 (m, 24 H), and -2.16(s, 4H). Vis (THF): 432, 525, 573, 608, 663 nm. MALDI-

TOF MS(M+) =1323.5 (calcd 1323.54). 

 

bis[(2,2'-5,10,15,20-tetraphenylporphinato)copper(II)]octatetrayne (PCu(β)-E4-

(β)PCu) 50 mL flask was charged with 1:1 CH2Cl2:methanol (20 mL), 6 (11 mg, 0.008 

mmol), copper(II) acetate (15 mg, 10 eq.) and refluxed for 3 h. After cooling the mixture 

to room temperature, the solution was washed with water, separated and evaporated. 

The red residue was redissolved in a minimal amount of 1:1 hexane: CH2Cl2, and 

purified by column chromatography using the same eluent, giving 11 mg of product 

(94% yield, based on 11 mg of 6). Vis (log ε, in toluene): 439 (4.62), 557 (3.80), 601 (4.08) 

nm. MALDI-TOF MS(M+) = 1446.60 (calcd 1446.60). 
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5,15-bis{[2’-5’,10’,15’,20’-tetraphenylporphinato)copper(II)]ethynyl}-10,20-

bis[2,6-di(3,3-dimethyl-1-butyloxy)phenyl]porphinato)zinc(II) (PCu(β)-E-

(meso)PZn(meso)-E-(β)PCu) PCu(β)-Br (22 mg, 0.029 mol) and H-E-(meso)PZn(meso)-

E-H (14 mg, 0.014 mol), 20 ml of dry THF, and 2.0 ml of trimethylamine were added to a 

50 mL Schlenk tube. Pd2(dba)3 (0.019 g, 2.07 x 10-5 mol) and AsPh3 (51 mg, 0.017 mmol) 

were transferred to the Schlenk tube in a dry box, following which the solution was 

degassed by three successive freeze-pump-thaw cycles. The reaction mixture was stirred 

at 45 °C for 10.5 h, after which time the solvent was evaporated, and the residue 

chromatographed on silica gel using 10:1 hexanes: THF as the eluent. yield = 22 mg (68%, 

based on 14 mg of H-E-(meso)PZn(meso)-E-H). Vis (log ε, in toluene): 421 (5.03), 456 

(5.22), 547 (4.15), 582 (3.87) and 648 (4.27) nm. MALDI-TOF MS (M+) = 2323.1 (calcd 

2323.09). 

 

[5,15-bis-triisopropylsiIylbutadiynyl-10,20-di(2’,6’-bis(3,3-dimethyl-l-

butyloxy)-phenyl)porphinato]zinc(II) (7) An 25-ml round bottom bottle equipped with 

a magnetic stirring bar was charged with H-E-(meso)PZn(meso)-E-H (68 mg, 0.07 

mmol), (triisopropylsilyl)acetylene (128 mg, 10 eq.), Cu(OAc)2 (80 mg, 0.4 mmol) and 5 

ml of pyridine. The mixture was then warmed and stirred at 90°C for 1hour. The 

solution was quenched with H2O. A crude dark-green precipitate was collected, re-



 

 

128 

dissolved in CH2Cl2, dried over NaSO4, and purified by column chromatography on 

silica with 70:30 hexanes: THF as eluent. A dark-green band was collected and 

evaporated to yield 48 mg of product (78% yield, based on 50 mg PZn(β)-E-H). 1H NMR 

(CDC13, 400 MHz):  9.45 (d, 4H), 8.68 (d, 4H), 7.62(t, 2H), 6.91 (d, 4H), 3.88 (t, 8H), 0.95 (t, 

8H), 0.32 (s, 36H). Vis (THF): 449, 630, 655 nm. MALDI-TOF MS(M+) =1335.6 (calcd 

1335.31). 

 

[5,15-bis-butadiynyl-10,20-di(2’,6’-bis(3,3-dimethyl-l-butyloxy)phenyl)porphin-

ato]zinc(II) (8) TBAF (0.1 M in THF, 0.92 ml, 0.092 mmol) was added to 7 (45 mg, 0.034 

mmol) in 10 ml of THF at 0 °C. After 10 min, the solution was poured onto a plug of 

silica gel then eluted with CH2C12. After the solvent was evaporated, the residue was 

chromatographed over silica gel using 1:5 THF: hexanes as eluent to afford 32 mg of 

product. (90% yield, based on 45 mg of 7). 1H NMR (CDC13, 400 MHz):  9.45 (d, 4H), 8.68 

(d, 4H), 7.62(t, 2H), 6.91 (d, 4H), 4.04 (s, 2H), 3.88 (t, 8H), 0.95 (t, 8H).   Vis (THF): 435, 566, 

604 nm. MALDI-TOF MS (M+) = 1022.3 (calcd 1022.63)  

 

5,15-bis{[2’-5’,10’,15’,20’-tetraphenylporphinato)copper(II)]butadiynyl}-10,20-

bis[2,6-di(3,3-dimethyl-1-butyloxy)phenyl]porphinato)zinc(II) (PCu(β)-E2-

(meso)PZn(meso)-E2-(β)PCu) PCu(β)-Br (22 mg, 0.029 mol) and 8 (14 mg, 0.014 mol), 20 
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ml of dry THF, and 2.0 ml of trimethylamine were added to a 50 mL Schlenk tube. 

Pd2(dba)3 (0.019 g, 0.021 mmol) and AsPh3 (51 mg, 0.017 mmol) were transferred to the 

Schlenk tube in a dry box, following which the solution was degassed by three 

successive freeze-pump-thaw cycles. The reaction mixture was stirred at 45 °C for 10.5 h, 

after which time the solvent was evaporated, and the residue chromatographed on silica 

gel using 10:1 hexanes: THF as the eluent. yield = 22 mg (68%, based on 14 mg of H-E-

(meso)PZn(meso)-E-H). Vis-NIR (log ε, in toluene): 421 (4.76), 472 (4.70), 552 (3.98), 586 

(3.80) and 702 (4.48) nm. MALDI-TOF MS (M+) = 2371.2 (calcd 2371.13). 
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Appendix 

This appendix is mainly about the future direction of the research in this 

dissertation. 

 

Figure 45. An exemplary conjugated motif for exploring and evolving 

(porphinato)metal-based molecular spintronics. A vertically stacked hetero-structure 

is depicted, interfaced with a bottom magnetic polarization analyzer. The nature of 

the electrode-molecule junction (anchoring groups) can be modulated (e.g., 

carbodithioate, thiol, carboxylate) as a function of the electrode material, as well as 

the nature of the central paramagnetic ion M. 

 

The first future direction of the research in this dissertation is related to chapter 

two. Previous theoretical research predicted that porphyrin containing paramagnetic 

metal ions with unpaired electrons can work as molecular spin filter. 39 PMn wires, 

analogues of PZnn compounds that possess open shell metal ions (Figure 45), define 
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ideal platforms in which to engineer molecular spintronic functionality, given the 

established quasi-ohmic resistance dependence across metaldithiol-PZnnmetal 

junctions, the ability to tune molecular properties via metal substitution,53 and the fact 

that globally delocalized PZnn cation and anion radicals possess spin lattice relaxation 

times three orders of magnitude greater than established for the classic organic 

semiconductor Alq3. 98 As shown in Figure 45, by incorporating paramagnetic PMn into 

EME junctions, we can exploit spin-polarized orbitals in conjugated paramagnetic 

molecules to explore spin-selective transport. 

The second direction of the research in this dissertation is related to the chirality-

induced spin selectivity (CISS) effect.  Recently, Naaman has reported a new spintronic 

paradigm, demonstrating spin selective transmission of electrons through double-

stranded DNA SAMs on Au, using photoemission experiments with polarization 

analysis.99 Immediately after this effect was observed, spin selective electron conduction 

through single DNA molecules was also demonstrated.100 These and related works101, 99-

100, 102-104 show that unusually large electron spin polarization of photoelectrons and 

electron tunneling currents arise as charges migrate within chiral molecules. Coined the 

CISS effect, this mechanism is potentially extremely important as it operates at room 

temperature and does not require a ferromagnetic electrode: only ordered films of 

helically chiral molecular superstructures are needed. Although recent theoretical 
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studies do not yet present a detailed quantitative treatment, the basic parameters 

controlling the phenomenon are already established. As an electron moves along a chiral 

molecule, it experiences a molecular electrostatic potential, which is also chiral. In the 

electron’s rest frame, the current generates a magnetic field proportional to the velocity 

of the moving electron and the electric field acting on the electron. Because the electron 

has a magnetic dipole associated with its spin, the two spin states that are degenerate 

when no magnetic field exists are now split, engendering formation of major and minor 

spin states.105-107 The CISS effect has been demonstrated in devices that exploit ordered 

films of helically chiral oligopeptides, DNA, and conjugated polymers; these 

prototypical spintronic devices include magnetic memory devices that function without 

the need of a permanent magnet.102 

 

Figure 46. Prototypical spintronic devices built from hybrid assemblies that 

feature established spin filtering media (i.e., helically chiral molecules and oligomers) 

and a covalently linked spin transport medium (PMn oligomers). Two CISS device 

architectures that differ from the ordering of transporting medium and spin filtering 

medium will be explored. In both cases, these prototypes aim at increasing the length 

of polarized spin transport. 
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Inspired by the CISS effect, we propose to engineer new redox active soft matter 

structures that feature established helically chiral spin filter compositions that are 

covalently attached to ethyne-bridged porphinato(metal) wires (PMn), as schematically 

represented in Figure 46. 

Prototypical device architectures highlighted in Figure 46 will be engineered to 

probe MR as a function of porphyrin oligomer electronic structure (PMn; n = 2 – 7; length 

scale 2.2 – 7.5 nm) and chiral attachment length, and will shed important insights into 

the spin transport efficiency manifested by these conjugated arrays in ‘real-world’ 

device architectures; in this regard, important control experiments include evaluating 

the spin filtering properties of the helically chiral structure-linker assembly to 

appropriately benchmark medium spin filtering capabilities in the absence of a 

conjugated PMn unit. 

The third future direction of research in this dissertation is to study the 

delocalization of radical cations and radical anions along PMn. In previous studies, it has 

been shown that radical cations (hole polarons, PZnn+•) and radical anions (electron 

polarons, PZnn-•) can be prepared in diamagnetic PZnn compounds, and optical and ESR 

studies of these polaronic species in solution demonstrate unequivocally that the hole 

and electron polaron states are comprehensively delocalized in PZn2-PZn7. 22, 24 However, 

the behavior of hole and electron polarons along PMn which containing paramagnetic 
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metal ions is still unknown. In this regard, PCun will be an ideal platform to investigate 

the spin-spin interaction between polarons and metal ions by EPR. 
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