
ABSTRACT 

GARAKYARAGHI, SOFIA. Ultrafast Excited State Dynamics of Triplet Sensitizers for Solar 
Energy Conversion. (Under the direction of Prof. Felix N. Castellano.) 
 

Triplet excited states play key roles in diverse areas involving photoactivated molecular, 

biological, materials, and photophysical processes as well as photochemical synthesis. Their 

prevalence in serving as critical reaction intermediates in many fundamental chemical processes 

and technological sectors inspires much of the modern research effort seeking to fully 

understand and characterize triplet excited states and the mechanisms through which they can be 

produced and utilized. As the successful conversion of light into chemical potential is contingent 

upon the cascade of events that follow the initial absorptive event, a complete understanding of 

the photophysical processes that take place is necessary for proper implementation and design of 

any photosensitizer.  Ultrafast spectroscopy is invaluable in this regard as it has provided the 

time resolution necessary for observation of the primary events following photoexcitation, 

generating a wealth of knowledge on the underlying photophysical processes that dictate 

successful conversion of light into energy.  

Cuprous bis-phenanthroline metal-to-ligand charge transfer (MLCT) complexes have proven 

effective as earth-abundant molecular triplet photosensitizers. This has been part of a global 

effort to replace more conventional 2nd and 3rd row transition metal based photosensitizers, 

including Ru(II) polypyridyl complexes and their derivatives, with their 1st row transition metal 

counterparts. Beyond possessing suitable properties for serving as earth-abundant molecular 

photosensitizers in solar energy conversion applications, homoleptic Cu(I) bis-phenanthroline 

complexes possess rich photophysics that have sparked and maintained the interest of the 

scientific community for over half a century. In this work, a comprehensive analysis of the 

photo-induced structural distortions and singlet-triplet intersystem crossing (ISC) dynamics of a 

series of sterically encumbered Cu(I) phenanthroline complexes has been completed. Unique 

from other ultrafast studies on Cu(I) MLCT excited states, the series of complexes presented 

herein possess analogous initial ground state geometries and electronic structures. This allowed 

for systematic conclusions to be made regarding substituent effect-induced differences in 

structural evolution and its resulting impact on excited state dynamics related to internal 

conversion, photo-induced structural distortions, ISC, and subsequent triplet state lifetimes. 

These studies afforded important new details about the initial dynamics in the formation of 



these long-lived 3MLCT excited states, which permitted complete assignments of the relaxation 

dynamics and state transitions occurring in these chromophores to be made. These results can 

provide key design criterion for next-generation Cu(I) MLCT chromophores intended to 

function as earth abundant photosensitizers. 

Semiconductor nanocrystals (NCs) have recently been shown to sensitize triplet states in 

surface-adsorbed molecular acceptors, serving as a surrogate to traditional molecular sensitizers. 

These findings have implications in fields as diverse as optoelectronics, solar energy conversion, 

and photobiology. In this work, ultrafast spectroscopy was employed to establish the mechanism 

and determine the associated rates for the triplet-acceptor formation at the molecule/NC 

interface. A proof-of-concept and mechanistic study of semiconductor NCs as triplet sensitizers 

has demonstrated the efficient transfer of triplet exciton energy (> 90%) from CdSe NCs to 

surface-anchored molecular acceptors. Definitive experimental evidence was provided that 

demonstrated direct ‘Dexter-like’ triplet-triplet energy transfer from energized semiconductor 

NCs to surface-bound molecular acceptors resulting in an excited state lifetime extension of five 

orders-of-magnitude. Furthermore, this excitation energy was quantitatively extracted into bulk 

solution through collisions with freely diffusing molecular acceptors. PbS semiconductor NCs 

were also investigated for use as near-IR absorbing triplet sensitizers. In stark contrast to the 

processes on CdSe, formation of TIPS-pentacene molecular triplet excitons bound on the 

surface of PbS nanocrystals occurred in an unprecedented time delayed fashion reminiscent of 

supramolecular photochemistry processes. This is a potentially impactful concept for 

nanoscience as it introduces new strategies and motifs that can be applied to nanomaterial 

constructs allowing for designer photonic materials intended to harvest triplet excitons. 
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CHAPTER 1 

 

Introduction and Dissertation Overview  

Portions of this chapter have been previously published: Journal of Physical Chemistry A, 2015, 119 

(13), 3181 – 3193. DOI: 10.1021/acs.jpca.5b00901; Inorganic Chemistry, 2016, 55 (20), 10628 – 

10636. DOI: 10.1021/acs.inorgchem.6b01880; Physical Chemistry Chemical Physics, 2017, 19 (25), 

16662 – 16668.  DOI: 10.1039/C7CP03343E; Inorganic Chemistry, 2018, 57 (4), 2296 – 2307. 

DOI: 10.1021/acs.inorgchem.7b03169; Inorganic Chemistry, 2018, 57 (5), 2351 – 2359. DOI: 

10.1021/acs.inorgchem.7b03219. 

The prevalence of triplet excited states in both fundamental and applied research projects 

continue to expand; therefore, new concepts towards designing triplet photosensitizers remain 

imperative. This collective body of work pursues Cu(I) triplet metal-to-ligand charge transfer 

(MLCT) excited states as earth abundant alternatives to traditional 2nd and 3rd row based 

sensitizers. In parallel, the marriage of semiconductor quantum dots (QDs) with surface 

appended molecular triplet acceptors has yielded a new concept relevant for photosensitizer 

design using hybrid QD-molecular materials. Both classes of sensitizers represent promising 

areas for the generation of long-lived triplet excited states poised for enabling myriad photo-

induced electron and energy transfer processes.  

1.1. Cu(I) MLCT Excited States.  

Beyond possessing suitable properties for serving as earth-abundant molecular 

photosensitizers in solar energy conversion applications, homoleptic Cu(I) bis-phenanthroline 

complexes possess rich photophysics that have sparked and maintained the interest of the 

scientific community for over half a century. 1–49 While photoinduced structural rearrangements 

and solvent exciplex formation have dominated discussions regarding the excited state dynamics 

of these Cu(I) MLCT chromophores, recent advances in molecular design have overcome these 
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barriers to produce long-lived excited states that are both photochemically and thermally stable 

in solution. A brief introduction to Cu(I) MLCT excited states is provided herein intending to 

offer historical context and motivation for this work.  

Broad interest in Cu(I) MLCT complexes stems from a desire to synthesize stable 

photosensitizers using environmentally sustainable materials, replacing more commonly used 

precious metals, such as ruthenium. First row transition metals represent viable elements for 

constructing photosensitizers, boasting high abundance and low cost, yet still enabling sufficient 

spin-orbit coupling to facilitate intersystem crossing (ISC) to produce long-lived triplet excited 

states. 50  

A well-documented drawback of employing first-row transition metals in designing 

chromophores for triplet sensitization are small ligand field splittings that readily facilitate 

thermal deactivation of the desired excited state. 51 Such non-radiative decay processes 

completely inhibit subsequent chemical reactivity rendering these excited states inert. 29 

Copper(I), however, represents a promising choice owing to its d10 electronic configuration in 

the ground state, thereby excluding low-lying ligand field states from influencing excited state 

decay.     

Despite the promising d-orbital electronic structure, early work in developing suitable Cu(I) 

MLCT photosensitizers was hindered by the realization of drastic geometric changes taking 

place upon photoexcitation, originating  from a susceptibility to pseudo-Jahn Teller distortions 

in the transiently generated Cu(II) ion. 8,9,11,15,20–22,25–27,33,35,39,49,52–54 These geometric changes have 

substantial effects on the stability of the excited state and considerably reduce the energy stored 

in this long-lived excited state. As [Cu(dmp)2]
+ is one of the most extensively studied of any 

Cu(I) MLCT complex, we will discuss the challenges related to electronic structure in the 

context of this prototype, Figure 1.1.  
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Figure 1.1. Simplified illustration of Cu(I) MLCT excited states. 

In the ground state, the Cu(I) center is in a d10 configuration preferring a 4-coordinate pseudo-

tetrahedral (D2d) geometry. Upon absorption of visible radiation, an electron is promoted from 

Cu(I) to one of its dmp ligands – the Cu(I) center becomes formally oxidized to a d9 Cu(II). This 

newly generated state is a Franck-Condon MLCT state with a Cu(II) center, coordinated with 

one reduced dmp ligand and one neutral ligand. While this state still maintains the original 

pseudo-tetrahedral geometry, the change from a d10 to d9 electronic configuration results in the 

MLCT excited state undergoing substantial Jahn-Teller distortion. 4,13,23,29,33,37,55 These geometric 

changes have significant effects on the stability of the excited state and can alter the HOMO-

LUMO energy gap. In the case of [Cu(dmp)2]
+, the distortion is characterized by the opening of 

the dihedral angle between the two phenanthroline ligand planes, altering the geometry from an 

orthogonal conformation to one that is substantially flattened. This geometric rearrangement is a 

characteristic feature of homoleptic Cu(I) bis-diimine MLCT complexes and the structural 

changes are indicative of a shift from a pseudotetrahedral (D2d) geometry commonly adopted in 

the ground state, to a distorted d9 “flattened” MLCT excited state structure featuring D2 

geometry. 8,9,11,15,20–22,25–27,33,35,39,49,52–54 From here, inner-sphere reorganization ultimately results in a 
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Research Summary – S. Garakyaraghi 

The Castellano group investigates the general area of inorganic photochemistry with an emphasis on designing systems 
for solar energy conversion applications. Many of the processes and applications for which our group is interested, 
including photochemical upconversion, triplet energy transduction, and photochemical proton reduction chemistry, 
involve bimolecular reactions with photosensitizers, chromophores, and catalysts. To this end, long excited state lifetimes, 
characteristic of molecular triplet states, are crucial in promoting the necessary bimolecular chemistry. My research 
interests are in studying the ultrafast dynamics in the formation of these long-lived triplet states in diverse classes of 
chromophores and nanoparticle-based systems. With this information we can systematically design next-generation light-
harvesting chromophores to function as excited state electron and energy transfer donors in various energy conversion 
schemes. I use a set of techniques in conjunction to work towards developing a comprehensive understanding of the 
photophysical properties of transition metal based complexes to serve as photosensitizers. These techniques often include 
ultrafast transient absorption (TA) spectroscopy, ultrafast fluorescence upconversion (optically gated), nanosecond TA 
spectroscopy (flash photolysis), spectroelectrochemistry, and time resolved emission spectroscopy. These ultrafast 
techniques (as well as nanosecond and other time resolved techniques) aid in developing a comprehensive picture of the 
excited state evolution following light absorption to relaxation to the lowest energy excited state. 

1. Cu(I) MLCT Excited States – Photoinduced Structural Distortions and Singlet-Triplet Intersystem Crossing 

Copper(I) phenanthroline complexes represent viable earth-
abundant alternatives to the ubiquitous Ru(II) tris-bipyridine 
photosensitizers owing to their similar metal-to-ligand charge 
transfer (MLCT) properties. A well-established complication of 
Cu(I) phenanthroline complexes is that they can undergo 
significant photo-induced structural rearrangements, leading to 
short-lived excited states that are highly susceptible to exciplex 
formation – see scheme. The excited state structural distortion 
is inherent to the charge transfer character of the copper 
complex as upon absorption of visible light, an electron is 
promoted from CuI (d10) to one of its diimine ligands resulting 
in a d9 electronic configuration at the metal center. While this 
state maintains its original pseudo-tetrahedral geometry, the change in electronic configuration results in the MLCT 
excited state undergoing substantial Jahn-Teller distortion. The addition of sterically bulky substituents in the 2- and 9- 
positions of the phenanthroline ligands has shown to be effective in increasing the excited state lifetime by hindering the 
extent of these distortions. Furthermore, an enhanced steric hindrance effect is observed with methyl groups in the 3- and 
8- positions of the phenanthroline ligands, further locking the complex into its ground state tetrahedral geometry.  

Through incremental bodies of work, I have completed a comprehensive analysis of 
the photo-induced structural distortions and singlet-triplet intersystem crossing 
dynamics of a series of four sterically encumbered Cu(I) phenanthroline 
chromophores, namely, [Cu(dsbp)2]+ (dsbp = 2,9-di-sec-butyl-1,10-phenanthroline), 
[Cu(dsbtmp)2]+ (dsbtmp = 2,9-di-sec-butyl-3,4,7,8-tetramethyl-1,10-phenanthroline), 
[Cu(dipp)2]+ (dipp = 2,9-di-isopropyl-1,10-phenanthroline), and [Cu(diptmp)2]+ 
(diptmp = 2,9-di-isopropyl-3,4,7,8-tetramethyl-1,10-phenanthroline). My initial 
ultrafast TA studies provided original support towards mapping the excited state 
trajectory of these molecules in the context of decades of intensive investigations and 
body of literature examples, mainly of the prototype, [Cu(dmp)2]+ (dmp = 2,9-di-
methyl-1,10-phenanthroline). [1,2] These initial TA studies included extensive 

excitation wavelength (S0 ⟶ S1 vs. S0 ⟶ Sn) and solvent (Gutmann donor 

number) dependence interrogation of the photo-initiated chemical dynamics. Spectroelectrochemical measurements were 
also completed to allow for the assignment of the charge-transfer absorptions in the TA experiments. The combined 
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change in coordination number, allowing solvent ligation to the exposed axial position(s), which 

drastically quenches the MLCT excited state. 9,20,32,35,38,45,46 Long excited state lifetimes are crucial 

for promoting the excited state electron and energy transfer processes vital for driving solar 

energy conversion applications. Consequently, the energy wasting structural reorganization 

inherent in Cu(I) MLCT excited states severely limits the potential application of these 

molecules as photosensitizers.  

1.2. Group Theory Analysis. 

The proposed orbital scheme for a [Cu(NN)2]
+ molecule in D2d symmetry is provided in 

Scheme 1.1. The ground state configuration of a pseudo-tetrahedral [Cu(NN)2]
+ complex is 

(eM)4(eL)0, accordingly, the ground state is 1A1. Following MLCT excitation, an electron is 

promoted from the metal d-orbitals to one of the phenanthroline ligands (π* orbital), resulting in 

an e ⟶ e orbital transition.  

 
Scheme 1.1. The proposed orbital scheme for a [Cu(NN)2]+ molecule with a pseudo-tetrahedral ground 
state geometry (D2d symmetry).   

The possible excited state configurations for (eM)3(eL)1 are given by e ⊗ e = a1 + [a2] + b1 + b2. 

Both singlet and triplet states are possible because two s = ½ spins give SMAX = 1 (triplet) and 

SMIN = 0 (singlet). Therefore, the possible excited states are E ⊗ E = 1A1 + 1A2 + 1B1 + 1B2 + 3A1 

+ 3A2 + 3B1 + 3B2. We can eliminate the triplet states from consideration as they are spin 

forbidden transitions, and therefore not likely to give rise to the observed oscillator strengths of 

the MLCT transitions in the ground state spectrum (103 M−1 cm−1), see Figure 1.1. This leaves 
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the following possible state transitions for consideration:  

(1) 1A1 ⟶	1A1:  𝐴!
𝑒
𝑏! 𝐴! =  

𝑒
𝑏!  

(2) 1A1 ⟶	1A2:   𝐴!
𝑒
𝑏! 𝐴! =  

𝑒
𝑏!  

(3) 1A1 ⟶	1B1:  𝐵!
𝑒
𝑏! 𝐴! =  

𝑒
𝑎!  

(4) 1A1 ⟶	1B2:  𝐵!
𝑒
𝑏! 𝐴! =  

𝑒
𝑎!  

In D2d symmetry, the transition dipole moment operator (µ = µx + µy +µz) transforms as e(x,y) 

and b2(z), 𝜇 =
𝑒
𝑏! . Selection rules dictate that only transitions where the direct product of 

ψa⊗µ⊗ψb contains the totally symmetric representation (a1) are allowed. A direct consequence of 

this relation is that only transitions where Γgs ⊗ Γes transform as µx, µy, or µz are electric dipole 

allowed. In this example, only the 1A1 ⟶	 1B2 state transition is dipole allowed (designated “z-

allowed” or z-polarized, since b2 transforms as µz). Note that this transition corresponds to the 

higher energy S0 ⟶	Sn (n = 2 or 3) MLCT absorption band (near 450 nm) in the ground state 

absorption spectrum. The transition is orbitally allowed which gives rise to the observed high 

oscillator strength, as compared with the weaker red-shoulder (near 550 nm, S0 ⟶	 S1). The 

weaker S0 ⟶	 S1 transition corresponds to the 1A1 ⟶	 1A2 state transition that is orbitally 

forbidden in D2d symmetry. The ground state geometry can be significantly altered by the 

substitutions on the phenanthroline ligands. With increasing deviation from this optimized 

pseudo-tetrahedral geometry (D2d symmetry) in the ground state, intensity borrowing is observed 

from the dipole-allowed 1A1 ⟶	 1B2 state transition. This can be observed clearly in the example 

of a 2,9-diphenyl substituted phenanthroline Cu(I) complex, shown in Figure 1.1. The intensity 

borrowing originates from both the 1B2(D2d) and 1A2(D2d) states becoming symmetry lowered to 
1B1(D2) states in a flattened molecular geometry (D2 symmetry) and therefore both transitions 

are electric dipole allowed. It follows that the relative ratios of the two MLCT absorption bands 

in the ground state spectrum should correlate with the degree of ground state deviation from a 

pseudo-tetrahedral geometry.   
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Figure 1.2. Ground state absorption spectra of a series of Cu(I) MLCT complexes, [Cu(dsbtmp)2]+ (blue 
line), [Cu(dsbp)2]+ (green line), [Cu(dmp)2]+ (red line), and [Cu(dpp)2]+ (black line). Here, dsbtmp = 2,9-
di(sec-butyl)-3,4,7,8-tetramethyl-1,10-phenanthroline, dsbp = 2,9-di(sec-butyl-1,10-phenanthroline, dmp = 
2,9-dimethyl-1,10-phenanthroline, and dpp = 2,9-diphenyl-1,10-phenanthroline. Inset shows a simplified 
singlet energy level scheme.  

In D2d symmetry, the orbital transition e ⟶ e gives rise to e ⊗ e = a1 + [a2]+ b1 + b2. As none 

of the resulting states are degenerate, the excited state is not susceptible to a first-order Jahn-

Teller distortion. However, a pseudo Jahn-Teller (i.e., second-order Jahn-Teller) effect is 

operative. The pseudo Jahn-Teller effect is a coupling of two non-degenerate states through a 

vibration that transforms as the direct product of the two states. In the case of the [Cu(NN)2]
+ 

molecule in D2d symmetry, this coupling takes place between 1B2 and 1A2. The close lying states 

are coupled via the normal vibrational mode that transforms as the direct product of the term 

symbols of the two states, b1. Accordingly, a b1 vibration induces the vibronic mixing of 1B2 and 
1A2, promoting the pseudo Jahn-Teller excited state distortion.  The b1 vibration represents a 

flattening motion (opening the dihedral angle), and as such, the Jahn-Teller distortion manifests 

as a flattening distortion, lowering the symmetry of the molecule to D2, a more square-planar-

like geometry. These results are consistent with the Group Theory analysis presented below.  

Here, we take a [Cu(NN)2]
+ molecule in D2d symmetry. First we must determine the reducible 

representations of the Cartesian displacement vector, denoted Γcart, using only the metal ion and 

the chelated nitrogens that comprise the first coordination sphere.  

8

6

4

2

0M
ol

ar
 A

bs
or

pt
iv

ity
 (×

 1
03  M

−1
 c

m
−1

)

600550500450400350
Wavelength (nm)

MLCT

S0 → Sn S0 → S1

8

6

4

2

0M
ol

ar
 A

bs
or

pt
iv

ity
 (×

 1
03  M

−1
 c

m
−1

)

600550500450400350
Wavelength (nm)

S0 → Sn S0 → S1

MLCT D2d

1B2

1A1

1A2

1B1

1A1

1B1

D2



 

 

 

 7 

D2d 1E 2S4 1C2(z) 2C2’ 2σd 

Γunsh 5 1 1 1 3 

Γxyz 3 −1 −1 −1 1 

Γcart 15 −1 −1 −1 3 

This is done by constructing reducible representations for unshifted atoms (Γunsh) and for the 

x,y,z degrees of freedom for each (Γxyz). The Cartesian displacement vector is then determined by 

Γcart = Γunsh Γxyz. To decompose the reducible representations of the Cartesian displacement 

vector (Γcart) into its constituent irreducible representations, Equation 1.1 is used. 

𝑎! =  !
!

𝑔! 𝑅  𝜒!(𝑅) 𝜒(𝑅)    Eq. 1.1 

Here, 𝑎! represents the number of times that the ith irreducible representation appears in the 

reducible representation (Γcart, in this case); ℎ is the order of the group (here, ℎ = 1 + 2 + 1 + 2 

+ 2 = 8); R  is an operation of the group; 𝑔(𝑅) is the number of operations in the class; 𝜒!(𝑅) is 

the character of the R th operation in the ith irreducible representation; 𝜒 𝑅  is the character of 

the R th operation in the reducible representation.  

a(a1) = 1/8 {(1)(1)(15)+(2)(1)(-1)+(1)(1)(-1)+(2)(1)(-1)+(2)(1)(3)} = 16/8 = 2 

a(a2) = 1/8 {(1)(1)(15)+(2)(1)(-1)+(1)(1)(-1)+(2)(-1)(-1)+ (2)(-1)(3)} = 8/8 = 1 

a(b1) = 1/8 {(1)(1)(15)+(2)(-1)(-1)+(1)(1)(-1)+(2)(1)(-1)+(2)(-1)(3)} = 8/8 = 1 

a(b2) = 1/8 {(1)(1)(15)+(2)(-1)(-1)+(1)(1)(-1)+(2)(-1)(-1)+(2)(1)(3)} = 24/8 = 3 

a(e) = 1/8 {(1)(2)(15)+(2)(0)(-1)+(1)(-2)(-1)+(2)(0)(-1)+(2)(0)(3)} = 32/8 = 4 

i.e. Γcart = 2a1 + a2 + b1 + 3b2 + 4e 

As the Jahn-Teller distortion takes place through vibronic coupling, the vibrationally active 

modes must be determined. Of the 3N degrees of motional freedom of the molecule (each atom 

has three degrees of motional freedom), three are translational and three are rotational. This 
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leaves 3N–6 motions that represent the vibrational degrees of freedom. In the hypothetical 

[Cu(NN)2]
+ molecule, N = 5 (1 Cu atom and 4 N atoms);  3N – 6 = 9, so there should be 9 

vibrational degrees of freedom. To obtain the symmetries of the vibrations, the irreducible 

representations of translational and rotational motions need to be subtracted from Γcart. The 

rotational (Γrot) and translational (Γtrans) irreducible representation can be obtained from the 

character table (D2d). The rotational irreducible representations transform as Rx, Ry, Rz in the 

character table, while the translational irreducible representations transform as x, y, z.  In this 

example, Γrot = e + a2 while Γtrans = e + b2. Therefore the vibrationally active modes are 

determined by Γvib = Γcart − Γrot – Γtrans to be a1, b1, b2, and e. Thus, 

Γvib = 2a1 + b1 + 2b2 + 2e 

The b1 mode described above that is pseudo Jahn-Teller active, is indeed part of Γvib. To 

determine the motion associated with the pseudo Jahn-Teller effect, symmetry coordinates must 

be constructed from the dihedral angle distortion internal coordinates (Δα) as illustrated in 

Figure 1.3.  

 
Figure 1.3. The defined internal coordinates (Δα) for a hypothetical [Cu(NN)2]+ molecule in D2d 
symmetry. Molecule is oriented to illustrate the dihedral angle.  

Next, the reducible representations from the Δα must be determined in D2d symmetry. 
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D2d 1E 2S4 1C2(z) 2C2’ 2σd 

Δα 4 0 0 2 0 

Δα1 Δα1 
Δα2 

Δα4 
Δα3 

Δα1 

Δα3 

Δα2 

Δα4 

Again, Eq. 1.1 is used to decompose the reducible representations of Δα into its irreducible 

components.  

a(a1) = 1/8 {(1)(1)(4)+(2)(1)(0)+(1)(1)(0)+(2)(1)(2)+(2)(1)(0)} = (4 + 4)/8 = 1 

a(a2) = 1/8 {(1)(1)(4)+(2)(1)(0)+(1)(1)(0)+(2)(−1)(2)+ (2)(−1)(0)} = (4 − 4)/8 = 0 

a(b1) = 1/8 {(1)(1)(4)+(2)(−1)(0)+(1)(1)(0)+(2)(1)(2)+(2)(−1)(0)} = (4 + 4)/8 = 1 

a(b2) = 1/8 {(1)(1)(4)+(2)(−1)(0)+(1)(1)(0)+(2)(−1)(2)+(2)(1)(0)} = (4 − 4)/8 = 0 

a(e) = 1/8 {(1)(2)(4)+(2)(0)(0)+(1)(−2)(0)+(2)(0)(2)+(2)(0)(0)} = (8 + 0)/8 = 1 

 i.e. Δα1 ⟶ a1 + b1 + e  

The a1 mode is a redundancy that can be eliminated because it is physically impossible for all 

four Δα to distort symmetrically and e is not a Jahn-Teller active mode, again leaving the b1 

mode.   

S(b1) = (1/n) (Δα1 – Δα2 – Δα4 + Δα3 + Δα1 + Δα3 – Δα2 – Δα4) = Δα1 – Δα2 + Δα3 – Δα4 

Using this symmetry coordinate, the b1 vibrational mode represents a flattening motion by 

opening and reducing appropriate dihedral angles as illustrated in Figure 1.4.  
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Figure 1.4. Illustration of the b1 vibrational mode using the defined internal coordinates (Δα) for a 
hypothetical [Cu(NN)2]+ molecule in D2d symmetry. The motion represents a flattening distortion that is 
a result of the pseudo Jahn-Teller effect.  

1.3. Research Summary. 

Departing from the original pioneering work of McMillin and coworkers, successful 

archetypes and design principles are now established for producing long-lived (µs) triplet MLCT 

excited states using cooperative steric effects in homoleptic Cu(I) complexes. These structures 

and designs will be discussed in detail in Chapters 3 – 6 of this dissertation. 

While early prototypes of Cu(I) MLCT excited states, e.g. [Cu(dmp)2]
+ (dmp = 2,9-dimethyl 

phenanthroline) and [Cu(dpp)2]
+ (dpp = 2,9-diphenyl phenanthroline), have been the subject of 

extensive ultrafast spectroscopic examinations, 27,29,33,50,56 the more recently conceived archetypes 

had not received the same treatment. In Chapter 3, extensive solvent and excitation wavelength 

dependent ultrafast transient absorption and conventional flash-photolysis spectroscopy of a 

series of three Cu(I) phenanthroline complexes is presented: [Cu(dsbtmp)2]
+ (dsbtmp = 2,9-

di(sec-butyl)-3,4,7,8-tetramethyl-1,10-phenanthroline), [Cu(dsbp)2]
+ (dsbp = 2,9-di(sec-butyl-1,10-

phenanthroline) and [Cu(dmp)2]
+ (dmp = 2,9-dimethyl-1,10-phenanthroline). 18 The apparent 

resistance of [Cu(dsbtmp)2]
+ to excited state structural distortion provided a unique opportunity 

to investigate excited state dynamics related to IC, pseudo-Jahn-Teller flattening distortions, ISC, 

and relaxation of the lowest energy excited state back to the ground state. Similarly, the 

associated structural analog lacking the adjacent 3,8-methyl substituents, [Cu(dsbp)2]
+, represents 

a meaningful model chromophore possessing similar electronic structure and ground state 
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geometry, however with more degrees of freedom enabling more substantial excited state 

flattening distortions with respect to [Cu(dsbtmp)2]
+. Lastly, the benchmark [Cu(dmp)2]

+ MLCT 

compound was evaluated in order to make direct quantitative comparisons to established 

ultrafast literature data using our newly constructed experimental apparatus, particularly valuable 

for direct comparisons to transient data obtained in the near-IR for the first time. In these 

ultrafast experiments, each compound was excited at 418 nm, 470 nm, 500 nm, and 530 nm to 

evaluate whether the excited state dynamics was influenced by the position of the initial excited 

state on a given Sn surface, where n ≥ 1. Measurements were also performed in CH2Cl2 and THF 

to evaluate whether solvent donor ability influences excited state decay on ultrafast time scales in 

these molecules similar to experiments reported by Chen and coworkers. 48 Finally, 

spectroelectrochemical experiments were performed in order to identify spectroscopic signatures 

of our excited species in our transient absorption measurements. Even though weaker 

transitions generated in the near-IR under spectroelectrochemical conditions are difficult to 

interpret since they do not completely correlate with the anticipated spectra of one-electron 

reduced 1,10-phenanthroline as measured by pulse radiolysis, 57 the excited state signatures can 

still be assigned as the near-IR dynamics echo those found in the visible region suggesting that 

they are coupled to precisely the same decay processes.  

In Chapter 4 we extended this work to Cu(I) bis-phenanthroline complexes featuring 

isopropyl substituents in the 2,9- positions on the phenanthroline ligands. 19 The achiral 

isopropyl substituents enable similar steric bulk effects to the previously investigated sec-butyl 

substituents while eliminating the complex NMR structural analyses associated with the presence 

of two chiral centers in the latter. In this chapter we report detailed photophysical 

characterization of [Cu(dipp)2]
+ (dipp = 2,9-diisopropyl-1,10-phenanthroline) and its sterically 

encumbered tetramethyl analog [Cu(diptmp)2]
+ (diptmp = 2,9-diisopropyl-3,4,7,8-tetramethyl-

1,10-phenanthroline), with the former having originally been synthesized by the McMillin group 

(τ = 370 ns). 58 The photophysical properties of [Cu(diptmp)2]
+ were found to echo those 

observed in [Cu(dsbtmp)2]
+, with a measured 2.3 µs lifetime in deaerated CH2Cl2 and a 

photoluminescence quantum yield of 4.7% which were slightly attenuated in coordinating 

tetrahydrofuran solutions. Complete characterization of the MLCT excited state decay in these 
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molecules was accomplished using time-resolved spectroscopies. Ultrafast transient absorption 

measurements in THF solutions revealed relative time scales for both the pseudo-Jahn Teller 

distortion (0.4 – 0.8 ps in [Cu(dipp)2]
+ and 0.12 – 0.5 ps in [Cu(diptmp)2]

+) and singlet-triplet 

intersystem crossing (6.4 – 10.1 ps in [Cu(dipp)2]
+ and 3.5 – 5.4 ps in [Cu(diptmp)2]

+) in both 

chromophores. Notably, the reported time ranges are in excellent agreement with the results 

presented in Chapter 3, obtained for the sec-butyl substituted series, which are expected to have 

similar ground and excited state geometries. 18,19 

While the ultrafast transient absorption studies presented in Chapter 3 and Chapter 4 initial 

support towards mapping the excited state trajectory of these molecules, 18,19 TA spectroscopy 

does not allow for a direct and unequivocal assignment of S-T ISC as it cannot selectively probe 

the necessary change in spin character of the excited state. To make these assignments, 

femtosecond time-resolved fluorescence decays were measured and presented in Chapter 5 by 

using an optically gated (i.e. upconversion) approach. Fluorescence upconversion is a spin state 

selective technique, reporting exclusively on the singlet population decay dynamics. The 

discrimination of the emission to solely fluorescence allows for the precise determination of the 

timescale of S-T ISC, as it is a major decay pathway of the singlet state. The technique can also 

identify the timescale of any excited state structural distortions, which necessarily result in 

changes in the state surface, and thus the detected photoluminescence emission. 18,19,24–27,48 Using 

this treatment, Chapter 5 presents a comprehensive analysis of the photo-induced structural 

distortions and singlet-triplet intersystem crossing dynamics of the Cu(I) phenanthroline 

chromophores. 59 The MLCT chromophores investigated in this chapter include [Cu(dsbp)2]
+ 

and [Cu(dsbtmp)2]
+, presented in Chapter 3, and [Cu(dipp)2]

+ and [Cu(diptmp)2]
+ discussed in 

detail in Chapter 4. 18,19 Importantly, unique from other ultrafast studies on Cu(I) MLCT excited 

states, the series of complexes presented herein possess analogous initial ground state geometries 

and electronic structures. More specifically, the complexes with 2,9-substituted phenanthroline 

ligands (isopropyl or sec-butyl groups) are expected to possess comparable excited state 

geometries with more degrees of freedom whereas their 3,4,7,8-tetramethyl analogs are 

anticipated to be more constrained and less susceptible to structural distortions in the excited 

state. This allows for systematic conclusions to be made regarding substituent effect-induced 
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differences in structural evolution and its resulting impact on excited state dynamics related to 

internal conversion, photo-induced structural distortions, ISC, and subsequent triplet excited 

state lifetimes.  

For each molecule, upconverted fluorescence intensity decay kinetics were collected at 

wavelengths along the blue side of the PL spectrum of each complex between 525 and 675 nm. 

The results displayed a strong wavelength dependence of the singlet PL, with rapid sub-

picosecond decay dominating at higher energies. At lower emission energies, increasing 

contribution of a longer decay component was revealed. This wavelength dependence is a 

signature of the energy-lowering excited state structural rearrangement of the phenanthroline 

ligands. 21,24–27,48 Decisively, the obtained time constants were in excellent agreement with those 

measured in the complementary ultrafast transient absorption experiments presented in Chapter 

3 and Chapter 4. 19,35 The sub-picosecond component (prompt fluorescence) is associated with 

the photo-induced structural change that modulates the singlet excited state surface to lower 

energy, Figure 1.5. The longer decay component represents the lifetime of the S1 state, and thus 

the time-scale of singlet-triplet intersystem crossing. Using the combined experimental data, 

these studies afforded important new details about the initial relaxation dynamics in the 

formation of these long-lived 3MLCT excited states, permitting complete assignments of the 

relaxation dynamics and state transitions occurring in these chromophores.  
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Figure 1.5. Illustration of the photo-induced structural distortion in the Cu(I) MLCT excited states that 
results in higher energy prompt fluorescence and lower energy fluorescence from the flattened S1 state.  

Moving forward, it became important to develop additional design principles to enable 

modulation of electronic and chemical properties and to increase solubility in solvents necessary 

for specific applications. It was been demonstrated that while the 2,9- and 3,8- positions on the 

phenanthroline ligand impart critical steric influence, the 4,7-positions hold no such utility, but 

can markedly influence the electronic properties of the resultant complex. Various motifs exist 

that have shown predictable modulation of energetics in related Ru(II) polypyridine complexes. 

One such example is phenylacetylene substitution, which is often used to extend the π-

delocalization of the polypyridyl ligand, resulting in a marked decrease in the excited state energy 

with concomitant red shifts and oscillator strength enhancement in the visible absorption 

spectrum. Early work by Miller and Karpishin demonstrated that 4,7-di(phenylethynyl) modified 

phenanthroline ligands of [Cu(dpp)2]
+ (dpp = 2,9-diphenyl-1,10-phenanthroline) exhibited quite 

profound deviations in absorption spectrum and emission energy as compared with 

phenylethynyl substitutions in the 3,8- or 5-positions of the phenanthroline moiety. While 

phenyl substitution has shown similar promise in increasing the light absorption properties of 
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MLCT chromophores, the additional acetylene bond(s) ensures the conjugated phenyl ring was 

coplanar with the phenanthroline plane, enabling further π-electron delocalization.    

Building on our prior contributions, in Chapter 6 we report a newly designed Cu(I) 

phenanthroline complex, [Cu(sbmpep)2]
+ (sbmpep = 2,9-di-sec-butyl-3,8-dimethyl-4,7-

di(phenylethynyl)-1,10-phenanthroline). In this work, 2,9-sec-butyl and 3,8-dimethyl substituents 

were used to achieve cooperative steric hindrance effects that enhance the excited state lifetime 

of the final Cu(I) complex by restricting deactivating excited state distortions. 60 

Steady state optical characterization revealed a dramatic increase in oscillator strength and 

concomitant bathochromic shift in the MLCT absorptions upon acetylene linkage; additionally, 

marked shifts to more positive potentials were observed in the measured reduction and 

oxidation potentials. These enhancement in the light-absorption capabilities of the newly 

synthesized Cu(I) MLCT complex makes [Cu(sbmpep)2]
+ well suited to perform as a designer 

photosensitizer in solar energy conversion applications, for example, in photochemical 

upconversion schemes.  

Ultrafast spectroscopic interrogation was also performed using transient absorption and 

optically-gated fluorescence spectroscopy in order to map the initial excited state dynamics of 

the complex that lead to the formation of the long-lived 3MLCT* state. The 3MLCT* state was 

further characterized by nanosecond time-resolved spectroscopies (transient absorption and 

photoluminescence) to establish the lifetime and transient signature of this lowest-energy excited 

state. These combined experiments showed a marked decrease in the time-scale of singlet-triplet 

intersystem crossing to τISC = 1.5 – 3.2 ps, as independently measured by both fluorescence 

upconversion and transient absorption experiments, relative to the parent [Cu(dsbtmp)2]
+ 

(dsbtmp = 2,9-di-sec-butyl-3,4,7,8-tetramethyl-1,10-phenanthroline) complex reported in 

Chapter 3 and Chapter 5. The combined experimental results successfully map the excited state 

dynamics from the initial photoexcitation event and follow relaxation dynamics and surface 

crossings to the lowest energy excited state. This contribution demonstrates 4,7-phenanthroline 

modification, in conjunction with 2,9- and 3,8- steric supports, is an effective means to create a 
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new body of tailor-made long-lifetime Cu(I) photosensitizers with pre-determined photophysical 

properties, precisely fabricated for designer applications.    

In Chapter 7, semiconductor nanocrystals, or quantum dots (QDs), are introduced as an 

emerging platform from which to sensitize molecular triplets. Quantum dots possess many 

desirable properties that can be evoked in designing new light harvesting systems. Many of these 

properties align well with established requirements for photosensitizers, for example their robust 

photostability, characteristically broad absorption properties and high molar extinction 

coefficients. A highly desirable hallmark of QDs is that they possess size-tunable optical and 

electronic properties, 61 permitting predictable tunability of the absorption and emission from 

the UV to the infrared, with facile post-synthesis functionalization also possible. 61–65 This serves 

as a great advantage over existing molecular systems that can require expansive synthetic effort 

and non-trivial determination of molecular design criteria necessary for tuning their 

photochemical and photophysical properties. 66,67 

Chapter 7 describes recent examples of triplet exciton transfer revealed in inorganic 

nanocrystals, manifested by the observation of triplet excited states from surface-anchored 

molecules or those QDs coated with thin organic semiconductor films. As indicated in the text, 

across this platform, processes and mechanisms at the interface of these hybrid systems have 

been observed paralleling those seen in pure molecular systems following selective excitation of 

the QD. The implication of the likeness in the governing mechanisms in these quantum-

confined materials permits conventional photophysical strategies to be utilized in future research 

endeavors. This chapter provides a perspective on this emerging field of inorganic quantum dots 

as photosensitizers, in particular the transfer of triplet excitons at the molecule–nanomaterial 

interface.  

Chapter 7 also includes our proof-of-concept and mechanistic study demonstrating the near-

quantitatively efficient transfer of triplet exciton energy (> 90%) from CdSe NCs to surface-

anchored molecular acceptors. In this work, ultrafast spectroscopy is employed to establish 

experimental evidence for direct Dexter-type energy transfer at the nanocrystal/molecule 

interface, as well as to measure the associated rate constant for triplet transfer. 68 Here, CdSe 
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nanocrystals capped with native oleic acid (OA) ligands were used as the light-absorbing triplet 

sensitizer, with TTET illustrated using two different triplet acceptors, namely, 9-

anthracenecarboxylic acid (ACA) and 1-pyrenecarboxylic acid (PCA). In both cases, we observed 

molecular triplet lifetimes on the order of milliseconds in the hybrid materials, representing a 

nearly five orders-of magnitude increase in the excited state lifetime as compared to the 30 ns 

excited state lifetime of the reference CdSe-OA materials. Furthermore, this excitation energy 

was quantitatively extracted into bulk solution through collisions with freely diffusing molecular 

acceptors. The collective body of work demonstrates that QD-based triplet excitons can be 

efficiently harvested from CdSe nanocrystals, transferred to surface-bound organic acceptors, 

and then translated into bulk solution through successive and nearly quantitative energy transfer 

steps. This work establishes that these QD-molecular assemblies represent viable candidates for 

triplet sensitization photochemistry, serving as surrogates to traditional molecular sensitizers.  

As nearly 50% of solar energy falls into the near-IR spectral region (750 – 2500 nm), the 

development of near-IR absorbing materials for photovoltaic applications is of great importance 

for solar energy applications. 69 While traditional organic and inorganic chromophores are quite 

challenging in this regard, 66,67 semiconductor nanocrystals represent an important class of 

inorganic materials that show promise as an emerging platform to achieve these objectives in a 

synthetically facile manner. With this target in mind, in Chapter 8, low bandgap PbS 

nanocrystals were investigated in another hybrid system featuring a carboxylate functionalized 

6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene, TPn) molecular adsorbate. In this 

work, interfacial exciton transduction processes from selectively excited PbS quantum dots 

revealed a time-delayed formation of the molecular triplet excited state on the PbS surface. 70 

This result was inconsistent with direct Dexter triplet transfer and therefore represented a 

distinct mechanism for generating molecular triplets at the interface of molecule-nanocrystal 

constructs. The fsTA spectral data showed ground state recovery of the PbS first exciton band 

bleach signal within 100 ps, while the growth of the T1 → Tn absorption signal of 3TPn* grew in 

at time-scales beyond 6 ns. The transient absorption kinetics also highlighted this stepwise 

approach in forming the surface-anchored molecular triplet. Based on the combined 

experimental data and viable thermodynamic evidence, the initial PbS-localized excitons were 
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proposed to be transferred from the QDs to the surface anchored TPn moieties through the 

generation of a TPn+•/PbS(e−) charge-separated state. The stepwise approach to molecular 

triplet generation in the PbS/TPn hybrid nanocrystal-molecule construct is highly reminiscent of 

supramolecular chemical systems. This suggests that supramolecular strategies enabling 

directional energy flow should be viable in designing new hybrid materials and moreover, 

necessitates fundamental research in understanding charge transfer and exciton transduction at 

the interface of these integrated materials.  
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CHAPTER 2 

 

Excited State Dynamics and Time-Resolved Spectroscopies 

2.1. A Flash of Light. 

Since the seminal flash photolysis work of Porter and Norrish, 1,2 the advent of ultrafast 

lasers, and the beginning of the world of “femtochemistry” with work by Zewail and co-

workers, 3–6 many breakthroughs have been achieved towards understanding light-matter 

interactions and the primary photochemical and photophysical processes following 

photoexcitation. These elementary light-induced processes, for example, charge and energy 

transfer in molecular-based systems, drive much of the life sustaining processes on Earth. In the 

context of solar energy conversion, understanding these elementary processes that follow 

photoexcitation provide key details toward designing efficient light harvesting systems capable of 

mimicking the sophistication of photosynthesis.  

Transition metal complexes play a central role in many aspects of solar energy conversion 

applications. 7–9 Their large spin-orbit coupling constants provide a mechanism to induce 

intersystem crossing to long-lived triplet excited states, making them ideal for realization as 

photosensitizers in applications requiring bimolecular energy or electron transfer chemistry. 

However, spin-orbit coupling, along with high density of states, contributes to the fast and 

convoluted excited state dynamics typical of transition metal complexes. 9 As the successful 

conversion of light into chemical potential is contingent upon the cascade of events that follow 

the initial light absorptive event, a complete understanding of the photophysical processes that 

take place is necessary for proper implementation and design of any photosensitizer.  Ultrafast 

spectroscopic measurements are invaluable in this regard as they provide the time resolution 

necessary for observation of the primary events following photoexcitation. 10 
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2.2. Principles of Pump-probe Spectroscopy. 

Transient absorption (TA) spectroscopy serves as a direct method of monitoring excited states 

and their dynamical evolution; which, in the case of non-emissive molecules, may be the only 

direct method to monitor the excited state. In TA spectroscopy, an excitation (or “pump”) pulse 

is used to promote a fraction of the molecules in a sample to an electronically excited state. A 

broadband “probe” pulse is then used to measure the spectroscopic response of the sample to 

that pump pulse. More generally, the excitation pulse initiates a reaction while the probe pulse 

monitors the formation of products by means of optical spectroscopy. Time resolved 

information regarding the photoexcited state is extracted by varying the arrival of the probe 

pulse, in time, relative to the pump pulse. The detector then measures the resulting variation in 

transmittance of the probe through the excited solution at various time delays.  

2.2.1. Ultrafast TA Spectroscopy – Experimental Design Considerations. 

With the new age of ultra-short laser pulses, from 100’s to a few femtoseconds (10−15 s), and 

now to 100’s attoseconds (10−18 s), inherent limitations exist in spectral selectivity that should be 

addressed. These limitations extend from the Heisenberg Uncertainty Principle, which dictates 

the theoretical limit for the spectral bandwidth of short laser pulses. For Gaussian shaped laser 

pulses, the relationship between temporal (Δt) and spectral (Δν) resolution is described by the 

time-bandwidth product, Δt Δν ≥ 0.44. Accordingly, there is an inherent trade-off between time 

resolution and spectral selectivity. 11 For example, a 100 fs laser pulse (Δt) with a central 

wavelength (λ) of 800 nm, such as the one used throughout this dissertation, has a spectral 

bandwidth (Δν) of 4.4 × 1012 Hz at the full width at half maximum (fwhm). This corresponds to 

a bandwidth of ~10 nm, where bandwidth = Δν × λ2/c, and c is the speed of light. Extrapolating 

to a 10 fs pulse centered at 800 nm, the bandwidth becomes approximately 100 nm. 12 These 

inherent restrictions should be taken into consideration when evaluating the limitations and 

advantages of ultra-short spectroscopy as a method of characterization.  

Precise temporal delays in the pump’s arrival relative to the probe beam determine the 

experimental timing in ultrafast pump-probe experiments. Aptly, “time zero” is defined as when 

the pump and probe are both spatially and temporally overlapped in the sample. 12 In the case of 
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ultrafast laser pulses, the precise control of the pulse timings is achieved through the use of an 

optical delay stage. The optical delay stage consists of a retroreflector on a mechanically 

controlled translation stage. By changing the pathlength that the probe beam must travel relative 

to the pump beam, temporal delays can be introduced in the arrive time of the probe pulse, as 

determined by the speed of light (2.99 × 108 m/s). For example, a 100 fs temporal delay is 

achieved by a 30 µm lengthening of the optical path.  

For these time-resolved experiments, an optical chopper is employed to block every other 

pump pulse so that successive “pump-on” and “pump-off” measurements are taken at every 

given time delay. That is, two subsequent acquisitions are taken of the transmittance through the 

sample with and without the excitation pulse present, termed I* and I, respectively. 13 This is 

achieved by operating the mechanically controlled chopper at half the frequency of the 

repetition rate of the laser, e.g. for a 1 kHz pulsed laser, the chopper operates at 500 Hz. Eq. 2.1 

and Eq. 2.2 relate the transmitted intensity (I and I*) to absorbance (A and A* are the ground 

and excited state absorbance at a specific wavelength, respectively) using the Beer-Lambert law. 
14,15 Here, c is the concentration of the sample (M), ε is the molar extinction coefficient (M-1 cm-

1), I0 is the intensity of the incident light, and l is the optical path length (cm). Since only a small 

fraction of the molecules that the pump encounters are excited, there exists both ground state 

and excited state absorption features in the probed spectrum. To account for this, transient 

absorption data is usually reported in difference absorption (ΔA) units, calculated with Eq. 2.3. 

    𝐼 = 𝐼!10!!"# =  𝐼!10!!   (Eq. 2.1) 

    𝐼⋇ = 𝐼!10!!
⋇!⋇! =  𝐼!10!!

⋇
   (Eq. 2.2) 

    log !
!⋇
=  −𝐴 +  𝐴⋇ = Δ𝐴   (Eq. 2.3) 

The pump off measurement (I) serves as a baseline for where the ground state is absorbing 

light and any signals or artifacts present that are not due to absorption by the excited volume. 13 

While ΔA is calculated from measured transmitted intensity, it is mathematically equivalent to 

the difference between the ground state (A) and excited state (A*) absorptions. ΔA signals are 
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observed for regions where the ground state absorbs (called a “ground state bleach” or GSB) 

and where the excited state absorbs (called “excited state absorption” or ESA). It is important to 

note that the total light intensity seen by the detector is not only due to transmittance of the 

probe beam through the sample, but also contains contributions from scattered light from the 

excitation pulse and sometimes photoluminescence from the excited sample (e.g. “stimulated 

emission” or SE, when a photon from the probe pulse stimulates/induces the emission of a 

photon from the excited molecule). Moreover, with solid-state thin film samples, reflectance of 

the beam can also diminish the total light intensity impinging the detector; accordingly, ΔT/T 

units are commonly used in such cases to account for this. The polarity of the ΔA signal 

observed is indicative of the relative total light striking the detector in the pump-on versus 

pump-off measurement; in the case of more light reaching the detector (i.e. scattered light, 

stimulated emission, and ground state depletion) a negative signal is observed, conversely, if less 

light impinges the detector (i.e. where the excited state absorbs) a positive signal is observed. 12 

By overlaying the ΔA spectra recorded at a range of time delays, spectral shifts and the 

growth/decay of new features in time, corresponding to the population/de-population of 

different species involved in excited state decay, can be observed. Spectral changes provide 

insight into the dynamic processes that occur in the molecular system following photoexcitation. 

Through monitoring the evolution of these transients in time using single wavelength kinetics, 

information regarding the population dynamics of different states can be gathered. Transient 

absorption decay kinetics are significant as they offer a direct method of monitoring the excited 

state; which in the case of non-emissive molecules, may be the only direct method to monitor 

the excited state, as stated earlier. 16 Kinetic traces are analyzed by fitting with sums of 

exponential terms (Eq. 2.4), which impart the time constants associated with the excited state 

decay processes. 

𝑦 𝑡 = 𝑦! +  𝐴!𝑒!!/!! + 𝐴!𝑒!!/!! +⋯  (Eq. 2.4) 

In this expression, A1 and A2 represent the amplitudes of the kinetic components while τ1 and 

τ2 are the distinct decay time constants associated with consecutive or parallel events. 17 Note, y0 
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is an offset parameter equal to the terminating y value; necessary when the signal does not decay 

to the baseline in the time span that is fit.  

The TA signals mentioned above are a result of light-matter interactions through third-order 

nonlinear susceptibility, χ(3), as such, other signals, called “coherent artifacts,” also contribute to 

the observed TA data measured. 18 These coherent artifacts (e.g. cross-phase modulation, self-

phase modulation, self focusing and group velocity dispersion) 18 are not representative of the 

population dynamics that are of interest and should be excluded from the interpretation of the 

initial femtosecond dynamics near time zero. These artifacts can be discriminated from the 

population dynamics by measuring a solvent “blank” of neat solvent in the same cuvette. The 

solvent blank contains all contributions of cross-phase modulation, which are due to changes in 

the refractive indices of the transparent media (i.e. the solvent and cuvette) as induced by the 

excitation source. To exclude the artifacts from the desired excited state evolution information, 

one can either disregard the initial femtosecond data from the data interpretation or theoretically 

it is possible to subtract the associated contributions of the solvent blank from the raw data. 12  

Another interesting artifact worth mentioning is stimulated Raman scattering of solvent 

vibrational modes. Impulsive stimulated Raman scattering (ISRS) artifacts are observed in 

ultrafast experiments when a sufficiently short pulse passes through a Raman-active medium. 19,20 

Impulsive Raman signals can be observed with IRF < 100 fs in solvents with low frequency 

vibrational modes (e.g. CHCl3, CH2Cl2). Figure 2.1 shows kinetic traces (λprobe = 500 nm) 

measured following 470 nm pulsed excitation of dichloromethane, chloroform, and carbon 

tetrachloride solvent. These were measured by modifying the delay stage configuration to a 2-

pass configuration, allowing for increased point density and decreased step size. The different 

vibrational frequencies in the solvents can be inferred from the kinetics while a Fourier 

transform of the trace allows for the exact frequencies to be extracted. The peaks in the FFT 

spectrum closely match known Raman active modes of each solvent. 21 Great care must be taken 

to ensure that such artifacts are not miss-interpreted as originating from the sample under 

investigation, further establishing the necessity of meticulous control experiments. This is 
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especially important when evaluating vibrational oscillations (coherences) due to nuclear 

wavepacket motions.   

 

Figure 2.1. Impulsive Raman scattering artifacts in chlorinated solvents. Kinetic traces (λprobe = 500 nm) 
measured following 470 nm pulsed excitation (100 fs, 2.0 µJ/pulse) of quartz cuvette containing (a) 
dichloromethane (CH2Cl2), (b) chloroform (CHCl3), (c) carbon tetrachloride (CCl4) solvent. Right 
panels show the FFT spectra, with strong peaks labeled with the frequency.   

2.2.2. Instrumentation. 

The current experimental set up, presented in Figure 2.2, is based on a Ti:Sapphire Coherent 

Libra regenerative amplifier that provides a train of femtosecond pulses (100 fs) at a 1 kHz 

repetition rate, with 4 mJ pulse energy at the central wavelength of 800 nm. A portion of the 

output from the Libra is split into the necessary pump and probe beams. The probe beam is 

delayed in a 0 – 6 ns optical delay stage to control the relative timing between the two pulses 

Impulsive Raman Scattering Artifacts in Chlorinated Solvents 

Dichloromethane (C2V): 
282 cm-1: CCl2 symm. deformation 

717 cm-1: CCl2 symm. stretch

1

1Ruhman, S.; Joly, A. G.; Nelson, K. A. J. Chem. Phys. 1987, 86, 6563. 
2Max Diem, Modern Vibrational Spectroscopy and Micro-Spectroscopy: Theory, Instrumentation and Biomedical Applications. First Edition. (Wiley, New York, 2015) 
3Shimanouchi, T. J. Phys. Chem. Ref. Data 1997, 6, 993.

“Impulsive stimulated Raman scattering (ISRS) is a general aspect of ultrashort-pulse interactions with matter, necessarily occurring 
whenever a sufficiently short pulse passes through a Raman-active medium.” 1 

Impulsive Raman signals can be observed with IRF < 100 fs in solvents with low frequency vibrational modes (e.g. CHCl3, CH2Cl2)  

‣ Increased point density and step size by switching to 2-pass delay stage configuration 

‣ Peaks in FFT spectrum closely match known Raman active modes of solvent
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with micrometer precision (as stated above, a 100 fs temporal delay is achieved by a ~30 µm 

lengthening of the optical path). Meanwhile, the pump beam is directed into an optical 

parametric amplifier (Coherent OPerA Solo) to generate tunable excitation from 300 nm to 3 

µm. As mentioned previously, an optical chopper, operating at 500 Hz, is used to block every 

other pump pulse, allowing for consecutive measurements to be taken with and without the 

excitation pulse at every delay. Sub-picosecond absorption transients are detected using a Helios 

transient absorption spectrometer from Ultrafast Systems. Transient absorption measurements 

are independently performed in the UV-vis (ca. 330 – 750 nm) and near-IR (ca. 800 – 1450 nm) 

spectral ranges using distinct white light continuum (WLC) producing crystals, composed of 

sapphire or CaF2. To generate a stable and broad WLC, the probe pulse is tightly focused onto 

the nonlinear crystal resulting in a severe spectral broadening of the 800 nm fundamental pulse. 

The spectral broadening generates a broadband optical pulse, called a supercontinuum, covering 

several hundred nanometers, serving as the probe. Due to the thermal instability of the CaF2 

substrate used for UV-vis WLC generation, the crystal is translated vertically throughout the 

duration of the experiment to prevent damage. From here, the pump and probe beams are 

focused and spatially overlapped onto the sample (with relative spot sizes of 800 and 200 µm, 

respectively, to ensure only excited molecules are probed) and the transmitted light intensity of 

the probe is detected by a fiber-coupled spectrometer. Samples are contained in 2 mm 

pathlength quartz cuvettes and continuously stirred throughout the duration of the experiment 

to ensure that each laser pulse comes in contact with fresh sample. Finally, in order to avoid any 

polarization artifacts resulting from rotational dynamics, the relative polarizations of the pump 

and probe beams are set at the magic angle of 54.7° where all polarization artifacts are 

eliminated. 
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Figure 2.2. Simplified schematic of the ultrafast TA set up for UV-vis pump, UV-vis-NIR probe 
experiments. ‘BS’ denotes a beam splitter employed to split the Libra output into the necessary pump and 
probe beams. ‘WLG’ refers to white light generation in white light continuum producing crystals. ‘P’ 
indicates the half wave plate used to change the relative polarizations of the pump and probe beams to 
the magic angle of 52.7°.  

2.3. Excited State Dynamics. 

Following light absorption, a molecule will transition from its ground state (assumed to be a 

singlet state, S0) to an excited electronic state of the same multiplicity (Sn). The molecule can lose 

this newly absorbed energy through several deactivation pathways, mainly, emission (i.e. radiative 

transitions), radiationless transitions, or photochemical reactions. 22,23 To best illustrate the 

optical transitions that can be observed through transient absorption spectroscopy, a generalized 

Jablonski diagram is used, shown in Figure 2.3. A Jablonski diagram is a schematic 

representation of energy levels in molecular electronic states and the possible transitions 

between them; 24 commonly vibrational sublevels are also illustrated in these diagrams. 25 Here, 

wavy lines denote non-radiative transitions while solid lines indicate radiative transitions from 

one energy level to another; note, this is a simplified diagram that does not include every 

possible transition, for example, many nonradiative decay pathways between different electronic 

states were excluded for clarity. Radiative transitions result in photoluminescence or emission 

and can be classified as either fluorescence, when the molecule emits the absorbed energy 

resulting in a transition from its lowest excited state (denoted S1) to the ground state, or 

phosphorescence, by which the photon first undergoes intersystem crossing to a triplet state T1 

before emitting a photon. In phosphorescence, the energy is trapped in the higher spin 

multiplicity state, resulting in a longer-lived state relative to fluorescence. The resulting trapped 
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energy is released as phosphorescence through a classically forbidden transition back down to 

the ground state. A result of the necessary spin-flip in a singlet-triplet (S-T) transition is that the 

timescale on which phosphorescence takes place is much longer (µs – ms) relative to 

fluorescence, which takes place on nanosecond timescales. Radiationless transitions, such as 

intersystem crossing (ISC) and internal energy conversions (IC), are additional mechanisms by 

which molecules can decay. Intersystem crossing refers to conversion between two states of 

different spin multiplicity (i.e. from a singlet to a triplet state) while internal conversion is the 

conversion between two states with the same spin multiplicity (i.e. Sn → S1 or Tn → T1). 

Generally, these non-radiative transitions are followed by vibrational relaxation to the lowest 

vibrational level of the corresponding state. 22,23 

 
Figure 2.3. A generalized Jablonski diagram depicting common photophysical processes in 
chromophores. Adapted from ref. 26. 

In transient absorption spectroscopy, the processes mentioned above are probed following 

excitation into a higher lying electronic state (usually S1). This photoinduced excited state can be 

thought of as a different entity than its ground state analog; excited states possess different bond 
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lengths and angles, geometric distortions, redox potentials, equilibrium geometries, etc. 27 The 

initially prepared excited state is usually in a high vibrational level, called a vibrationally “hot” 

state, and, in the case of organic chromophores, will typically thermalize before all other 

photochemical or photophysical processes take place. Transition metal complexes represent a 

unique class of chromophores that require different photophysical models to describe the 

excited state evolution, discussed further below. 14,28 The vibrational relaxation to a thermally 

equilibrated excited state can take different forms: (i) intramolecular vibrational redistribution 

(IVR) where the initial energy localized in a vibrational mode is redistributed to other vibrational 

modes, 14 usually of lower frequency 29 (ii) vibrational cooling (VC) or intermolecular vibrational 

relaxation, which involves dissipation of vibrational energy through vibrational coupling between 

vibrational modes in the molecule and the solvent. 29 Though exceptions can be found, VC 

(typically taking place between one to several ps) is said to ensue IVR (typically taking place on 

the order of tens to a few hundreds of fs). 29 Another important relaxation pathway that must be 

considered is solvent rearrangement. Following photoexcitation, the orientations of solvent 

molecules around the newly excited chromophore correspond to the equilibrium configuration 

of its ground state. Accordingly, solvation dynamics follow that involve the reconfiguration of 

solvent molecules around the chromophore, reaching an equilibrated excited state. 29 The time 

scale of solvent rearrangement can take place anywhere from ps to ns depending on the viscosity 

of the solvent. 29 

Excited state events can be assigned through different spectral changes in the transient 

absorption spectrum; Figure 2.4 illustrates the case of solvent rearrangement and vibrational 

cooling. Figure 2.4a demonstrates the red shift observed in fluorescence bands following 

solvent rearrangement; since absorption is the complementary process to emission, a red shift of 

fluorescence bands would correspond to a blue shift of a transient absorption peak. In contrast, 

VC features in transient absorption spectra appear as a distinct narrowing of the band, illustrated 

in Figure 2.4b. 29 Commonly, blue shifts and narrowing of absorption bands are observed 

concurrently for both processes, thus it is difficult to distinguish between the two. Remembering 

that transient absorption difference spectra contain features beyond those associated with 

excited state absorptions, it may be difficult to resolve the expected spectral changes. Features in 
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transient absorption spectra reflect competing extinction coefficients between the ground state 

and excited state. For example, a region where an ESA band is expected may appear negative if 

it overlaps with the GSB and the extinction coefficient for the ground state is greater than that 

of the excited state. Furthermore, the resulting TA signal is also related to the fraction of the 

ground state molecules that are excited, which varies with factors including pump power, 

overlap between the pump and probe, excitation wavelength, and extinction coefficient at the 

excitation wavelength. Therefore, monitoring of spectral changes alone is not sufficient for 

capturing population dynamics in the excited state and kinetic analysis is critical.  

 
Figure 2.4. Illustration of the spectral signatures associated with (a) solvation dynamics and (b) 
vibrational cooling. Reproduced with permission from ref. 29. Copyright 2013 Annual Reviews. 

In the case where excitation is to a higher lying singlet state (Sn), fast IC to S1 will follow the 

mentioned relaxation processes. As a general rule, all other radiative decay pathways originate 

from S1, resulting in emission taking place at lower energy with respect to absorption; this is 

referred to as Kasha’s rule. 23 Thus, the Stokes shift between absorption and emission bands is a 

direct result of Kasha’s rule. Emission features can appear in TA spectra in the form of 

stimulated emission to the ground state and will have a spectral profile matching that of the 

fluorescence spectrum that is Stokes shifted in relation to the GSB. 12 
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Schematic representation of typical spectral signatures associated with (a) solvation dynamics and
(b) vibrational cooling. (a) Owing to the Franck-Condon principle, the electronic excited state is populated
out of equilibrium. Subsequent solvent reorganization leads to a dynamic red shift of the emission band.
(b) The excess vibrational energy leads to a broadening of the emission at early times. After vibrational
cooling, the emission band sharpens.
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this energy is quickly redistributed into the low-frequency part of the vibrational manifold through
anharmonic coupling. This process, called intramolecular vibrational redistribution (IVR), leads
eventually to a thermally distributed population in the low-frequency modes and permits one to
attribute an internal vibrational temperature to the molecule. Intermolecular vibrational relax-
ation, so-called vibrational cooling, involves the coupling of solute and solvent vibrational modes.
The energy in the solute’s nuclear degrees of freedom is transferred to the molecular units in its
first solvation shell from which it is dissipated into the bulk.

Excited vibrational states tend to be more extended in space compared to the vibrational
ground state and open up new Franck-Condon windows around their turning points. A nonzero
population in excited vibrational levels of an electronically excited state therefore tends to broaden
transient absorption and emission bands in the visible spectral domain (Figure 2). Pigliucci et al.
(16) reported the vibrational relaxation of substituted perylenes in different solvents and observed
timescales for the spectral narrowing of a few hundreds of femtoseconds to a few picoseconds.
Furthermore, they found that specific solute-solvent interactions such as hydrogen bonding and
resonance conditions for low-frequency vibrational modes have a stronger influence on cooling
than macroscopic solvent parameters such as the thermal diffusivity do.

It is often stated that IVR occurs prior to vibrational cooling because the intramolecular anhar-
monic coupling is supposed to be stronger than the coupling to solvent modes, the latter process
having been described by means of unspecific pair-impact interactions (30). Strictly speaking, the
term vibrational cooling already implies that IVR is complete and an internal temperature has
been established before intermolecular vibrational relaxation starts. Indeed, for larger molecules,
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In the framework of inorganic photochemistry, ISC to the triplet manifold represents a 

prevalent pathway for singlet decay. ISC, while classically a spin forbidden transition, is more 

common in the presence of metals that give rise to a large spin-orbit coupling (SOC) imparted 

by the heavy-atom effect. Triplet states are characteristically long-lived (microseconds to even 

seconds) and thus promote reactivity in bimolecular chemistry; subsequently they are used in a 

myriad of applications and their formation dynamics are of particular interest. Triplet states can 

be observed in TA data in the form of an absorption feature characteristic of the triplet state, i.e. 

T1 → Tn transitions. IVR and IC can also take place in the triplet manifold, forming a 

thermalized T1 state that generally persists for the duration of the ultrafast experiment. 

As mentioned above, the classical model of excited state evolution suggests a cascade of well-

defined events: kvib >> kIC >> kISC. 10,28 While the assumption of a well-defined sequence of 

events is reasonable in organic systems, it is not representative of the excited state evolution in 

transition metal coordination complexes; evidenced most notably by the prototypical 

photosensitizer [Ru(bpy)3]
2+ which has a measured τISC of 40 fs and τvib of 1-5 ps. 30,31 The notion 

that vibrational cooling and internal conversion precede ISC is derived from ΔS ≠ 0 processes 

being spin forbidden and thus taking place on substantially longer timescales. This assumption 

breaks down in the presence of transition metals giving rise to large spin-orbit couplings in 

comparison to organic chromophores (i.e. heavy atom effect. 10 Accordingly, a new model is 

needed to aptly capture the excited state evolution of transition metal coordination complexes, 

one in which numerous competing decay pathways take place on similar timescales and result in 

a wide variation of observable time constants which may encompass multiple events. 

Furthermore, the relaxation pathway will vary depending on the initially populated state(s) and 

thus likely exhibit excitation wavelength dependent kinetics, making literature comparison 

challenging. 10,28 

These competing first-order decay pathways (IC, ISC, SE) will manifest as exponential decays 

of the excited state absorption bands, with time constants discernable through kinetic analysis. If 

a transition to a different state occurs (e.g. triplet formation following ISC) then new absorption 

features will develop, characteristic of that state. Careful consideration of band shapes and 



 

 

 

 37 

spectral evolution congruent with time constants obtained from fitting procedures can help in 

developing a mechanistic understanding of the excited state decay pathways. 

2.4. Flash-photolysis Experiments. 

In the case of triplet formation, the new absorption features will be long-lived and generally 

persist on ultrafast time scales, and is therefore straightforward to assign. Nanosecond flash 

photolysis experiments prove useful in this regard as it can identify the transient signal associated 

with the lowest-energy excited state, thus establishing the formation of any long-lived state (e.g. a 

triplet state). Careful comparison of spectral features detected in a nanosecond flash-photolysis 

experiment to the signals observed in the analogous ultrafast experiments can aid in assigning 

state transitions. Moreover, collisional processes, such as bimolecular energy or electron transfer, 

occur on the timescale of the flash photolysis experiment, as the processes are diffusion limited. 

These events can also be captured by nanosecond TA, with the decay of the donor signal being 

correlated to the rise of the acceptor TA signal. Lastly, variable temperature photoluminescence 

measurements can be performed using the flash photolysis system. Temperature dependent 

experiments can provide valuable information in systems that display a thermal equilibrium 

between two states, i.e. in the case of thermally activated delayed fluorescence.  

2.4.1. Instrumentation. 

Nanosecond transient absorption measurements are collected with a laser flash photolysis 

system from Edinburgh Instruments (LP920). A tunable Vibrant 355 Nd:YAG/OPO system 

(OPOTEK) is used as the excitation source. An iStar ICCD camera (Andor Technology), 

controlled by the LP900 software program (Edinburgh Instruments) is used to collect the 

reported transient difference spectra, while kinetic traces are collected using a R928 Hamamatsu 

PMT. Appropriate long pass filters are used to block any laser scatter from the excitation source. 

Samples were prepared in 1 cm path length quartz optical cells using spectrophotometric grade 

solvents and subjected to a minimum of three freeze-pump-thaw degas cycles prior to 

experiments. Optical densities between 0.1 – 0.2 and 0.3 – 0.5 at the excitation wavelength were 

maintained for emission and transient absorption measurements, respectively. 
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Temperature dependent photoluminescence spectra and decay kinetics can be collected using 

a CoolSpek UV cryostat (Unisoku Scientific Instruments) inside the LP920 laser flash photolysis 

system (Edinburgh Instruments) described above. The sample is measured in a deaerated 

solution, subjected to a minimum of three freeze-pump-thaw degas cycles, in a 1 cm pathlength 

quartz optical cell with an optical density of 0.1 – 0.2 at the excitation wavelength. Decay 

kinetics are recorded at different degree increments between 60 and −80 °C (temperature 

window determined by the solvent, in this dissertation, tetrahydrofuran), with the sample 

equilibrating for 15 minutes at each temperature prior to measurement. Photoluminescence 

spectra can also be measured, using an iStar ICCD camera (Andor Technology), at different 

intervals across the same temperature range. The sample is excited by a tunable Vibrant 355 

Nd:YAG/OPO system (OPOTEK). The emission decay traces are then collected using a LP920 

laser flash photolysis system (Edinburgh Instruments) equipped with a R928 Hamamatsu PMT. 

Appropriate long pass filters are used to block any laser scatter.  

2.4.2. Deoxygenation Methods. 

It is important to note that with nanosecond time-resolved experiments, oxygen quenching is 

now pertinent as the experiment probes events taking place on the time scale of diffusion. This 

is especially a problem with triplet states as they can be quenched by ground state 3O2 molecular 

oxygen, resulting in a substantial lifetime shortening. To address these concerns, all nanosecond 

time-resolved experiments are performed in oxygen-degassed solutions. Two methods exist for 

deoxygenation of solution-phase samples (1) freeze-pump-thaw degassing and (2) bubble 

degassing. Freeze-pump-thaw degassing is the most reliable method and involves the use of a 

custom-made vessel, consisting of a standard 1 cm pathlength quartz cuvette, a round bottom 

bulb, rotaflo stop-cock, and appropriate glass fittings and adaptors. The sample is held in the 

bulb and the vessel is connected to a vacuum manifold using a valve. With the valve closed, the 

sample (held in the bulb) is immersed in liquid nitrogen. Once the sample is frozen, the valve is 

opened while the sample is still immersed in liquid nitrogen, and all the gas is pumped out until 

the pressure returns to the initial vacuum pressure of the manifold. The valve is then closed and 

the liquid nitrogen is removed, allowing the sample to thaw back to room temperature, releasing 
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any dissolved gas. Once completely thawed, the sample is re-immersed in liquid nitrogen and the 

cycle is repeated at least three times.  

Another, less effective method of degassing is to bubble the sample solution with an inert gas 

(nitrogen or argon). This is done using a standard 1 cm pathlength cuvette with an open septa 

screw cap. A long needle is then immersed into the solution through the septa cap to bubble the 

gas through the solution, a short needle is also put into the cap (not in contact with the sample 

solution) to vent the diffused oxygen and prevent a buildup of pressure. This sparging (i.e. gas 

flushing) technique results in oxygen diffusing out of the solution in order to come into 

equilibrium with the bubbling gas. In general, this method is less desirable for optical 

measurements as diffusion is slow and requires vigorous bubbling of the solution, which can 

lead to solvent evaporation and subsequent changes in the sample concentration. 

Lastly, deaerated samples can be prepared in an inert atmosphere (N2) glove box using airtight 

cuvettes.  

2.5. Spectroelectrochemical Measurements. 

If the excited state is charge transfer in nature, spectroelectrochemical studies can reveal 

spectral signatures of the expected bands resulting from one electron oxidation and/or 

reduction. 32 For example, in the case of a metal-to-ligand charge transfer (MLCT) excited state, 

the metal center is formally oxidized and the ligand is reduced. This can be written as Eq. 2.5 

for a generic bis-bidentate transition metal complex. 

    𝑀!! 𝐿 !
  !!  

 [𝑀 !!! ! 𝐿! 𝐿 ]   (Eq. 2.5) 

Using this simple model of intramolecular charge redistribution in the complex following 

photoexcitation, the contributing components can be isolated. First, following photoexcitation, 

there will be a loss of all ground state absorptions, including the MLCT absorptions. This should 

correspond to a negative signal similar to ground state depletion (or bleaching) in a differential 

absorption spectrum where the spectrometer is blanked using the ground state absorption of the 
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sample. Next, the metal center has been formally oxidized in the excited state, as such, there will 

be new absorptions characteristic of ligand-to-metal charge transfer from the neutral ligand that 

does not hold the excited electron. Lastly, there will be absorptions associated with the one 

electron reduced ligand species. These ligand radical anion absorptions are the most diagnostic 

signals associated with the MLCT complex as they can only be seen in a MLCT excited state. 32 

Using spectroelectrochemistry, the signals associated with these three diagnostic transients can 

be readily identified and correlated with the spectra measured using ultrafast TA.  

2.5.1. Instrumentation. 

Visible and NIR spectroelectrochemical experiments were performed in an inert atmosphere 

glovebox (MBraun). A 0.1 M solution of TBAPF6 in spectrophotometric grade solvent is used as 

the supporting electrolyte. The Ag/AgNO3 redox couple is used as an internal reference for all 

measurements, and potentials used are reported relative to Ag/AgNO3. The reference electrode 

tube is made using a glass tube with a piece of Vycor porous glass sealed onto the tip using a 

plastic casing. The reference electrode tube contains a silver nitrate solution and a silver wire. 

Experiments are performed using two possible experimental configurations. (1) Using a dual 

path length spectroelectrochemical cell (BASi) (1 cm × 1 cm on the top and 1 mm × 1 cm on 

the bottom). Here, the top of the spectroelectrochemical cell houses the Ag/AgNO3 reference 

electrode and Pt wire counter electrode while the bottom holds the Pt mesh working electrode. 

This configuration is illustrated in Figure 2.5, left panel. (2) Using a Honeycomb 

Spectroelectrochemical Cell Kit (Pine Research Instrumentation) in an asymmetric dual-path 

length cell with a 1 cm × 1 cm space on the top of the cell and a 1.7 mm × 1 cm path length 

space on the bottom. Here, an electrode card (consisting of both the Pt counter electrode and 

working electrode) is inserted into the bottom slot so that the Pt honeycomb working electrode 

is in the light path, and a cable adaptor connects the card to the potentiostat. The top of the 

spectroelectrochemical cell houses the Ag/AgNO3 reference electrode. This is illustrated in 

Figure 2.5, right panel.  

Electronic absorption spectra are taken prior to bulk electrolysis. The Ocean Optics UV-VIS-

NIR Lightsource deuterium and halogen lamps probe the visible and near IR spectral regions, 
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respectively. Spectra were collected every 500 milliseconds for 10 minutes and recorded with 

Ocean Optics HR2000+. One-electron reduction and oxidation were accomplished through 

controlled potential electrolysis (CPE), with overpotentials of 100 – 200 mV used in the 

experiments to ensure near complete electrolysis.  

 
Figure 2.5. Illustration of two different spectroelectrochemical cells and electrode configurations.  

2.6. Ultrafast Fluorescence Upconversion Measurements. 

While valuable in determining the time scales and relevant spectral absorptions associated with 

transient species, ultrafast TA spectroscopy does not allow for a direct and unequivocal 

assignment of S-T ISC as it cannot selectively probe the necessary change in spin character of 

the excited state. In order to make more meaningful determinations of the time scale of S-T ISC, 

the time constants obtained from ultrafast TA are correlated to fluorescence decay kinetics, 

which probe the decay of the singlet state. Fluorescence upconversion is a spin state selective 

technique, reporting exclusively on the singlet population decay dynamics. This is rooted in the 

spin allowed nature of fluorescence (large radiative rate constant) resulting in high photon flux 

as opposed to phosphorescence, a formally spin forbidden process with characteristically small 

radiative rate constant and low photon flux. The discrimination of the emission to solely 

fluorescence allows for the precise determination of the timescale of S-T ISC, as it is a major 
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decay pathway of the singlet state. It can also report on any changes in the singlet surface, which 

can result from, for example, excited state structural distortions, enabling precise assignments of 

the associated time constants. Accordingly, fluorescence upconversion provides a means, 

complementary to ultrafast TA, to monitor the excited state trajectory and surface crossings of 

molecules following laser excitation by monitoring PL intensity decay kinetics. Importantly, the 

PL intensity decay kinetics can be directly correlated with time constants measured by TA 

spectroscopy to strengthen assignments.       

Femtosecond time-resolved fluorescence decays are measured by using an optically gated (i.e. 

upconversion) approach, first developed by Mahr and co-workers. 33,34 In optically gated 

fluorescence experiments, a short pump laser pulse (~150 fs) of fixed polarization is used to 

promote a fraction of molecules in a sample from the ground state to an excited singlet state. 

Time-resolved detection of the subsequent emission is achieved by using a variable-time delay 

gate pulse. Spatial and temporal overlap of the gate and collected emission photons in a phase 

matched non-linear sum-frequency generating crystal (β-barium borate, BBO) results in an 

“upconverted” signal (ωsignal = ωgate + ωfluorescence) detected at the photomultiplier tube, illustrated 

in Figure 2.6. Upconversion is effectively a cross-correlation between the emission and gate 

pulse and results in a time resolution on the order of the gate pulse width. The nearly pulse-

limited time resolution afforded by using this optically gated fluorescence method is the 

underlying basis for it’s utility over generic emission techniques that are limited by the system’s 

electronics, e.g. time-correlated single photon counting (TCSPC). 35 

In the current experimental apparatus, a type II (e + o → e) non-linear BBO crystal is used for 

sum frequency generation (SFG) of the emission and gate pulse. The e and o refer to 

extraordinary (⊥) and ordinary (||) orientations with respect to the optical axis, respectively. 

Anisotropy measurements take advantage of the phase matching conditions in the crystal and 

involve independently measuring the upconverted signal resulting from both vertically and 

horizontally polarized excitation pulses. Here, the gate pulse is horizontally polarized (e) and the 

phase matching conditions of the BBO nonlinear crystal are such that only emission that is 

orthogonal to the gate will be upconverted; therefore, only vertically polarized (o) emission will 
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be mixed in the process. The SFG in the BBO crystal results in an upconverted signal that is 

matched to the polarization of the gate, i.e. horizontally polarized (e). In effect, the detection 

system measures the resulting horizontally polarized upconversion signal from SFG between 

vertically polarized emission and the horizontally polarized gate pulse measured at variable delay 

times.  

 
Figure 2.6. Illustration of optically gated fluorescence upconversion. Adapted from ref. 35. 

2.6.1. Theory of Fluorescence Anisotropy.   

Anisotropy (r) describes the polarization of emission resulting from the absorption of 

polarized light. It originates from absorption and emission dipole moments that exist along 

specific axes within chromophores of interest. 36 Excitation by polarized light results in 

photoselection, referring to the selective excitation of only those molecules that have 

orientations aligned with the electric vector of the pump beam. 24 This photoselection process 

thereby generates photoluminescence that is polarized, illustrated in Figure 2.7. Here, we are 

concerned with time-dependent anisotropy, r(t), which monitors the loss of polarization 

(depolarization) of this light emission as a function of time. Depolarization of emission can 

occur through many different processes, with rotational diffusion being a common source 

(Figure 2.7). The anisotropy decay due to rotational diffusion can be complicated in the event 

of a non-spherical molecule. In this case, not only are there different rotational rates associated 

with each axis of the fluorophore, there are likely different rates associated with rotations within 

Femtosecond Optically Gated Fluorescence Upconversion

11

Assuming θ  is the angle between z -direction and k⃗; no and ne are the ordinary (O) and extraordinary (E) indices, respectively. 

(Shen, 1984; Zernike and Midwinter, 1973).
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a single molecule if there is flexibility along various bonds. Complete depolarization of the 

emission is expected on the time scale of rotational diffusion, except in the case of hindered 

rotation where the anisotropy decay cannot reach zero. The rate of rotational diffusion is 

dependent on the size and shape of the excited chromophores as well as the viscosity of the 

solvent. 36 Rigidifying the environment by means of low temperature and/or high viscosity 

solvents can eliminate depolarization through rotational diffusion. Another pathway through 

which anisotropy can be lost is radiationless energy transfer. Dipole-dipole energy transfer, often 

called resonance energy transfer (RET), represents a short-range intermolecular interaction that 

depolarizes fluorescence and thus can be eliminated by using dilute solutions. 36 Aside from 

rotational diffusion and energy transfer, other inner filter effects, including light scattering and 

reabsorption, can also result in a loss of anisotropy. 24 Reabsorption represents a trivial radiative 

transfer of energy, whereby emitted photons are reabsorbed by nearby molecules. This problem 

is harder to resolve since reabsorption is still possible even at lower concentrations in 

chromophores with high oscillator strengths. Light scattering, however, is linearly related to 

optical density and can more easily be identified; it refers to both the scattering of emitted 

photons and the excitation pulse usually due to the turbidity of the sample. 36   

 
Figure 2.7. Pictorial representation of polarized light excitation and resulting polarization of 
photoluminescence emission. The effect of rotational diffusion on the resulting photoluminescence 
emission is also illustrated. Adapted from ref. 37. 

Femtosecond time-resolved fluorescence anisotropy decays are measured by using an 

upconversion approach described above. In an anisotropy experiment, the resulting 

upconversion signal from both vertical and horizontal excitation experiments is measured 
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Figure 33 Schematic illustration of host–guest CT interaction
in excited states. (Adapted with permission from Ref. 75. © Royal
Society of Chemistry, 2007.)

donor–acceptor interaction in the excited state. The empty
framework displayed an emission spectrum with some
vibrational structure attributed to monomeric anthracene
emission. Upon incorporation of electron donor molecules,
the emission spectra switched to a significantly broadened
and nonresolved emission band at lower energy. This latter
observation can be explained by a highly efficient quench-
ing in the excited-state fluorescence of anthracence by the
formation of a host–guest exciplex involving a photoin-
duced charge transfer between the anthryl subunits of the
MOF and the guest DMA molecules.

14 FLUORESCENCE ANISOTROPY
(POLARIZATION)

Fluorescence anisotropy or polarization is a technique gen-
erally employed in biophysical and bioanalytical applica-
tions. Such measurements provide information related to the
size and shape of macromolecular structures, including pro-
teins or membranes, as well as the rigidity of various molec-
ular microenvironments. Information can also be gathered
on protein–protein (macromolecular) associations and the

fluidity of membranes. Polarization-based immunoassays of
numerous substances have been developed due to the sim-
plicity of the fluorescence intensity measurements involved.
In fluorescence anisotropy experiments, an isotropic solu-
tion consisting of randomly oriented fluorophores is excited
with vertically (linearly) polarized light, yielding a photo-
selected population of excited molecules, since absorption
only occurs if the transition dipole of the fluorophore is
parallel to the electric vector of the incident light (see
Figure 34a). This selective excitation results in a partially
oriented population of polarized fluorescence emission and
occurs with the light polarized along a fixed laboratory
axis. The relative angle between the absorption and emis-
sion dipoles determines the maximum measured anisotropy
(r0) in the absence of other molecular rearrangements such
as rotational diffusion. The fluorescence anisotropy (r) and
polarization (P ) are defined, as presented in Figure 34(b),
through I|| and I⊥, which are the fluorescence intensities
of the vertically (||) and horizontally (⊥) polarized emis-
sion generated from vertically polarized light excitation.
Anisotropy and polarization describe precisely the same
phenomenon using different scalars, both measured in a
dimensionless quantity that is independent of the total flu-
orescence intensity of the sample.23

Several phenomena can render the measured anisotropy
to values lower than the maximum achievable theoret-
ical values. The most common cause is diffusion of
a macromolecule to which the fluorophore is attached.
Such rotational diffusion occurs during the lifetime of the
excited state and displaces the emission dipole of the flu-
orophore. Measurement of this parameter provides infor-
mation regarding the relative angular displacement of the
fluorophore between the times of absorption and emis-
sion. In fluid solution, most fluorophores rotate exten-
sively in 50–100 ps. Hence, the molecules can rotate
many times during the typical 1–10 ns excited-state flu-
orescence lifetime, and the orientation of the polarized
emission easily becomes randomized or depolarized. For
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Figure 34 (a) Effects of polarized excitation and rotational diffusion on the polarization or anisotropy of the emission. (b) Equations
defining the fluorescence anisotropy (r) and the polarization (P ), where I|| and I⊥ are the fluorescence intensities of the vertically (||)
and horizontally (⊥) polarized emission when the sample is excited with vertically polarized light.
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independently using a half-waveplate and polarizer pair. Emission anisotropy decays are 

calculated using Eq. 2.6. Here, 𝐼∥ 𝑡  denotes the upconversion intensity measured when the 

pump and detection polarizations are parallel while 𝐼!(𝑡) denotes the upconversion intensity 

measured at perpendicular polarizations between the pump and emission detector. The 

denominator, 𝐼∥ 𝑡 + 2𝐼!(𝑡) , serves as a normalization factor and represents the total 

fluorescence/photoluminescence intensity emitted by the sample; thus, anisotropy is 

dimensionless and independent of the total light intensity emitted. 36 Since the light intensity 

along each laboratory axis is proportional to the square of the projection of the transition 

moment along that axis, the sum of the intensities along each axis (𝐼! + 𝐼! + 𝐼!) is equal to the 

total intensity (𝐼!). 36 The value of 𝐼! can best be understood by considering a sample with a 

preferential z-axis absorption dipole (i.e. the absorption dipole moment of the chromophore is 

along the z-axis). In this case, 𝐼! = 𝐼∥ while 𝐼! = 𝐼! = 𝐼!, thus, 𝐼! = 𝐼∥ + 2𝐼!. 

    𝑟 𝑡 = !∥ ! ! !!(!)
!∥ ! !!!!(!)

    (Eq. 2.6) 

The theoretical values for time-zero anisotropy when the absorption and emission transition 

moments are parallel (i.e. collinear) and perpendicular are r = 0.4 and r = −0.2, respectively.  A 

near-zero anisotropy value indicates that the emission is depolarized at that point in time. This 

can be the case when the rate of rotational diffusion is faster than the rate of emission; such is 

the case with a small molecule in a low-viscosity environment. 36 These values originate from the 

fundamental anisotropy (ro), which is given by Eq. 2.7, where β denotes the angle between the 

absorption and emission transition dipoles. From Eq. 2.7, the limiting cases become quite clear: 

when β = 0°, ro = 0.4,when β = 90°, ro = −0.2. 25 

    𝑟! =
!
!

! !"#!! ! !
!

    (Eq. 2.7) 

It is important to note that these values of ro are theoretical and only observed when there are 

no extrinsic or trivial factors resulting in loss of emission polarization. Another important case 

that arises from Eq. 2.7, is that of the magic angle, where an angle β of 54.7° (~55°) at the 
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emission detector gives a theoretical anisotropy value of ro = 0. Magic-angle polarization 

conditions are critical for intensity decay measurements where anisotropy decay dynamics is not 

desired and simply a decay of the emission intensity needs to be resolved in the absence of 

polarization contributions/artifacts. 36 

2.6.2. Instrumentation. 

Femtosecond time-resolved fluorescence anisotropy decays were measured by femtosecond 

optically gated fluorescence experiments (fluorescence up-conversion technique), presented in 

Figure 2.8. In this system, the light source consists of a widely tunable mode-locked 

femtosecond Ti:Sapphire laser (Chameleon Ultra II, Coherent). The laser generated 140 fs pulses 

with a repetition rate of 80 MHz. The output beam was split using an 80:20 beam splitter to 

generate the gate and pump, respectively. Pump pulses were generated by second harmonic 

generation (HarmoniXX, A.P.E.) of the reflected Chameleon output while the transmitted 

portion of the output was used as the gate.  Upconversion decays were detected using an 

Ultrafast Systems Halcyone spectrometer. The gate was directed into a 300 mm optical delay line 

(quadruple pass) generating time delays between 0 and 8 ns. The pump beam was focused onto a 

2 mm path-length cuvette and fluorescence was collected and focused using a pair of parabolic 

mirrors; depending on the excitation wavelength, 420 nm or 520 nm long pass filters were used 

to remove any residual pump that was not absorbed by the sample. The collected fluorescence 

was mixed with the gate pulse in a 0.5 mm thick type II BBO crystal and the upconversion signal 

was detected using a single photon counting PMT coupled to a fiber-coupled monochromator. 

Multiple 270 – 400 nm colored glass band pass filters were used to ensure only upconverted light 

was detected, removing fluorescence and residual gate that were not mixed. Magic angle 

polarization detection conditions were used. The instrument response function is approximately 

400 fs (fwhm), measured by cross correlation of the scattered pump and gate pulses.   

Anisotropy decay kinetics were measured by changing the polarization of the pump pulse with 

respect to the gate pulse using a λ/2 waveplate. Emission anisotropy decays were calculated 

using Eq. 2.6. 
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Figure 2.8. Simplified schematic of the femtosecond fluorescence upconversion apparatus using 400 nm 
pump and 800 nm gate.  

2.7. Research Objectives. 

For the work presented in this dissertation, ultrafast transient absorption spectroscopy is 

employed to study the initial excited state dynamics leading to triplet sensitization in a diverse set 

of molecular and nanocrystal based systems. The initial deactivation dynamics that follow light 

absorption can provide critical details that may correlate to structural and electronic properties 

of the molecule, as it is these initial events that lead to the formation of the long-lived 3MLCT* 

state. These chromophores possess distinct structures and functions, and most importantly, 

relaxation mechanisms. The variety in the systems investigated is illustrative of the broad scope 

of photophysical processes within different classes of triplet sensitizers designed for various 

solar energy conversion applications. 
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CHAPTER 3 

 

Transient Absorption Dynamics of Sterically Congested Cu(I) MLCT 

Excited States 

The contents of this chapter have been previously published in Journal of Physical Chemistry A, 

2015, 119 (13), 3181 – 3193. DOI: 10.1021/acs.jpca.5b00901 

3.1. Abstract. 

Sub-picosecond through supra-nanosecond transient absorption dynamics of the homoleptic 

Cu(I) metal-to-ligand charge transfer (MLCT) photosensitizers including the benchmark 

[Cu(dmp)2]
+ (dmp = 2,9-dimethyl-1,10-phenanthroline) chromophore, as well as [Cu(dsbp)2]

+ 

(dsbp = 2,9-di(sec-butyl)-1,10-phenanthroline and [Cu(dsbtmp)2]
+ (dsbtmp = 2,9-di(sec-butyl)-

3,4,7,8-tetramethyl-1,10-phenanthroline) were investigated in dichloromethane and 

tetrahydrofuran solutions. Visible and near-IR spectroelectrochemical measurements of the 

singly reduced [Cu(dsbp)2]
+ and [Cu(dsbtmp)2]

+ species were determined in tetrahydrofuran, 

allowing for the identification of redox-specific phenanthroline-based radical anion 

spectroscopic signatures prevalent in the respective transient absorption experiments. This study 

utilized four different excitation wavelengths (418 nm, 470 nm, 500 nm, and 530 nm) to 

elucidate dynamics on ultrafast times scales spanning probe wavelengths ranging from the UV to 

the near-IR (350 nm to 1450 nm). With the current time resolution of ~150 fs, initial excited 

state decay in all three compounds was found to be independent of excitation wavelength. Not 

surprisingly, there was little to no observed influence of solvent in the initial stages of excited 

state decay in any of these molecules including [Cu(dmp)2]
+, consistent with results from 

previous investigators. The combined experimental data revealed two ranges of time constants 

observed on short time scales in all three MLCT chromophores and both components lengthen 

as a function of structure in the following manner: [Cu(dsbtmp)2]
+ < [Cu(dsbp)2]

+ < 

[Cu(dmp)2]
+. The molecule with the most inhibited potential for distortion, [Cu(dsbtmp)2]

+, 
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possessed the fastest ultrafast dynamics as well as the longest excited state lifetimes in both 

solvents. These results are consistent with a small degree of excited state distortion, rapid 

intersystem crossing, and weak vibronic coupling to the ground state. The concomitant 

systematic variation in both initial time constants, assigned to pseudo-Jahn-Teller distortion and 

intersystem crossing, suggest that both processes are intimately coupled in all molecules in the 

series. The variability in these time scales illustrate that strongly impeded structural distortion in 

Cu(I) MLCT excited state enables more rapid surface crossings in the initial deactivation 

dynamics.                 

3.2. Introduction. 

Metal-to-ligand charge transfer (MLCT) excited states based on first row transition metals 

represent an intensive area of research and many fundamental questions regarding their ultrafast 

excited state dynamics have emerged.1-8 In terms of visible light absorbing molecular species 

enabling energetic excited state transformations, those based on Cu(I) MLCT excited states 

represent a most promising class of chromophores.9-20 An interesting consequence of the 

bis(diimine) Cu(I) structural motif is that it renders a d10 ground state in a pseudo-tetrahedral 

(D2d) molecular geometry.21 However, under MLCT excitation, the Cu(I) is transiently oxidized 

to Cu(II) d9-enabling pseudo-Jahn-Teller (PJT) structural distortions; this trajectory towards a 

more planar ligand disposition (D2 geometry) ultimately leads to low energy, short-lived excited 

states while opening the coordination sphere to energy-wasting exciplex formation in donor 

solvents.10,11,22 Subsequently, most Cu(I) diimine complexes are substantially quenched in 

coordinating Lewis basic solvents, thereby limiting the potential application of these complexes 

as photosensitizers, particularly in aqueous-based solar fuels photochemistry. Our research 

interest in the latter resulted in the adaptation of McMillin’s cooperatively enhanced steric effect 

strategy23 using a branched sec-butyl chain resulting in the design of the dsbtmp (2,9-di(sec-butyl)-

3,4,7,8-tetramethyl-1,10-phenanthroline) ligand.24 Rather unexpectedly, the photophysical 

properties of [Cu(dsbtmp)2](PF6) far exceeded our expectations with solvent-dependent lifetimes 

and quantum yields ranging from 1.2 to 2.8 µs and 1.9 – 6.3%, respectively, even in coordinating 

solvents and aqueous solutions, while possessing potent excited state potentials. This discovery 



 

 

 

 53 

led to an extremely stable aqueous-based visible light absorbing solar hydrogen producing 

composition with [Cu(dsbtmp)2]
+ playing the role of sensitizer.25  

Numerous groups have also been interested in the ultrafast excited state dynamics exhibited by 

Cu(I) MLCT chromophores achieved under a variety of experimental conditions.7,26-38 The most 

detailed studies have been related to [Cu(dmp)2]
+ (dmp = 2,9-dimethyl-1,10-phenanthroline) 

interrogated using ultrafast pump-probe transient absorption spectroscopy at a variety of time 

resolutions in addition to femtosecond fluorescence upconversion spectroscopy.29-34 In fluid 

solution, [Cu(dmp)2]
+ as well as structurally-related 2,9-substituted homoleptic Cu(I) 

phenanthroline chromophores generally display two time constants once internal conversion 

(IC) to the S1 state has been achieved; one sub-picosecond component and another that varies 

anywhere between 2 and 20 ps. These time constants were originally assigned to intersystem 

crossing (ISC) and to PJT flattening distortions, respectively,31 but more recently these 

assignments have been reversed and the community typically assigns the sub-picosecond 

component to the PJT flattening occurring on the S1 potential energy surface and singlet-triplet 

ISC to the longer time constant.30,34,39 The inspiration for these assignments has largely resulted 

from comparisons between molecules that vary in their ability to structurally inhibit excited state 

distortion but in all cases ranges of time constants for each component are typically observed. 

For example, Tahara and coworkers have recently compared [Cu(phen)2]
+, [Cu(dmp)2]

+, and 

[Cu(dpp)2]
+ illustrating that the shorter time constant assigned to the flattening dynamics scales 

with the bulkiness of the 2,9-substituents, increasing as the substituents are made larger.32,38 

Their study investigated an unsubstituted, an alkyl substituted, and an aryl substituted 1,10-

phenanthroline, with each molecule in a very distinct initial ground state geometry. Therefore, 

systematic conclusions regarding substituent effect-induced differences in the structural 

evolution of these excited states are difficult to interpret, as their respective Franck-Condon 

(FC) states are necessarily distinct. Recent quantum dynamics studies provided a rather 

illustrative picture of the difficulties associated with precise assignments in the excited state 

evolution of Cu(I) MLCT excited states.35,40 In these simulations, the benchmark Cu(I) MLCT 

chromophore [Cu(dmp)2]
+ was shown to experience both PJT distortions and ISC on the sub-

picosecond time scale. In essence, the PJT distortions permit potential energy surface sampling 
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until the point is reached where the singlet and triplet surfaces become nearly isoenergetic and 

crossing can then take place. The dynamics of the ISC process in Cu(I) MLCT chromophores 

also appears to be coupled to relative substituent effects dictating both the initial FC geometry 

and its ability to distort from this departure position. It appears these quantum dynamics 

simulations can be used to rationalize the myriad of experimental data related to ultrafast 

processes and the resulting assignments of PJT distortion and ISC in this general structural class 

of chromophores.                   

Although [Cu(dsbtmp)2]
+ was originally designed for promoting bimolecular chemical reactions 

on diffusional time scales, its apparent resistance to excited state structural distortion provides a 

unique opportunity to investigate excited state dynamics related to IC, PJT flattening distortions, 

ISC, and finally return to the ground state, using ultrafast and conventional transient absorption 

spectroscopy. Similarly, the associated structural analog lacking the adjacent 3,8-methyl 

substituents, [Cu(dsbp)2]
+, represents a meaningful model chromophore possessing similar 

electronic structure and ground state geometry but being able to undergo the flattening 

distortion to a much further degree with respect to [Cu(dsbtmp)2]
+. The benchmark [Cu(dmp)2]

+ 

MLCT compound was evaluated in order to make direct quantitative comparisons to established 

ultrafast literature data using our newly constructed experimental apparatus, particularly valuable 

for direct comparisons to transient data obtained in the near-IR for the first time. In these 

ultrafast experiments, each compound was excited at 418 nm, 470 nm, 500 nm, and 530 nm to 

evaluate whether the excited state dynamics was influenced by the position of the initial excited 

state on a given Sn surface, where n ≥ 1. Measurements were also performed in CH2Cl2 and THF 

to evaluate whether solvent donor ability influences excited state decay on ultrafast time scales in 

these molecules similar to experiments reported by Chen and coworkers.30 Finally, 

spectroelectrochemical experiments were performed in order to help us identify spectroscopic 

signatures of our excited species in our transient absorption measurements. Even though weaker 

transitions generated in the near-IR under spectroelectrochemical conditions are difficult to 

interpret since they do not completely correlate with the anticipated spectra of one-electron 

reduced 1,10-phenanthroline as measured by pulse radiolysis,41 the excited state signatures can 
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still be assigned if the near-IR dynamics echo those found in the visible region suggesting that 

they are coupled to precisely the same decay processes.  

  

3.3. Experimental.  

General. All reagents were purchased from Sigma-Aldrich or Alfa Aesar and used without 

further purification. Spectroscopic samples were prepared using spectrophotometric grade 

CH2Cl2 (DCM) or tetrahydrofuran (THF) and were deoxygenated where appropriate by sparging 

with argon. The Cu(I) chromophores [Cu(dmp)2](PF6), [Cu(dsbp)2](PF6), and [Cu(dsbtmp)2](PF6) 

were prepared as described previously;24 analytical characterization data were consistent with 

their respective structures. Absorption spectra were measured using an Agilent 8453 diode array 

spectrometer or a Shimadzu UV-3600 spectrophotometer.  

Ultrafast Transient Absorption Spectroscopy. Time-resolved transient absorption (TA) 

measurements were performed at the NCSU Imaging and Kinetic Spectroscopy (IMAKS) 

Laboratory in the Department of Chemistry. Sub-picosecond absorption transients were 

detected using a Helios transient absorption spectrometer from Ultrafast Systems. A portion of 

the output from a 1 kHz Ti:Sapphire Coherent Libra regenerative amplifier (4 mJ, 100 fs (fwhm) 

at 800 nm) was split into the pump and probe beams. The probe beam was delayed in a 6 ns 

optical delay stage while the pump beam was directed into an optical parametric amplifier 

(Coherent OPerA Solo) to generate tunable excitation. Transient absorption measurements were 

independently performed in the UV-vis (ca. 330 – 750 nm) and near-IR (ca. 800 – 1450 nm) 
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spectral ranges using distinct white light continuum producing crystals. The pump beam was 

focused into a 800 µm spot on the sample and overlapped with the probe beam (ca. 200 µm). 

The relative polarizations of the pump and probe beams were set at the magic angle of 54.7°.  

Samples under investigation were contained in 2 mm pathlength quartz cuvettes and each 

solution was stirred continuously throughout the course of the experiment. The sample 

solutions were prepared to possess optical densities between 0.6 and 1.0 at the excitation 

wavelength, except in the 530 nm excitation experiments where optical densities between 0.1 

and 0.2 were used to avoid saturating the detector. The ground state absorption spectra were 

taken before and after each experiment using an Agilent 8453 UV-visible spectrophotometer to 

ensure there was no sample decomposition. All solvents were spectrophotometric grade and 

neat solvent was used to record the group velocity dispersion (GVD) curve and to assess the 

overall time resolution of the experiment. Transient kinetics were evaluated using the fitting 

routines available in Origin 9.0. When the entire series of transient absorption data for a given 

Cu(I) chromophore was considered, it became readily apparent that singular valued time 

constants were not obtained in any instance. Instead, ranges of time constants, more appropriate 

to describe the complete dynamical picture in these molecules, were reported. 

Nanosecond Transient Absorption Spectroscopy. Nanosecond transient absorption 

measurements were collected with a LP920 laser flash photolysis system (Edinburgh 

Instruments) described previously.42 Briefly, a tunable Vibrant 355 Nd:YAG/OPO system 

(OPOTEK) was used for pulsed laser excitation. To collect transient difference spectra in the 

visible portion of the spectrum, an iStar ICCD camera (Andor Technology), controlled by the 

LP900 software program (Edinburgh Instruments) was used. Samples were bubble degassed 

with argon for 25 minutes prior to measurement in 1 cm path length quartz optical cells, 

prepared to have optical densities between 0.3 and 0.5 at the excitation wavelength (418 nm, 

~1.3 mJ/pulse – 4.5 mJ/pulse). All photophysical experiments used solutions prepared with 

spectrophotometric grade solvents. Transient absorption decay kinetics were adequately fit using 

single exponential functions and were analyzed using IGOR Pro. All flash photolysis 

experiments were performed at ambient temperature and the reported difference spectra and 
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kinetics are representative of 50 averaged experiments. Ground state UV-vis absorbance 

measurements were taken before and after all experiments to verify sample stability.  

Spectroelectrochemistry. Visible and NIR spectroelectrochemical reduction experiments 

were performed in an inert atmosphere glovebox (MBraun), using a dual path length 

spectroelectrochemical cell (BASi) (1 cm × 1 cm on the top and 1 mm × 1 cm on the bottom). 

The top of the spectroelectrochemical cell housed the Ag/AgNO3 reference electrode and Pt 

wire counter electrode while the bottom held the Pt mesh working electrode. Samples were 

dissolved in spectrophotometric grade THF containing 0.1 M TBAPF6 as the supporting 

electrolyte to give an absorbance of 0.6 – 0.8 for the MLCT absorption band in the visible. 

Difference spectra were collected every 5 – 10 seconds for 10 minutes using a NIRQUEST512 

spectrometer (Ocean Optics) for near-IR measurements and a HR2000+ spectrometer (Ocean 

Optics) for UV-visible experiments equipped with both deuterium and halogen light sources 

(DT-MINI-2-GS, Ocean Optics). An artifact was present in the NIR difference spectra resulting 

from strong absorption of the optical fibers near 1380 nm.  Spectroelectrochemical oxidation 

experiments were performed on the bench top in the ambient using an Agilent 8453 UV-visible 

spectrophotometer with all other experimental conditions remaining the same as mentioned 

above. Unless otherwise specified, an overpotential of ~100 mV was used for both oxidation 

and reduction, applied using an Epsilon potentiostat (BASi). 

3.4. Results and Discussion.  

3.4.1. Ground State Absorption Properties. The ground state absorption spectra of 

[Cu(dmp)2](PF6) , [Cu(dsbp)2](PF6) , and [Cu(dsbtmp)2](PF6)  measured in DCM are presented in 

Figure 3.1. The electronic spectra acquired in THF are not provided here as there were no 

significant quantitative differences observed between these solvents. This series of 

chromophores have similar absorption features, with an intense peak near 280 nm assigned 

previously to the π – π* transitions of the associated phenanthroline ligand.9 The absorption 

band over the 350 – 600 nm range is characteristic of MLCT absorptions, with maxima at 457 

nm, 456 nm, and 447 nm for [Cu(dmp)2](PF6), [Cu(dsbp)2](PF6), and [Cu(dsbtmp)2](PF6), 
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respectively. The MLCT absorption region comprises an intense band centered at ~450 nm (S0 

→ Sn) and a weaker shoulder at ~540 nm (S0 → S1). Please note that we refer to the higher lying 

singlet state as Sn due to variations in the assignment of the band as originating from either S2 or 

S3. The intensity ratio between the S0 → Sn transition(s) and the red S0 → S1 shoulder fading 

away above 580 – 600 nm indicates the contribution from low energy ground state transition 

that becomes more allowed upon distortion to the D2 geometry.21 The MLCT absorption 

profiles follow established trends and the most exaggerated case is [Cu(dsbtmp)2](PF6), where 

the combination of increased alkylation and cooperative steric hindrance induces a blue shift in 

the absorption band while attenuating the intensity on the red edge of the spectrum.24 In this 

particular instance the cooperative substituent effect can be best characterized by the 3,8-methyl 

substituents forcing the adjacent sec-butyl groups to project towards the opposing 

phenanthroline ligand. A space filling model of [Cu(dsbtmp)2]
+ is provided in the Supporting 

Information (Figure S3.1) to aid in visualizing the steric congestion produced by the 

cooperative steric effect. As these sec-butyl substituents flank each phenanthroline ligand both 

above and below its coordination plane, the tetrahedral geometry of [Cu(dsbtmp)2](PF6) 

becomes reinforced by this cooperative steric effect and is therefore markedly inhibited towards 

the “flattening” structural distortion in the MLCT excited state.       
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Figure 3.1. Ground state absorption spectra of [Cu(dmp)2](PF6), [Cu(dsbp)2](PF6), and 
[Cu(dsbtmp)2](PF6)  in DCM. Inset shows an expanded view of the MLCT band. Arrows indicate pump 
wavelengths utilized in the ultrafast TA experiments.  

3.4.2. Spectroelectrochemistry of [Cu(dsbtmp)2]
+ and [Cu(dsbp)2]

+. Visible and near-IR 

spectroelectrochemical measurements of [Cu(dsbtmp)2]
+ and [Cu(dsbp)2]

+  were performed in an 

attempt to assign the spectral features observed in the various TA experiments described below. 

We did not perform the complementary experiments on [Cu(dmp)2]
+ due to the instability of 

this molecule under controlled potential electrolysis (CPE) conditions. The redox potentials of 

[Cu(dsbtmp)2]
+ and [Cu(dsbp)2]

+  have been previously reported and both one-electron couples 

were completely reversible in cyclic voltammetry experiments.24 The spectroelectrochemically 

generated difference spectra of [Cu(dsbtmp)2]
+ and [Cu(dsbp)2]

+ are presented in Figure 3.2. 

The one-electron reduction of [Cu(dsbp)2]
+ in THF generated through CPE at −2300 mV vs 

Ag/AgNO3 is presented in Figure 3.2a. The spectra are qualitatively similar in shape to that of 

the 1,10-phenanthroline radical anion reported by Shida and Kato as measured using pulse 

radiolysis,41 which is provided in the Supporting Information (Figure S3.2). It contains an 

intense triple-top band extending through the majority of the visible region, from 475 nm to 702 

nm, with maxima at approximately 545, 584 and 633 nm and a possible shoulder centered at 

~500 nm. There are three less intense peaks on the red side of that band with maxima near 732, 
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822 and 928 nm. In the long near-IR region (1100 – 1450 nm) there is a broad and weakly 

absorbing band with increasing intensity towards longer wavelengths, echoing that of the 1,10-

phenanthroline radical anion.   

The one-electron reduction of [Cu(dsbtmp)2]
+ in THF generated through CPE at −2500 mV vs 

Ag/AgNO3 is shown in Figure 3.2b. The electrochemically generated species exhibited the 

same spectral shape as one-electron reduced [Cu(dsbp)2]
+ in the visible and short near-IR region 

(ca. 700 – 1100 nm), with an intense triple-top band with maxima at approximately 541, 577, and 

623 nm and three peaks of lower intensity near 767, 864, and 989 nm. The long near-IR region, 

however, contained a distinct peak at ~1270 nm that was not seen in either the one-electron 

reduced [Cu(dsbp)2]
+ species or our TA data presented below. We also attempted the one-

electron oxidation of [Cu(dsbtmp)2]
+ in THF generated through CPE at +800 mV vs 

Ag/AgNO3. The oxidized species, presented in the Supporting Information (Figure S3.3), 

showed no significant absorption characteristics in the near-IR regions. 

To verify the stability of [Cu(dsbtmp)2]
+, after the initial reduction of the complex we applied a 

0 V potential to regenerate the initial species and noted that the complete absorption difference 

signal returned to baseline in its entirety. We then applied a −2.5 V potential to the same 

solution to confirm that the original one-electron reduced species (and original difference 

spectrum) could be regenerated. The spectrum evolved back to its original intensity strongly 

suggesting that the one-electron reduced species was in fact stable during the CPE experiment 

timescale. After once again regenerating the starting species through CPE at 0 V, we attempted 

to oxidize the complex at +600 mV vs Ag/AgNO3. As before, we saw no significant absorptions 

characteristic for the oxidized species. We decided to attempt a subsequent reduction on the 

same sample, which yielded a qualitatively similar difference spectrum as before, however during 

CPE at 0 V we noticed that the signal did not reproduce the baseline completely as it did 

previously. There was a small amount of remaining absorbance in the near-IR region leading us 

to the conclusion that the one-electron oxidized species is likely unstable to CPE experiments. 

Therefore, no additional conclusions could be gleaned from these experiments.    
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Figure 3.2. Spectroelectrochemical data from (a) the reduction of [Cu(dsbp)2]+ at −2300 mV vs  
Ag/AgNO3 and (b) the reduction of [Cu(dsbtmp)2]+ at −2500 mV vs Ag/AgNO3. Both spectra were 
taken in THF solution in an inert atmosphere glovebox (N2). The break in the data at ~950 nm is due to 
switching between the visible and near-IR detectors. Data from the independent detectors has been 
stitched together and normalized to facilitate comparisons. The data in the visible region of panel (a) was 
smoothed. 

3.4.3. Ultrafast Transient Absorption Spectroscopy. Ultrafast transient absorption (TA) 

studies of [Cu(dmp)2]
+, [Cu(dsbp)2]

+, and [Cu(dsbtmp)2]
+ in DCM and THF were performed 

with 418, 470, 500, and 530 nm excitation and probe wavelengths ranged from the UV to the 

near-IR. Data resulting from 418 nm excitation is presented throughout the text of this current 

presentation. In all instances the transient absorption features are assigned to transitions 

localized on the associated phenanthroline radical anion species produced in the MLCT excited 

state, as ascertained from the spectroelectrochemical data described above. The 418 nm pump 

wavelength was selected as this has been used previously in the evaluation of the ultrafast 

dynamics of [Cu(dmp)2]
+ and was illustrative in benchmarking the spectroscopic behavior of this 

well established Cu(I) MLCT excited state in the UV, Vis, and near-IR, while permitting direct 

quantitative comparisons to the newly investigated [Cu(dsbp)2]
+ and [Cu(dsbtmp)2]

+ 

chromophores. Data resulting from 470, 500 and 530 nm excitation is presented in the 

Supporting Information as it yielded qualitatively similar difference spectra and kinetics in all 

instances. These pump wavelengths were chosen to initiate excited state decay from the various 

relevant singlet surfaces. DCM and THF solvents were selected as they have fairly similar 
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dielectric constants (ε = 8.93 and 7.58 for DCM and THF, respectively) and viscosities (η = 

0.449 × 10−3 and 0.575 × 10−3 Pa⋅s for DCM and THF, respectively), but drastically different 

Gutmann donor numbers (DNs), a measure of the solvent Lewis basicity.43 Transient 

coordination of heterocyclic solvent molecules to the Cu metal center has been reported to 

stabilize the excited state, reducing the energy gap thereby increasing the rates of nonradiative 

decay. Thus, the Lewis basic quenching in donor solvents such as THF has been attributed to 

this transient solvent coordination for decades.10,30 

[Cu(dmp)2]
+. The TA difference spectrum of [Cu(dmp)2]

+ in both DCM and THF following 

100 fs, 418 nm excitation, consists of an excited state absorption band between 490 to 640 nm 

and a ground state bleach centered at approximately 458 nm, Figure 3.3. Scatter from the pump 

beam is present in each of the reported difference spectra. The main excited state absorption 

band of [Cu(dmp)2]
+ grows in as a broad and featureless band in the visible, reaching its 

maximum at approximately 2.8 ps after the laser pulse (Figure 3.3a). This feature narrows on its 

red edge, eventually forming a double-headed feature with a peak at 564 nm and a shoulder at 

526 nm (Figure 3.3b). From this point forward, the entire transient signal decays symmetrically. 

The positive absorption feature near 350 nm along with the strong band near 550 nm is 

characteristic of the phenanthroline radical anion, Figure 3.3c. The progression of the lower 

energy band is presented in Figure 3.3c for [Cu(dmp)2]
+ in DCM while Figure 3.4a shows the 

TA difference spectrum of [Cu(dmp)2]
+ in THF. The kinetics at different probe wavelengths was 

analyzed using multi-exponential fits. In the case of [Cu(dmp)2]
+, nonlinear least squares analysis 

revealed two time components, one sub-picosecond in nature and one between 10 – 20 ps. 

Following previous assignments provided in the literature, the sub-picosecond time constant is 

believed to be associated with the PJT distortion of the initially prepared excited state, IC from 

Sn to S1, and competing singlet-triplet intersystem crossing (ISC) from the initially prepared 

excited state, while the longer component is attributed to singlet-triplet ISC from S1.
30,32,34,35,39 

Representative kinetic traces of these visible transients along with their respective fits are 

presented in Figure 3.3e as measured in DCM. Corresponding data measured in THF is 

presented in the Supporting Information (Figure S3.4a). To the best of our knowledge, ultrafast 

TA experiments with probe wavelengths in the near-IR have not previously been reported for 
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any Cu(I) MLCT excited state. Following the 418 nm ultrafast laser pulse, the excited state 

difference spectrum of [Cu(dmp)2]
+ forms a broad near-IR absorption which increases with 

increasing wavelength and gradually develops two peaks centered around 1200 and 1450 nm 

with a high energy shoulder near 1000 nm. Figure 3.3d presents the TA difference spectra in 

DCM while Figure 3.4b was recorded in THF for the same molecule. Just as in the UV-vis 

region, early spectral evolution appears identical, with no apparent solvent effects. The kinetics 

at various probe wavelengths were analyzed as described above and revealed the same two time 

constants, one on the order of <1 ps, and one between 9 – 20 ps. Representative kinetics and 

their associated fits are shown in Figure 3.3f and Figure S3.4b as measured in DCM and THF, 

respectively. Echoing the UV-vis assignments above, the sub-picosecond time constant is likely 

resulting from several events taking place on similar timescales (including the PJT distortion, 

competing ISC, and IC) and the 9 – 20 ps time component to singlet-triplet ISC, not surprising 

given the fact that these transients likely emanate from the phenanthroline radical anion present 

in the MLCT excited state.  
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Figure 3.3. Picosecond TA difference spectra of [Cu(dmp)2](PF6) in DCM following 418 nm pulsed laser 
excitation (100 fs fwhm) with experimental delay times indicated in the legend. Panel (a) shows the 
excited state absorption spectra in the 490 – 650 nm region growing in as a broad and featureless band 
centered at 570 nm, reaching its maximum in approximately 3 ps. Panel (b) shows the same band 
narrowing from the red side and forming a double headed band by 50 ps.  Panel (c) shows the entire 
UV-vis spectral region and is presenting the same data as (a) and (b), while panel (d) shows the near-IR 
spectral region. Panels (e) and (f) present selected transient absorption kinetic traces of [Cu(dmp)2](PF6) 
in DCM within 80 ps following 418 nm pulsed excitation at various probe wavelengths indicated in the 
legend. Time components of representative transients are provided. Panel (e) shows the UV-vis probe 
wavelengths while panel (f) shows the near-IR probe wavelengths.   
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Figure 3.4. Picosecond TA difference spectra of [Cu(dmp)2](PF6) in THF following 418 nm pulsed laser 
excitation (100 fs fwhm) with experimental delay times indicated in the legend. (a) UV-vis and (b) near-
IR spectral region are shown. 

[Cu(dsbp)2]
+. The TA difference spectrum of [Cu(dsbp)2]

+ following 100 fs, 418 nm pulsed 

laser excitation also echoes that of [Cu(dmp)2]
+ in both solvents. The difference spectrum is 

comprised of an excited state absorption band between 480 to 640 nm and a ground state bleach 

near 453 nm. The negative signal at 418 nm present at pre-pulse delay times is due to light 

scattering from the pump beam. The initially observed visible transient is both broad and 

featureless, reaching its maximum at approximately 2 ps after the laser pulse. This band then 

narrows on its red edge and forms a double-headed feature with peaks at approximately 564 and 

525 nm. The only noticeable difference between the transient signature of [Cu(dsbp)2]
+ and that 

of [Cu(dmp)2]
+ is a slight broadening observed on the blue edge of the transient absorption band 

that forms a shoulder near 490 nm. Once this double-headed feature is completely formed, this 

transient maintains the same spectral shape and the signal eventually decays symmetrically with 

time. The evolution of the transient is presented in Figure 3.5a for [Cu(dsbp)2]
+ in DCM while 

Figure 3.6a shows the spectrum recorded in THF. The UV and visible regions of our TA 

difference spectra are qualitatively similar in spectral shape to that of the phenanthroline radical 

anion reported by Shida and Kato, Figure S3.2.41 Upon comparison of the 

spectroelectrochemical difference spectra of one-electron reduced [Cu(dsbp)2]
+ to that of the 
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phenanthroline radical anion, we found that despite a shift in the position of the peaks, not 

surprising given the presence of the Cu center and increased electron density from 2,9-alkylation, 

the two spectra are well aligned, barring the supplementary peak at ~650 nm observed in the 

spectroelectrochemical data (Figure 3.2a). Therefore, these transient spectral features appear to 

be consistent with transitions associated with the one-electron reduced [Cu(dsbp)2]
+. Analysis of 

the transient absorption kinetics at different probe wavelengths revealed two time components, 

one sub-picosecond and one between 5 – 14 ps. Representative kinetic traces and their 

corresponding fits are provided in Figure 3.5c and Figure S3.8a for measurements made in 

DCM and THF, respectively.  

In the near-IR spectral region, the prompt transient absorbance feature is similar to that 

observed in [Cu(dmp)2]
+, characterized as a broad spectrum with continuously increasing 

absorption intensity with increasing wavelength from 900 nm to 1450 nm. This absorption 

transient transforms into a relatively broad double-top spectrum with an intense maximum near 

1450 nm, a less intense peak centered at 1200 nm, and a shoulder near 1000 nm. The TA 

difference spectrum recorded in DCM is shown in Figure 3.5b while Figure 3.6b presents the 

difference spectrum recorded in THF. Again, the spectra measured in each solvent are nearly 

identical, with the only difference between the two solvents showing up at longer delay times. 

Comparison of our near-IR TA difference spectra to the 1,10-phenanthroline radical anion 

reported by Shida and Kato reveals qualitatively identical spectral shape between the two.41 The 

spectroelectrochemical difference spectra of one-electron reduced [Cu(dsbp)2]
+ also echoes that 

of the 1,10-phenanthroline radical anion, despite a shift in the position of the peaks and a 

supplementary peak appearing at ~920 nm in the spectroelectrochemical data (Figure 3.2a). We 

note that the peak at ~822 nm in the spectroelectrochemical difference spectra of the reduced 

species overlaps with a peak in the ultrafast TA difference spectra (Figures S3.10b and S3.11b). 

Kinetic transients were plotted at a variety of wavelengths utilizing characteristic peaks and 

valleys from the associated difference spectra and analyzed as described above. Fitting to sums 

of exponential functions revealed two time components, τ < 1 ps and τ = 5 – 14 ps. We note 

again that these two time components were present irrespective of using DCM or THF as the 

solvent. We observed a subtle increase in the longer time component with increasing probe 
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wavelength. Representative kinetic traces and their respective time constants obtained from 

fitting are provided Figure 3.5d and Figure S3.8b for measurements made in DCM and THF, 

respectively. 

 

 

Figure 3.5. TA difference spectra of [Cu(dsbp)2](PF6) in DCM following 418 nm pulsed laser excitation 
(100 fs fwhm) with experimental delay times indicated in the legend. Panels (a) and (b) show the UV-vis 
and near-IR spectral regions, respectively. Panels (c) and (d) present selected transient absorption kinetic 
traces of [Cu(dsbp)2](PF6) in dichloromethane within 80 ps following 418 nm pulsed excitation at various 
probe wavelengths indicated in the legend. Panel (c) presents the UV-vis probe wavelengths while panel 
(d) shows the near-IR probe wavelengths. Time components of representative transients obtained from 
fitting are displayed in the figure.  
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Figure 3.6. TA difference spectra of [Cu(dsbp)2](PF6) in THF following 418 nm pulsed laser excitation 
(100 fs fwhm) with experimental delay times indicated in the legend. Panels (a) and (b) show the UV-vis 
and near-IR spectral regions, respectively.  

[Cu(dsbtmp)2]
+. As with [Cu(dmp)2]

+ and [Cu(dsbp)2]
+, upon 100 fs, 418 nm pulsed laser 

excitation, the transient absorption difference spectrum for [Cu(dsbtmp)2]
+ possesses a broad 

excited state transient observed promptly in the 480 to 640 nm spectral region. Within 2 ps, this 

spectrum evolves to form the same distinct TA difference spectrum observed in the other two 

Cu(I) chromophores. The transient comprises a broad and featureless excited state absorption 

between 480 and 640 nm with another positive feature around 350 nm overlapped with negative 

transients resulting from the ground state bleaching (ca. 447 nm) and excitation scattering at 418 

nm. After these initial transients have formed, the broad and featureless excited state absorption 

band narrows from the red edge and forms a double-headed feature with maxima at 573 nm and 

532 nm with a shoulder near 485 nm. The ultrafast transient features in the UV and visible 

regions exhibited striking similarities with that observed in the one-electron reduced 

[Cu(dsbtmp)2]
+ species, Figure 3.2b. Therefore, the transient signals observed in this portion of 

the spectrum are assigned to transitions associated with the one-electron reduced [Cu(dsbtmp)2]
+ 

species. As seen in the other two complexes, the difference spectrum contains several isosbestic 

points indicating clean one-to-one transitions between the ground and excited states. The 

spectral shape remains the same for the duration of the 6 ns acquisition time window, with the 
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signal intensity decaying gradually over this timeframe. The evolution of the absorption 

transients in [Cu(dsbtmp)2]
+ is shown in Figure 3.7a for DCM and Figure 3.8a for THF. In 

[Cu(dsbtmp)2]
+, a sum of two exponential functions suitably modeled the absorption transients. 

The fast kinetic feature was almost indistinguishable from the IRF (0.15 ps) and the longer 

component shortened to 2 – 6 ps with respect to the other Cu(I) MLCT chromophores. The 

shorter ISC time constant, as compared to the rest of the chromophores in the series will be 

discussed below.  

Consistent with the other molecules investigated, nearly identical difference spectra were 

recorded for [Cu(dsbtmp)2]
+ in both DCM and THF, Figures 3.7b and 3.8b, respectively. The 

broad absorption transient observed in the near-IR spectral region exhibits increasing intensity 

with increasing wavelength, with a depression near 1010 nm. However, the evolution of this 

broad spectral feature in [Cu(dsbtmp)2]
+ was clearly distinguishable from the other 2 complexes. 

The initially formed broad transient transforms very quickly into a spectrum with an intense 

maximum at 1450 nm, a minimum near 1010 nm, and increasing intensity at shorter 

wavelengths, quite distinct with respect to the near-IR TA difference spectra of [Cu(dmp)2]
+ and 

[Cu(dsbp)2]
+. However, we see very few similarities between the spectroelectrochemical data and 

the TA difference spectra for this chromophore in the near-IR spectral region. The 

spectroelectrochemical data obtained from the one-electron reduction of [Cu(dsbtmp)2]
+ is 

qualitatively identical to that of the 1,10-phenanthroline radical anion in the short near-IR region 

(ca. 700 – 1100 nm), however in the long near-IR region (ca. 1100 – 1450 nm) there is an 

additional peak at ~1270 nm in our spectroelectrochemical data that is not observed in the 

optical spectrum of the phenanthroline radical anion nor in the TA difference spectra. The 

reason for the absence of the peak at ~1270 nm in the spectroelectrochemical data from our 

ultrafast data remains ambiguous at present. However, the peak found near 864 nm in the 

spectroelectrochemical difference spectra of the reduced species overlaps with a peak in the 

ultrafast TA difference spectra (Figures S3.14b and S3.15b). Kinetic analysis of the ultrafast TA 

data revealed the same two time components found in the analysis of the UV-vis kinetic traces, 

with the short component indistinguishable from the IRF and the longer component falling in 

the range of 2 – 6 ps. Representative kinetic traces of [Cu(dsbtmp)2]
+ at various probe 
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wavelengths in DCM are presented in Figure 3.7c and 3.7d for the UV-vis and near-IR spectral 

regions, respectively. The corresponding data measured in THF is provided as Supporting 

Information (Figure S3.12). 

 

Figure 3.7. TA difference spectra of [Cu(dsbtmp)2](PF6) in DCM following 418 nm pulsed laser 
excitation (100 fs fwhm) with experimental delay times indicated in the legend. The spectrum at 100 ns 
delay (dashed line) was obtained from the nanosecond experiment. Panels (a) and (b) show the UV-vis 
and near-IR spectral regions, respectively. Panels (c) and (d) present selected transient absorption kinetic 
traces of [Cu(dsbtmp)2](PF6) in dichloromethane within 80 ps following 418 nm pulsed excitation at 
various probe wavelengths indicated in the legend. Panel (c) presents the UV-vis probe wavelengths 
while panel (d) shows the near-IR probe wavelengths. Time components of representative transients 
obtained from fitting are displayed in the figure. 
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Figure 3.8. TA difference spectra of [Cu(dsbtmp)2](PF6) in THF following 418 nm pulsed laser 
excitation (100 fs fwhm) with experimental delay times indicated in the legend. Panels (a) and (b) show 
the UV-vis and near-IR spectral regions, respectively.  

3.4.4. Assignment of Kinetic Components: PJT vs .  ISC. The assignments of the identified 

time constants echo those previously detailed by many contributors to the field. Historically, two 

values have been observed in the initial ultrafast dynamics of Cu(I) MLCT excited states; one 

sub-picosecond and one on the order of 10 – 15 ps. Given the similarities in structure and 

electronic spectra of the Cu(I) chromophores and [Ru(bpy)3]
2+, the sub-picosecond component 

was originally assigned to ISC.31 This assignment was rationalized from the benchmark MLCT 

photophysical properties of [Ru(bpy)3]
2+,44 specifically its measured ~40 fs time constant for ISC 

in solution.45 The 10 – 15 ps time constant in Cu(I) charge transfer chromophores was assigned 

to structural rearrangement on the basis of similar processes occurring on the same time scale in 

twisted intramolecular charge transfer molecules,46 also supported by time-dependent density 

functional theory (TD-DFT) calculations.31 This original assignment was revisited as a result of 

more recent TD-DFT calculations and time-correlated single photon counting fluorescence 

experiments performed by Nozaki and coworkers.39 These results combined with improved time 

resolution using femtosecond fluorescence upconversion data resulted in a reversal of these 

previous assignments,30 namely fluorescence upconversion results for [Cu(dmp)2]
+ in acetonitrile 

revealed a prompt fluorescence lifetime of approximately 80 fs.30,34 A strong wavelength 
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dependence of this singlet emission was noted, with longer fluorescence intensity decay time 

constants observed at longer wavelengths. This wavelength dependence of the lifetimes 

suggested that the excited state surface was likely changing due to structural distortions, 

signifying that the associated structural rearrangement must be occurring on the same timescale 

as the prompt fluorescence. This led to the conclusion that ISC must be occurring on longer 

time scales, beyond that necessary for the initial PJT distortion of the initially prepared excited 

state driven by the transiently generated d9 Cu(II) center.   

In the present work, we follow the same premise assigning the shorter (sub-picosecond) 

component in observed kinetics to structural rearrangements originating from the PJT effect and 

the longer one (2 – 20 ps) to ISC. We note however that 418 nm excitation promotes the 

molecule into a higher lying singlet state. This implies that an initial IC must be taking place 

prior to the expected dynamics. In order to assess the contribution of the IC into the transient 

dynamics of our complexes, we used four distinct pump wavelengths (418, 470, 500, and 530 

nm) for excitation. The use of lower energy excitation wavelengths intended to excite directly 

into S1, thereby limiting the initial excited state evolution to trajectories resident solely on the S1 

surface. We expected that this could separate the competing kinetic processes occurring on 

ultrafast time scales. However, even with lowest energy 530 nm excitation, the short kinetic 

component (0.1 – 0.3 ps in [Cu(dsbtmp)2]
+) remained longer than the  IRF. This can be 

explained by the possibility that even at 530 nm excitation, the tail end of the Sn band(s) was also 

likely pumped. We also observed that the two initial time components extracted from fitting 

remained unchanged between all four excitations. The recovered ranges of time constants from 

our total compiled data as measured in DCM is presented pictorially in Figure 3.9 (raw data is 

available in the Supporting Information). The uniformity in the time constants obtained from 

fitting the transient absorption data resulting from the different excitation wavelengths appears 

consistent with the shorter time component being linked to multiple events taking place on 

similar timescales.  
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Figure 3.9. Time constant ranges obtained from each of the Cu(I) chromophores in DCM (red = 
[Cu(dmp)2]+, green = [Cu(dspb)2]+, blue = [Cu(dsbtmp)2]+) resulting from being pumped at four different 
excitation wavelengths and detecting the resulting TA kinetics between 350 – 1450 nm.  

3.4.5. Shortening of the ISC Time Constant. The experimental data showed two ranges of 

time constants in all three MLCT chromophores. The time components lengthen as a function 

of structure; [Cu(dsbtmp)2]
+, the molecule most resistant to flattening distortions, had the fastest 

initial dynamics, while [Cu(dmp)2]
+, the complex most susceptible to distorting, the slowest, with 

[Cu(dsbp)2]
+ lying in between. The associated systematic change in both time constants related 

to the PJT distortion and ISC implies that both processes are tied together. A distinct shortening 

of the longer time component with increasing steric hindrance has been previously elaborated by 

Nozaki et al.39 and Chen et al.30 and can be summarized in the energy level diagram presented in 

Figure 3.10. Briefly, TD-DFT calculations suggest that the FC MLCT state is a higher lying 

singlet state (Sn) that undergoes, presumably ultrafast, internal conversion to S1. The spin-orbit 

coupling (SOC) between the Sn 
1MLCT state and the lowest lying triplet state (T1) was calculated 

to be on the order of ~300 cm−1 in [Cu(dmp)2]
+.39 Thus, ISC from the Sn 

1MLCT state to T1 

would presumably compete with its IC to S1. 

In the case of the molecule most susceptible to distortion (i.e. [Cu(dmp)2]
+), after the ultrafast 

IC to S1 is complete, the opening of the dihedral angle results in the surface of the first excited 

singlet state to be such that the energetically favorable ISC pathway occurs to the lowest lying 

triplet state, T1. The SOC between these two states has been calculated to be arising from ligand 

centered orbitals and is thus relatively weak, ~25 cm−1.39 While the SOC between S1 and T2 is 

calculated to be much larger, on the order of 300 cm−1, the ISC to the T2 state is only relevant 
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for undistorted complexes where the S1 and T2 are close in energy. Upon PJT distortion toward 

D2 symmetry, this ISC pathway likely shuts down due to a growing energy barrier between S1 

and T2. Consequently, ISC is anticipated to be somewhat sluggish in these significantly distorted 

structures. 

 In the instance of more sterically bulky substituents that hinder the MLCT-promoted 

distortion (i.e. [Cu(dsbtmp)2]
+), the dihedral angle is likely confined to the region of undistorted 

geometry. In this case the T2 and T1 states are nearly isoenergetic, making the dominant ISC 

pathway most likely from S1 to T2 due to the larger anticipated SOC. Accordingly, a larger rate 

and shortening of the ISC time scale is expected in sterically congested complexes.  

 

 
Figure 3.10. Representative energy level diagram of ground and excited state surfaces as a function of 
molecular geometry. The calculated structure for the ground state of [Cu(dsbtmp)2]+ (left structure) 
illustrates the inherent pseudo-tetrahedral geometry while the calculated structure for the lowest energy 
triplet state of [Cu(dmp)2]+ (right structure) represents the more flattened geometry anticipated in the 
MLCT excited state. 
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Table 3.1. Excited State Lifetimes Determined from Nanosecond TA Experiments at RT. 

 

a The lifetime of [Cu(dmp)2]
+ in THF represents an upper limit based on the instrument response 

function.  

3.4.6. Nanosecond Transient Absorption Spectroscopy.  Nanosecond TA studies of 

[Cu(dmp)2]
+, [Cu(dsbp)2]

+, and [Cu(dsbtmp)2]
+  in deaerated solutions of DCM and THF were 

also performed. Figure 3.11a presents the TA difference spectrum of [Cu(dmp)2]
+ in deaerated 

DCM at selected delay times following 418 nm excitation. The difference spectrum on this time 

scale consists of a dual-peak absorption band in the 490–640 nm spectral region, previously 

assigned to the phenanthroline radical anion, with maxima at approximately 526 and 564 nm. 

Similar to ultrafast TA studies, we observe the ground state bleach of the MLCT band near 450 

nm and another absorption peak near 350 nm also assigned to the phenanthroline radical anion. 

When superimposed on the ultrafast TA difference spectra collected at longer delay times, the 

two spectra are indistinguishable, as demonstrated with [Cu(dsbtmp)2]
+ in Figure 3.7a. As 

evident from the difference spectrum of [Cu(dmp)2]
+ in deaerated THF (Figure 3.11b), even 

though the excited state has been significantly quenched by this coordinating solvent, the 

difference spectrum still retains the same shape and spectral features as it did in deaerated DCM. 

Since there are no obvious distinguishing features of a THF-complexed product that can be 

evidenced in the transient absorption data, this species either bears no significant oscillator 

strength or is too short lived to be properly resolved. The analogous nanosecond TA experiment 

in the near-IR spectral region was performed for [Cu(dsbtmp)2]
+ in THF and is presented in the 

Supporting Information (Figure S3.18). The resulting difference spectra also paralleled the 

spectra obtained from picosecond time scale TA experiments as in the UV and visible regions. 

The TA difference spectrum of [Cu(dsbp)2]
+ recorded in deaerated DCM is presented in Figure 

3.11c while Figure 3.11d shows the spectrum acquired in deaerated THF. The difference 

Complex CH2Cl2 (τ, ns) THF (τ, ns) 

[Cu(dmp)2]+ 90 ns < 10 ns a 

[Cu(dsbp)2]+ 380 ns 213 ns 

[Cu(dsbtmp)2]+ 2.8 µs 2.1 µs 



 

 

 

 76 

spectrum of [Cu(dsbtmp)2]
+ in deaerated DCM has been previously reported and Figure 3.11e 

presents this data recorded in deaerated THF. As with [Cu(dmp)2]
+, the spectra appear similar at 

all measured delay times with the only noticeable difference between the two solvents being the 

excited state lifetime. Furthermore, all major features observed in the difference spectra on this 

long time scale match their corresponding ultrafast TA difference spectra from the nanosecond 

time delays remarkably well.  

Kinetic traces were fit at 560 nm, where there is ample excited state absorption, and were 

modeled using single exponential functions. The lifetimes determined from this transient 

absorption data in each solvent are summarized in Table 3.1. As anticipated from the quenching 

evident in the spectral profile intensities, a significant decrease in the excited state lifetime of the 

chromophores when switching the solvent from DCM to THF was observed. The quenching in 

donating solvents (i.e. THF) has been attributed to solvent molecules coordinating to the metal 

center, thereby stabilizing the excited state, reducing the energy gap, and increasing the rate of 

nonradiative decay. As stated previously, the two solvents were selected for their comparable 

dielectric constants and viscosities but drastically different Gutmann DNs, with DCM having a 

DN of 1 while THF having a DN of 20. The results of our experiments seemingly support 

previous assertions of solvent coordination being a factor in the quenching of the excited states 

of Cu(I) diimine complexes. This was also apparent in our ultrafast studies, as we were able to 

see a significant decay of the signal at longer time delays (out to 6 ns) when THF was used as the 

solvent (compared to DCM). However, we were unable to detect a clear-cut solvent-coordinated 

species during excited state decay in this investigation in all instances. It is important to note that 

the quenching in donating solvents is somewhat attenuated in the sec-butyl substituted complex 

[Cu(dsbp)2]
+ (τ = 380 and 213 ns in DCM and THF, respectively) and more drastically 

diminished by the introduction of methyl substituents in the 3,8 positions in the 2,9-sec-butyl 

substituted complex [Cu(dsbtmp)2]
+ (τ = 2.8 and 2.1 µs in DCM and THF, respectively). These 

results are consistent with the notion that the addition of bulky substituents in the 2,9-positions, 

Jahn-Teller distortions that open the dihedral angle to allow exciplex formation are hindered, 

thereby extending the excited state lifetime in strongly coordinating Lewis basic solvents. This 

effect is further enhanced with methylation of the 3,8-positions resulting in the drastic 
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attenuation of quenching in donating solvents that is observed in the case of [Cu(dsbtmp)2]
+. As 

stated earlier this is attributed to the cooperative steric effect that forces the adjacent sec-butyl 

groups to project towards the opposing phenanthroline ligand, resulting in a Td geometry that 

remains relatively fixed after visible light excitation.   

 

Figure 3.11. Nanosecond TA difference spectra of [Cu(dmp)2](PF6) in deaerated solutions of (a) DCM 
and (b) THF and [Cu(dsbp)2](PF6) in deaerated solutions of (c) DCM and (d) THF following 418 nm 
pulsed laser excitation with experimental delay times indicated in the legend. Panel (e) shows the TA 
difference spectra of [Cu(dsbtmp)2](PF6) in a deaerated solution of THF. Solutions were deaerated by 
bubble degassing with argon for 25 minutes prior to experiments.  
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3.5. Conclusions. 

Sub-picosecond through supra-nanosecond transient absorption dynamics of the homoleptic 

Cu(I) MLCT photosensitizers [Cu(dmp)2]
+, [Cu(dsbp)2]

+, and [Cu(dsbtmp)2]
+ have been reported 

in dichloromethane and tetrahydrofuran solutions. The spectroelectrochemically generated 

difference spectra of the singly reduced [Cu(dsbp)2]
+ and [Cu(dsbtmp)2]

+ species in the visible 

and near-IR correlated well with the transient absorption spectra. Dynamics were elucidated on 

ultrafast times scales using four different pump wavelengths while probe wavelengths ranged 

from the UV to the near-IR (350 nm to 1450 nm). With time resolution of ~150 fs, the initial 

excited state decay in all three compounds was found to be independent of excitation 

wavelength and there was no observable influence of solvent in the initial stages of excited state 

decay in any of these molecules. In our collective data we found two ranges of time constants 

observed on short time scales in all three MLCT chromophores and assigned them to pseudo-

Jahn-Teller distortion and intersystem crossing. Both components were found to lengthen from 

[Cu(dsbtmp)2]
+ to [Cu(dsbp)2]

+ to [Cu(dmp)2]
+. The molecule with the most inhibited potential 

for distortion, [Cu(dsbtmp)2]
+, possessed the fastest dynamics on the picosecond time scale as 

well as the longest 3MLCT excited state lifetimes in both solvents. These results are consistent 

with a small degree of excited state distortion, rapid intersystem crossing, and weak vibronic 

coupling to the ground state in the case of the [Cu(dsbtmp)2]
+ sensitizer. The correlated change 

in both initial time constants, suggests that the pseudo-Jahn-Teller distortion and intersystem 

crossing are coupled in all molecules in the series. The variability in these time scales illustrate 

that strongly impeded structural distortion in Cu(I) MLCT excited state enables more rapid 

surface crossings in the initial deactivation dynamics. These studies afford important new details 

about the initial dynamics in the formation of these long-lived 3MLCT excited states, which are a 

key design criterion for next generation Cu(I) MLCT chromophores intended to function as 

excited state electron and energy transfer donors in energy conversion  schemes.                    
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3.8. Supporting Information. 

              

 
Figure S3.1. Numbering scheme and space filling diagram of [Cu(dsbtmp)2]+ shown from two different 
views. The space-filling model was optimized in a DCM continuum. Details of the calculations were 
described previously in ref. 24. 

 
 

 

Figure S3.2. Optical spectra of the 1, 10-phenanthroline radical anion measured in MTHF at 77K using 
pulse radiolysis. Adapted from ref. 41.   
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Figure S3.3. Electronic absorption spectra of [Cu(dsbtmp)2]+ in THF. Spectrum obtained following bulk 
electrolysis at +800 mV vs Ag/AgNO3 redox couple.  

 
 
 

  

Figure S3.4. Selected transient absorption kinetic traces of [Cu(dmp)2](PF6) in tetrahydrofuran within 80 
ps following 418 nm pulsed excitation at various probe wavelengths indicated in the legend. Shows time 
components of representative transients. (a) UV-vis probe wavelengths. (b) Near-IR probe wavelengths.   
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Figure S3.5. Picosecond TA difference spectra of [Cu(dmp)2](PF6) in DCM following 470 nm pulsed 
laser excitation (100 fs fwhm) with experimental delay times indicated in the legend. (a) UV-vis and (b) 
Near-IR spectral region are shown.  

 

 

Figure S3.6. Picosecond TA difference spectra of [Cu(dmp)2](PF6) in DCM following 500 nm pulsed 
laser excitation (100 fs fwhm) with experimental delay times indicated in the legend. (a) UV-vis and (b) 
Near-IR spectral region are shown. 
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Figure S3.7. Picosecond TA difference spectra of [Cu(dmp)2](PF6) in DCM following 530 nm pulsed 
laser excitation (100 fs fwhm) with experimental delay times indicated in the legend. (a) UV-vis and (b) 
Near-IR spectral region are shown.  

 

 

Figure S3.8. Selected transient absorption kinetic traces of [Cu(dsbp)2](PF6) in tetrahydrofuran within 80 
ps following 418 nm pulsed excitation at various probe wavelengths indicated in the legend. Shows time 
components of representative transients. (a) UV-vis probe wavelengths. (b) Near-IR probe wavelengths. 
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Figure S3.9. Picosecond TA difference spectra of [Cu(dsbp)2](PF6) in DCM following 470 nm pulsed 
laser excitation (100 fs fwhm) with experimental delay times indicated in the legend. (a) UV-vis and (b) 
Near-IR spectral region are shown.  

 

 

Figure S3.10. Picosecond TA difference spectra of [Cu(dsbp)2](PF6) in DCM following 500 nm pulsed 
laser excitation (100 fs fwhm) with experimental delay times indicated in the legend. (a) UV-vis and (b) 
Near-IR spectral region are shown. 
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Figure S3.11. Picosecond TA difference spectra of [Cu(dsbp)2](PF6) in DCM following 530 nm pulsed 
laser excitation (100 fs fwhm) with experimental delay times indicated in the legend. (a) UV-vis and (b) 
Near-IR spectral region are shown.  

 
 

 

Figure S3.12. Selected transient absorption kinetic traces of [Cu(dsbtmp)2](PF6) in tetrahydrofuran 
within 80 ps following 418 nm pulsed excitation at various probe wavelengths indicated in the legend. 
Shows time components of representative transients. (a) UV-vis probe wavelengths. (b) Near-IR probe 
wavelengths.  
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Figure S3.13. Picosecond TA difference spectra of [Cu(dsbtmp)2](PF6) in DCM following 470 nm 
pulsed laser excitation (100 fs fwhm) with experimental delay times indicated in the legend. (a) UV-vis 
and (b) Near-IR spectral region are shown.  

 

 

Figure S3.14. Picosecond TA difference spectra of [Cu(dsbtmp)2](PF6) in DCM following 500 nm 
pulsed laser excitation (100 fs fwhm) with experimental delay times indicated in the legend. (a) UV-vis 
and (b) Near-IR spectral region are shown. 
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Figure S3.15. Picosecond TA difference spectra of [Cu(dsbtmp)2](PF6) in DCM following 530 nm 
pulsed laser excitation (100 fs fwhm) with experimental delay times indicated in the legend. (a) UV-vis 
and (b) Near-IR spectral region are shown.  

 

 

Figure S3.16. Normalized transient absorption kinetic traces of [Cu(dmp)2](PF6) in deaerated solutions 
of DCM and THF measured at 560 nm. Lifetimes associated with each solvent are given in the legend 
(±5% error). Solutions were deaerated by bubble de-gassing with Argon for 25 minutes.  
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Figure S3.17. Normalized transient absorption kinetic traces of [Cu(dsbp)2](PF6) in deaerated solutions 
of DCM and THF measured at 560 nm. Lifetimes associated with each solvent are given in the legend 
(±5% error). Solutions were deaerated by bubble de-gassing with Argon for 25 minutes.  

 
 

 

Figure S3.18. The prompt nanosecond TA difference spectra of [Cu(dsbtmp)2](PF6) in a deaerated 
solution of THF following 418 nm pulsed laser excitation. The initial amplitudes of single wavelength 
kinetics were used to generate the NIR difference spectra, with kinetic traces collected every 10 nm from 
850 to 1550 nm.  
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Table S3.1. Representative time constants obtained from the ultrafast TA kinetic traces of the three 
Cu(I) chromophores measured in DCM using 418 nm excitation. 

Complex 
(Solvent) 

Pump Wavelength 
(nm) 

Short τ, ps (Probe 
Wavelength, nm) 

Long τ, ps (Probe 
Wavelength, nm) 

[Cu(dmp)2]+ 
(DCM) 

418 nm 0.5 ps (524 nm) 
0.73 ps (618 nm) 
0.78 ps (1035 nm) 
0.8 ps (1197 nm) 

19.6 ps (524 nm) 
11.8 ps (618 nm) 
11.1 ps (1035 nm) 
14.3 ps (1197 nm) 

[Cu(dsbp)2]+ 
(DCM) 

418 nm 0.37 ps (507 nm) 
0.11 ps (603 nm) 
0.29 ps (1080 nm) 
0.18 ps (1204 nm) 

6.3 ps (507 nm) 
9.7 ps (603 nm) 
9 ps (1080 nm) 

10.2 ps (1204 nm) 
[Cu(dsbtmp)2]+ 

(DCM) 
418 nm 0.1 ps (486 nm) 

0.3 ps (601 nm) 
0.2 ps (1080 nm) 
0.14 ps (1204 nm) 

4.4 ps (486 nm) 
3.9 ps (601 nm) 
2.1 ps (1080 nm) 
2.4 ps (1204 nm) 

 
 

Table S3.2. Representative time constants obtained from the ultrafast TA kinetic traces of the three 
Cu(I) chromophores measured in THF using 418 nm excitation. 

Complex 
(Solvent) 

Pump Wavelength 
(nm) 

Short τ, ps (Probe 
Wavelength, nm) 

Long τ, ps (Probe 
Wavelength, nm) 

[Cu(dmp)2]+ 
(THF) 

418 nm 0.8 ps (508 nm) 
0.52 ps (592 nm) 
0.60 ps (1042 nm) 
0.52 ps (1197 nm) 

13 ps (508 nm) 
11.9 ps (592 nm) 
13 ps (1042 nm) 
12 ps (1197 nm) 

[Cu(dsbp)2]+ 
(THF) 

418 nm 0.7 ps (508 nm) 
0.84 ps (603 nm) 
0.4 ps (1080 nm) 
0.5 ps (1204 nm) 

9 ps (508 nm) 
7.9 ps (603 nm) 
12 ps (1080 nm) 
11 ps (1204 nm) 

[Cu(dsbtmp)2]+ 
(THF) 

418 nm 0.1 ps (502 nm) 
0.21 ps (601 nm) 
0.27 ps (1080 nm) 
0.24 ps (1204 nm) 

2.9 ps (502 nm) 
4.4 ps (601 nm) 
2.4 ps (1080 nm) 
2.1 ps (1204 nm) 
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Table S3.3. Representative time constants obtained from ultrafast TA kinetic traces of [Cu(dmp)2]+ 
measured in DCM using different excitation wavelengths.  

Complex 
(Solvent) 

Pump Wavelength 
(nm) 

Short τ, ps (Probe 
Wavelength, nm) 

Long τ, ps (Probe 
Wavelength, nm) 

[Cu(dmp)2]+ 
(DCM) 

470 nm 0.49 ps (371 nm) 
0.59 ps (603 nm) 
0.9 ps (1080 nm) 
1 ps (1204 nm) 

21 ps (371 nm) 
11.2 ps (603 nm) 
11.5 ps (1080 nm) 
14.4 ps (1204 nm) 

[Cu(dmp)2]+ 
(DCM) 

500 nm 0.53 ps (371 nm) 
0.64 ps (603 nm) 
0.85 ps (1080 nm) 
0.54 ps (1204 nm) 

15 ps (371 nm) 
11.5 ps (603 nm) 
11.7 ps (1080 nm) 
13.1 ps (1204 nm) 

[Cu(dmp)2]+ 
(DCM) 

530 nm 0.35 ps (371 nm) 
0.57 ps (603 nm) 
0.75 ps (1080 nm) 
0.70 ps (1204 nm) 

17 ps (371 nm) 
12.0 ps (603 nm) 
12.1 ps (1080 nm) 
14.7 ps (1204 nm) 

 
 

Table S3.4. Representative time constants obtained from ultrafast TA kinetic traces of [Cu(dsbp)2]+ 
measured in DCM using different excitation wavelengths. 

Complex 
(Solvent) 

Pump Wavelength 
(nm) 

Short τ, ps (Probe 
Wavelength, nm) 

Long τ, ps (Probe 
Wavelength, nm) 

[Cu(dsbp)2]+ 
(DCM) 

470 nm 0.31 ps (603 nm) 
0.22 ps (1080 nm) 
0.24 ps (1204 nm) 

9.7 ps (603 nm) 
11.1 ps (1080 nm) 
14.3 ps (1204 nm) 

[Cu(dsbp)2]+ 
(DCM) 

500 nm 0.6 ps (603 nm) 
0.6 ps (1080 nm) 
0.17 ps (1204 nm) 

9 ps (603 nm) 
11.7 ps (1080 nm) 
13.8 ps (1204 nm) 

[Cu(dsbp)2]+ 
(DCM) 

530 nm 0.71 ps (603 nm) 
0.2 ps (1080 nm) 
0.11 ps (1204 nm) 

9.2 ps (603 nm) 
12.7 ps (1080 nm) 
13.9 ps (1204 nm) 
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Table S3.5. Representative time constants obtained from ultrafast TA kinetic traces of [Cu(dsbtmp)2]+ 
measured in DCM using different excitation wavelengths. 

Complex 
(Solvent) 

Pump Wavelength 
(nm) 

Short τ, ps (Probe 
Wavelength, nm) 

Long τ, ps (Probe 
Wavelength, nm) 

[Cu(dsbtmp)2]+ 
(DCM) 

470 nm 0.16 ps (603 nm) 
0.07 ps (1080 nm) 
0.21 ps (1204 nm) 

4.1 ps (603 nm) 
3.3 ps (1080 nm) 
3.4 ps (1204 nm) 

[Cu(dsbtmp)2]+ 
(DCM) 

500 nm 0.24 ps (603 nm) 
0.119 ps (1080 nm) 
0.17 ps (1204 nm) 

3.88 ps (603 nm) 
3.4 ps (1080 nm) 
3.0 ps (1204 nm) 

[Cu(dsbtmp)2]+ 
(DCM) 

530 nm 0.14 (603 nm) 
0.23 ps (1080 nm) 
0.29 ps (1204 nm) 

4.7 (603 nm) 
4 ps (1080 nm) 

2.6 ps (1204 nm) 
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CHAPTER 4 

 

Cuprous Phenanthroline MLCT Chromophore Featuring Synthetically 

Tailored Photophysics 

The contents of this chapter have been previously published in Inorganic Chemistry, 2016, 55 (20), 

10628 – 10636. DOI: 10.1021/acs.inorgchem.6b01880 

4.1. Abstract. 

In the interest of expanding the inventory of available long lifetime, photochemically robust, 

and strongly reducing Cu(I) MLCT sensitizers, we present detailed structural, photophysical, and 

electrochemical characterization of [Cu(dipp)2]
+, dipp = 2,9-diisopropyl-1,10-phenanthroline, 

and its sterically encumbered tetramethyl analog [Cu(diptmp)2]
+, diptmp = 2,9-diisopropyl-

3,4,7,8-tetramethyl-1,10-phenanthroline. The achiral isopropyl substituents enable similar steric 

bulk effects to the previously investigated sec-butyl substituents while eliminating the complex 

NMR structural analyses associated with the presence of two chiral centers in the latter. The 

photophysical properties of [Cu(diptmp)2]
+ are impressive, possessing a 2.3 µs lifetime in 

deaerated CH2Cl2 and a photoluminescence quantum yield of 4.7% which were slightly 

attenuated in coordinating tetrahydrofuran (THF) solutions. Nanosecond transient absorption 

spectroscopy quantitatively matched the transient photoluminescence kinetics enabling complete 

characterization of MLCT excited state decay in these molecules. The calculated excited state 

potential for the Cu2+/Cu+* couple (E = −1.74 V vs Fc+/0) indicated that [Cu(diptmp)2]
+* is a 

strong photoreductant potentially useful for myriad applications. Ultrafast transient absorption 

measurements performed in THF solutions are also reported, yielding the relative time scales for 

both the pseudo-Jahn Teller distortion (0.4 – 0.8 ps in [Cu(dipp)2]
+ and 0.12 – 0.5 ps in 

[Cu(diptmp)2]
+) and singlet-triplet intersystem crossing (6.4 – 10.1 ps for [Cu(dipp)2]

+ and 3.5 – 

5.4 ps for [Cu(diptmp)2]
+) within these molecules. The disparity in the time scales of pseudo-
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Jahn Teller distortion and intersystem crossing between two complexes with different 

anticipated excited state geometries suggests that strongly impeded structural distortion in the 

MLCT excited state (i.e. [Cu(diptmp)2]
+) enables more rapid surface crossings in the initial 

deactivation dynamics.                                 

4.2. Introduction. 

Cuprous bis-phenanthroline metal-to-ligand charge transfer (MLCT) complexes have a rich 

history spanning the greater part of the past half-century.1–21 Broad interest in these Cu(I) MLCT 

complexes stems from a desire to synthesize stable photosensitizers using environmentally 

sustainable materials, replacing more commonly used precious metals, such as ruthenium. First 

row transition metals including copper represent viable elements for constructing 

photosensitizers, boasting high abundance and low cost, yet still enabling sufficient spin-orbit 

coupling to facilitate intersystem crossing (ISC) to produce long-lived triplet excited states. A 

well-documented drawback of employing first-row transition metals in designing chromophores 

for triplet sensitization are small ligand field splittings that readily facilitate thermal deactivation 

of the desired excited state.22 Such non-radiative decay processes completely inhibit subsequent 

chemical reactivity rendering these excited states inert.18 Copper(I), however, represents a 

promising choice owing to its d10 electronic configuration in the ground state, thereby excluding 

low-lying ligand field states from influencing excited state decay.     

Despite the promising d-orbital electronic structure, early work in developing suitable Cu(I) 

MLCT photosensitizers was hindered by the realization of drastic geometric changes taking 

place upon photoexcitation, originating  from a susceptibility to pseudo-Jahn Teller distortions 

in the transiently generated Cu(II) ion.9, 20, 21, 23–27 These geometric changes have substantial 

effects on the stability of the excited state and considerably reduce the energy stored in this long-

lived excited state. In the case of the benchmark Cu(I) MLCT photosensitizer, [Cu(dmp)2]
+ 

(dmp = 2,9-dimethyl-1,10-phenanthroline), the distortion is characterized by the opening of the 

dihedral angle between the two phenanthroline ligand planes, altering the geometry from an 

orthogonal conformation to one that is substantially flattened.20, 24, 28–30 This geometric 

rearrangement is a characteristic feature of homoleptic Cu(I) bis-diimine MLCT complexes. 
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These structural changes are indicative of a shift from a pseudotetrahedral (D2d) geometry 

commonly adopted in the ground state, to a distorted d9 “flattened” MLCT excited state 

structure featuring D2 geometry.31 From here, inner-sphere reorganization ultimately results in a 

change in coordination number, allowing solvent ligation to the exposed axial position(s), which 

nearly quantitatively quenches the MLCT excited state.32, 33 Long excited state lifetimes are 

crucial for promoting the excited state electron and energy transfer processes vital for driving 

solar energy conversion applications. Consequently, the energy wasting structural reorganization 

inherent in Cu(I) MLCT excited states severely limits the potential application of these 

molecules as photosensitizers.  

To circumvent these restrictions, McMillin and coworkers convincingly demonstrated decades 

ago that installation of sterically bulky substituents in the 2- and 9- positions of the 

phenanthroline ligands served to increase the excited state lifetimes in the corresponding Cu(I) 

chromophores through partial inhibition of the MLCT-activated distortion.3, 32, 34, 35 These 

advances enabled a massive worldwide effort focused on the fundamental development of both 

homo- and heteroleptic Cu(I) MLCT chromophores poised for energy-relevant applications.16–18, 

36–48 The McMillin group later demonstrated that the presence of methyl groups in the 3- and 8- 

positions on the phenanthroline ligands significantly enhanced the steric hindrance effect 

imparted by 2,9-substitution. This further confined the resultant molecules into a structural 

motif closely resembling the corresponding Franck-Condon geometry, resulting in substantial 

increases in both excited state energy and lifetime.35 Building upon this concept, in 2013 our 

group synthesized a 2,9-branched alkyl phenanthroline with sterically enforcing 3,8-methyl 

substituents, yielding the corresponding Cu(I) complex [Cu(dsbtmp)2]
+, where dsbtmp = 2,9-

di(sec-butyl-3,4,7,8-tetramethyl-1,10-phenanthroline).15 The photophysical properties of 

[Cu(dsbtmp)2]
+ were exemplary, possessing solvent-dependent lifetimes and quantum yields 

ranging from 1.2 to 2.8 µs and 1.9 to 6.3%, respectively, while serving as a potent 

photoreductant.15 This discovery led to a long-term photostable aqueous-based visible light 

absorbing solar hydrogen producing composition with [Cu(dsbtmp)2]
+ playing the role of 

sensitizer.49 Furthermore, this same Cu(I) MLCT chromophore was successfully employed in 

multiple wavelength-shifting photochemical upconversion schemes featuring quantum 
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efficiencies approaching 20%.46 To date, [Cu(dsbtmp)2]
+ remains the only Cu(I) MLCT sensitizer 

possessing an excited state charge transfer lifetime approaching 3 µs, enabling its facile use in 

photofunctional bimolecular chemistry.   

In the interest of expanding the inventory of available long lifetime, photochemically robust, 

and strongly reducing Cu(I) MLCT sensitizers, we now extend this previous work to Cu(I) bis-

phenanthroline complexes featuring isopropyl substituents in the 2,9- positions on the 

phenanthroline ligands. The achiral isopropyl substituents enable similar steric bulk effects to the 

previously investigated sec-butyl substituents while eliminating the complex NMR structural 

analyses associated with the presence of two chiral centers in the latter. The [Cu(dipp)2]
+ 

chromophore (dipp = 2,9-diisopropyl-1,10-phenanthroline) was originally synthesized by the 

McMillin group (t = 370 ns) and used for excited state electron transfer to a series of ferrocene 

derivatives.8 Since that original investigation, [Cu(dipp)2]
+ has been shown to function as a 

photoluminescent molecular oxygen sensor in the solid state.50 Here we report detailed 

structural, photophysical, and electrochemical characterization of [Cu(dipp)2]
+ and its sterically 

encumbered tetramethyl analog [Cu(diptmp)2]
+, diptmp = 2,9-diisopropyl-3,4,7,8-tetramethyl-

1,10-phenanthroline. The photophysical properties of [Cu(diptmp)2]
+ echo those observed in 

[Cu(dsbtmp)2]
+, with a measured 2.3 µs lifetime in deaerated CH2Cl2 and a photoluminescence 

quantum yield of 4.7% which were slightly attenuated in coordinating tetrahydrofuran (THF) 

solutions. This now represents a second example of a homoleptic Cu(I) MLCT excited state 

poised for facilitating numerous photochemical reactions. Nanosecond transient absorption 

spectroscopy quantitatively matched the transient photoluminescence kinetics enabling complete 

characterization of MLCT excited state decay in these molecules. The calculated excited state 

potential for the Cu2+/Cu+* couple (E = −1.74 V vs Fc+/0) indicated that [Cu(diptmp)2]
+* is a 

strong photoreductant potentially useful for myriad applications. Ultrafast transient absorption 

measurements in THF solutions are also reported, yielding the relative time scales for both the 

pseudo-Jahn Teller distortion (0.4 – 0.8 ps in [Cu(dipp)2]
+ and 0.12 – 0.5 ps in [Cu(diptmp)2]

+) 

and singlet-triplet intersystem crossing (6.4 – 10.1 ps in [Cu(dipp)2]
+ and 3.5 – 5.4 ps in 

[Cu(diptmp)2]
+) in both chromophores. The reported time ranges are in excellent agreement 
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with the results previously obtained for the sec-butyl substituted series, which are expected to 

have similar ground and excited state geometries.51  

   

4.3. Results and Discussion. 

4.3.1. Synthesis.  

The synthesis of the Cu complexes and ligands was executed by Peter D. Crapps. The dipp 

and diptmp ligands were prepared using an adapted synthesis of Sauvage and co-workers,52 

starting from commercially available 1,10-phenanthroline or 3,4,7,8-tetramethyl-phenanthroline 

and using isopropyllithium to selectively substitute isopropyl groups in the 2 and 9- positions of 

the phenanthroline ring. Following re-aromatization, the resulting isolated ligands were either 

purified by column chromatography or used without further purification subsequent to 

extraction. The corresponding Cu(I) complexes containing these ligands were prepared using the 

standard literature method.40 Briefly, a solution of the dipp or diptmp ligand in dichloromethane 

was added to solid tetrakis(acetonitrile)copper(I) hexafluorophosphate under inert atmosphere. 

The nearly quantitatively formed Cu(I) bis-phenanthroline complexes were precipitated by the 

addition of diethyl ether and recrystallized by diethyl ether diffusion into dichloromethane.  

4.3.2. Electronic Spectroscopy.  

The ground state absorption spectra of [Cu(dipp)2]
+ and [Cu(diptmp)2]

+ measured in CH2Cl2 

are presented in Figure 4.1. The two complexes exhibit similar electronic spectra with a strong 
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absorption feature near 290 nm assigned to the π → π* transitions originating from the 

phenanthroline ligands. The visible region of the spectrum is dominated by a broadly absorbing 

band centered near 450 nm, characteristic of MLCT absorptions observed in Cu(I) bis-

phenanthroline complexes.  In the [Cu(diptmp)2]
+ complex, the addition of electron-donating 

methyl groups results in a slight blue-shift of the MLCT maximum relative to [Cu(dipp)2]
+. This 

broad MLCT absorption envelope contains two transitions of distinct symmetries, the relative 

ratios of which are a good indicator of the ground state geometry of the complex. The higher 

energy component of the MLCT band is symmetry allowed in both D2d and D2 symmetry 

whereas the lower energy component is Laporte forbidden in D2d symmetry but allowed in D2 

symmetry.31 Both complexes display a strongly attenuated low energy band (extending past 500 

nm), detected as a subtle shoulder on the red-edge of the MLCT absorption feature at 450 nm. 

The low intensity of this red shoulder suggests that these chromophores likely adopt D2d 

symmetry in the ground state, consistent with the notion that the 2,9-isopropyl substituents have 

sufficient steric bulk to enforce a pseudo-tetrahedral ground state geometry. 

 

Figure 4.1. UV-visible absorption (solid lines) and photoluminescence (dashed lines) spectra (λex = 450 
± 4 nm) of [Cu(diptmp)2]+ (blue) and [Cu(dipp)2]+ (red) in CH2Cl2 at room temperature.  
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4.3.3. Photoluminescence Spectroscopy.  

The normalized, detection system corrected photoluminescence spectra of [Cu(diptmp)2]
+ and 

[Cu(dipp)2]
+ in CH2Cl2 are also presented in Figure 4.1, exhibiting maxima at 630 and 679 nm, 

respectively. The photoluminescence emission quantum yield of [Cu(diptmp)2]
+ was determined 

to be 4.7% in CH2Cl2 and 3.7% in THF, far superior to those measured for [Cu(dipp)2]
+, Table 

4.1. Also provided in Table 4.1 are the calculated rate constants for radiative (kr) and 

nonradiative (knr) decay calculated using the measured quantum yields and excited state lifetimes, 

see Supporting Information for details. An order of magnitude decrease in the calculated knr is 

observed in the [Cu(diptmp)2]
+ complex where less excited state distortion is anticipated. 

Furthermore, the knr values in both chromophores increase slightly going from CH2Cl2 to THF, 

consistent with the addition of a Lewis basic solvent quenching pathway to excited state decay. 

While there is little difference between the MLCT absorption maxima between the two 

complexes, the photoluminescence spectrum of [Cu(dipp)2]
+ is significantly red shifted (1145 

cm−1) relative to the tetramethyl complex. The larger apparent Stokes shift between the 

absorption and emission spectra in [Cu(dipp)2]
+ is consistent with significant structural distortion 

between the ground state and the emitting state whereas the blue shifted emission in 

[Cu(diptmp)2]
+ is indicative of a lower degree of excited state distortion. Also included in Table 

4.1 are the reported lifetimes, quantum yields, and calculated kr and knr values for the 

corresponding sec-butyl series,15 displaying trends consistent with those observed between the 

dipp complex and its tetramethyl analog. Lastly, the photophysical properties of [Cu(diptmp)2]
+ 

and [Cu(dsbtmp)2]
+ were directly compared to [Cu(dbtmp)2]

+, dbtmp = 2,9-di-n-butyl-3,4,7,8-

tetramethyl-1,10-phenanthroline, and [Cu(dptmp)2]
+, dptmp = 2,9-diphenyl-3,4,7,8-tetramethyl-

1,10-phenanthroline in Table 4.1; these two latter complexes were originally reported by 

McMillin and coworkers.35 The newly reported [Cu(diptmp)2]
+ along with [Cu(dsbtmp)2]

+ each 

display order-of-magnitude longer excited state lifetimes, photoluminescence quantum yields, 

and knr values with respect to [Cu(dbtmp)2]
+ and [Cu(dptmp)2]

+. The marked improvement in the 

photophysical properties observed in the tetramethyl-phen supported branched alkane structures 

highlights the importance of secondary alkyl substitution in the 2,9-positions, as these two 

complexes represent the only two long lifetime, thermodynamically, and photochemically stable 

homoleptic Cu(I) MLCT chromophores bearing diimine ligands.  
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Table 4.1. Photophysical properties of various Cu(I) MLCT chromophores.  

Complex λabs / nm a  λem / nm b Φem / % b τ / µs b kr × 10−4 / s−1 knr × 10−5 / s−1 

  CH2Cl2 THF CH2Cl2 THF CH2Cl2 THF CH2Cl2 THF CH2Cl2 THF 

[Cu(dipp)2]+ 454 679 692 0.4 0.2 0.37 0.20 1.08 1.00 26.9 49.9 

[Cu(diptmp)2]+ 445 630 636 4.7 3.7 2.32 1.55 2.03 2.39 4.11 6.21 

[Cu(dsbp)2]+ 457 c 690 d  0.45 d  0.4 d  1.13 d  24.9 d  

[Cu(dsbtmp)2]+ 445 c 631 d  6.3 d  2.8 d  2.28 d  3.39 d  

[Cu(dbtmp)2]+ 453 e 670 e  0.63 e  0.92 e  0.68  10.8  

[Cu(dptmp)2]+ 467 e 715 e  0.37 e  0.48 e  0.77  20.8  

a Measured in CH2Cl2 solution.  b Measured in deaerated CH2Cl2 or THF solutions as indicated. c Values 
from ref 51. d Values from ref 15. e Values from ref 35. 

A unique feature of copper(I) chromophores is that they exhibit thermally activated delayed 

fluorescence (TADF) at room temperature due to the small energy gap between singlet and 

triplet MLCT excited states.4, 53–56 Due to this phenomenon, the observed room temperature 

photoluminescence spectrum is actually a superposition of 3MLCT phosphorescence and 
1MLCT TADF.  The time resolved emission decay kinetics of [Cu(diptmp)2]

+ in deaerated THF 

solution were measured from −100 °C to 60 °C are presented in Figure 4.2 and Figure S4.1. 

The change in observed emission decay rate (kobs) with temperature enables the determination of 

the singlet-triplet energy gap as well singlet and triplet decay rates using Eq. 4.1.53 In Eq. 4.1, kt 

is the decay rate constant of the pure triplet state, ks is the decay rate constant of the pure singlet 

state, kb is the Boltzmann constant and ΔE is the energy gap between the singlet and triplet 

MLCT states.  

    (Eq. 4.1) 
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This analysis reveals a singlet-triplet energy gap around 1100 cm−1, matching the energy gap 

found in the related [Cu(dsbtmp)2]
+ chromophore15 and within the range found for many types 

of Cu(I) complexes.4, 53, 55–57 

 
Figure 4.2.  Temperature dependent photoluminescence emission decay rates of [Cu(diptmp)2]+ in 
deaerated THF solution.  The solid black line is the best fit to Eq. 4.1, resulting in kt = 4.57 ± 0.02 × 105 
s−1, ks = 1.2 ± 0.2 × 108 s−1, and ΔE = 1120 ± 40 cm−1. Data provided by Dr. Catherine McCusker. 

4.3.4. Electrochemistry.  

The electrochemical data obtained for the two Cu(I) MLCT complexes presented in this 

study are summarized in Table 4.2. The cyclic and differential pulse voltammetry of [Cu(dipp)2]
+ 

and [Cu(diptmp)2]
+ were investigated in THF solutions containing 0.1 M TBAPF6 using the 

Fc+/0 redox couple as an internal standard. The resultant voltammograms are provided as 

Supporting Information (Figure S4.2). In [Cu(diptmp)2]
+, the reversible CuII/I oxidation occurs 

at +0.47 V vs Fc+/0 and the reversible reduction of one of the diptmp ligands occurs at −2.39 V 

vs Fc+/0. The [Cu(dipp)2]
+ complex has very similar electrochemical properties, with the CuII/I 

couple occurring at +0.58 V vs Fc+/0 and the first dipp ligand reduction occurring at −2.16 V vs 

Fc+/0, consistent with the previously reported potentials in both dichloromethane and 

acetonitrile.8 Electrochemical comparisons between the two molecules illustrates that the 

addition of electron donating methyl groups has a strong influence on the ligand reduction 
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potential, increasing the potential in [Cu(diptmp)2]
+ by 230 mV with respect to [Cu(dipp)2]

+. 

There is also a subtle effect on the CuII/I potential, with the Cu(I) center in Cu(diptmp)2]
+ being 

more easily oxidized by 110 mV. Excited state oxidation and reduction potentials were 

calculated as a function of the ground state redox properties as well as the excited state E00 

energy. Most notably, the results, summarized in Table 4.2, show a rather negative excited state 

oxidation potential of −1.74 V in the case of [Cu(diptmp)2]
+, rendering the complex a strong 

photoreductant; more potent than the ubiquitous photosensitizer [Ru(bpy)3]
2+, bpy = 2,2’-

bipyridine, (E°(Ru3+/*Ru2+) of −1.21 V (CH3CN vs Fc+/0),58 and related visible-absorbing MLCT 

chromophores,59 but not as potent as the air-sensitive W(0) arylisocyanides.60 The reversible 

ground state redox properties of these Cu(I) chromophores makes them attractive candidates for 

use in photodriven electron transfer chemistry.  Despite its shorter excited state lifetime of 370 

ns in deaerated CH2Cl2, [Cu(dipp)2]
+ has already proven capable of bimolecular excited state 

electron transfer to a series of ferrocene derivatives.8   

Table 4.2. Measured ground state and excited state redox properties of [Cu(dipp)2]+ and [Cu(diptmp)2]+ 
in deaerated THF.  

Complex Eox / V a Ered / V a E00 / eV b E*ox / V c E*red / V c 

[Cu(dipp)2]+ +0.58 −2.16 2.11 −1.53 −0.5 

[Cu(diptmp)2]+ +0.47 −2.39 2.21 −1.74 −0.18 

a Potentials measured by CV and DPV in THF solutions with 0.1 M TBAPF6 as the supporting 
electrolyte vs Ag/AgNO3 and are reported relative to Fc+/0 internal standard. b Excited state energy, 
estimated by a tangent drawn to the blue edge of the photoluminescence emission band (Figure S4.3). 
cE*ox = Eox – E00 and E*red = Ered + E00. 

4.3.5. Nanosecond Transient Absorption Spectroscopy.  

In order to monitor absorption features associated with the MLCT excited state, transient 

absorption difference spectra and kinetics of both Cu(I) complexes were measured on supra-

nanosecond timescales. The differential transient absorption spectra of [Cu(dipp)2]
+ and 
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[Cu(diptmp)2]
+ recorded in deaerated THF and CH2Cl2 following pulsed nanosecond laser 

excitation (λex = 450 for [Cu(dipp)2]
+ and 465 nm for [Cu(diptmp)2]

+, 1.8 mJ/pulse, 7 – 10 ns 

fwhm) are displayed in Figure S4.4 and Figure 4.3a, respectively. Upon photoexcitation, 

characteristic transient bleaching of the MLCT absorption band is observed near 450 nm 

signifying depletion of the ground state population. The newly formed transient absorption 

bands – the dominant double-top broad feature from 490 to 650 nm, and the absorption band 

near 350 nm – are assigned to phenanthroline radical anion species formed following metal-to-

ligand charge transfer.51, 61 These recorded difference spectra exhibit spectral features similar to 

those previously reported in related Cu(I) bis-phenanthroline MLCT complexes.15, 28, 40, 62, 63 In 

order to extract the excited state lifetime, transient kinetics were monitored at 360, 440, and 520 

nm and adequately fit to single-exponential functions in all instances. The results were in 

quantitative agreement with the excited state lifetime values obtained from time-resolved 

photoluminescence decays, indicating that both techniques are reporting on the 3MLCT excited 

state decay. Figure 4.3b displays the acquired single wavelength absorption decay kinetics of 

[Cu(diptmp)2]
+* measured in deaerated THF and CH2Cl2 solutions recorded at 520 nm. The solid 

black lines in Figure 4.3b are the nonlinear least squares single exponential fits yielding lifetimes 

of 2.32 µs in CH2Cl2 and 1.55 µs in THF. While some quenching is still observed in Lewis basic 

THF, it is noteworthy that the long (µs) lifetime of [Cu(diptmp)2]
+ is maintained. Moreover, 

these lifetimes are significantly longer with respect to those measured for [Cu(dipp)2]
+, 0.37 µs 

and 0.20 µs for CH2Cl2 and THF, respectively, once again illustrating the importance of the 

cooperative steric influence imparted by the 3,8-methyl substituents.   
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Figure 4.3. (a) The prompt differential nanosecond transient absorption spectra of [Cu(diptmp)2]+ in 
deaerated CH2Cl2 (blue) and THF (green) solutions after 465 nm excitation. (b) Transient absorption 
decay kinetics of [Cu(diptmp)2]+ in deaerated CH2Cl2 (blue) and THF (green) solutions probed at 520 nm.  
Solid black lines are the respective single exponential fits yielding the lifetimes collected in Table 4.1.  

4.3.6. Ultrafast Transient Absorption Spectroscopy.  

In the ultrafast transient absorption measurements described below, THF was selected as the 

solvent in preference to CH2Cl2 to avoid stimulated impulsive Raman scattering artifacts due to 

low frequency vibrational modes of CH2Cl2.
64 These impulsive Raman signals appear as 

oscillatory signals following the coherent artifacts present at the time origin of the experiment 

and persist for several picoseconds,65 Figure S4.5. The results in a previous contribution 

confirmed that there are no solvent dependencies in the initial ultrafast dynamics in the 

formation of the long lived triplet state in related Cu(I) chromophores using these two 

-1.0

-0.5

0.0

0.5

1.0

No
rm

. C
ha

ng
e 

in
 A

bs
or

ba
nc

e

800700600500400
Wavelength / nm

1.0

0.8

0.6

0.4

0.2

0.0

No
rm

. C
ha

ng
e 

in
 A

bs
or

ba
nc

e

14121086420-2
Time /  μs

(a)

(b)



 

 

 

 108 

solvents.51 The transient absorption difference spectra of both [Cu(dipp)2]
+ and [Cu(diptmp)2]

+ 

measured in THF following 100 fs, 500 nm pulsed excitation are displayed in Figure 4.4. The 

excitation wavelength was selected in order to excite into the low energy shoulder of the MLCT 

absorption band (S0 ⟶ S1) in order to minimize any potential contributions from higher lying 

singlet states.21 The difference spectra of both chromophores are composed of a negative signal 

centered near 450 nm, consistent with the ground state bleach of the MLCT absorption band. 

Laser scatter from the 500 nm excitation source is present at all delay times due to the nature of 

the detection system. The positive features, mainly the excited state absorption band spanning 

from 490 to 640 nm as well as the band centered at 350 nm, are attributed to phenanthroline 

radical anion absorptions and have been well documented in the literature.51, 66 The lower energy 

absorption band spanning the visible region of the spectrum of [Cu(dipp)2]
+ initially forms as a 

broad and featureless band, finally narrowing from its red-edge, ultimately producing a double-

top feature with peaks at 532 and 572 nm. The differential spectrum of [Cu(diptmp)2]
+ in THF 

(Figure 4.4b) echoes the features observed in [Cu(dipp)2]
+, evolving analogously; the low energy 

feature spanning from 490 to 640 nm grows in as a broad transient, somewhat more structured 

than observed in [Cu(dipp)2]
+ with discernible peaks at 545 and 580 nm. This band subsequently 

blue shifts from its red-edge, forming a narrower, double-top feature with peaks at 530 and 572 

nm.  

The transient kinetics, probed at the red-edge of the dominant absorption feature, exhibit a 

sub-picosecond growth, followed by decay over the first tens of picoseconds. Kinetic analysis of 

the transient data using sums of exponential fitting functions revealed two time constants 

associated with the excited state evolution observed over the first 50 ps following pulsed laser 

excitation. In the case of [Cu(dipp)2]
+, τ1 = 0.4 – 0.8 ps and τ2 = 6.4 – 10.1 ps, consistent with 

the time ranges observed for the analogous [Cu(dsbp)2]
+, dsbp = 2,9-di-sec-butyl-1,10-

phenanthroline, complex investigated previously.51 The time constants obtained for 

[Cu(diptmp)2]
+ were also in good agreement with results reported for [Cu(dsbtmp)2]

+,51 with τ1 = 

0.12  –  0.5 ps and τ2 = 3.5 – 5.4 ps. Representative kinetic traces along with their respective bi-

exponential fits are presented in Figure 4.5. Given the excellent agreement of these measured 

time constants with those measured previously, the sub-picosecond time constant is attributed to 



 

 

 

 109 

pseudo-Jahn Teller (PJT) distortion of S1 state with possible contributions from Sn to S1 internal 

conversion and/or competing singlet-triplet intersystem crossing from the Franck-Condon state. 

The longer component (τ2) is assigned to singlet-triplet intersystem crossing originating from the 

PJT distorted S1 state. The variance in the measured singlet-triplet intersystem crossing time 

constant, τ2, is consistent with the degree of distortion in the excited state.51 As the dihedral 

angle between the two ligand planes increase, the S1 surface changes, altering the relative 

energetics of the singlet-triplet surfaces and thereby changing the dominant ISC pathway.25, 29, 51 

Time-dependent density functional theory (TD-DFT) calculations reported by the Nozaki group 

have indicated that the relative rates of ISC can be rationalized by differences in spin orbit 

coupling constants calculated between the singlet-triplet surfaces.25 Similarly, with more sterically 

bulky substituents hindering the MLCT-promoted PJT distortion (i.e. [Cu(diptmp)2]
+), the 

dihedral angle is likely confined to the region of the Franck-Condon geometry. In this case the 

T2 and T1 states are nearly isoenergetic,25 making the dominant ISC pathway most likely from S1 

to T2 due to the larger anticipated spin orbit coupling. Accordingly, a larger rate constant 

(shorter time constant) for singlet-triplet intersystem crossing time scale is anticipated in these 

sterically restricted complexes.  
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Figure 4.4. Sub-picosecond transient absorption difference spectra of (a) [Cu(dipp)2]+ and (b) 
[Cu(diptmp)2]+ in THF upon excitation by 500 nm laser pulses (2.0 µJ per pulse, 100 fs fwhm) with 
experimental delay times indicated in the legend. Laser scatter from the 500 nm excitation source is 
present at all delay times due to the nature of the detection system used in these experiments.  

 
Figure 4.5. Representative transient absorption kinetics of (a) [Cu(dipp)2]+ and (b) [Cu(diptmp)2]+ in 
THF monitored at 600 nm and 610 nm. Kinetic traces display data within 50 ps following 500 nm pulsed 
laser excitation with fit lines shown in black. Time components obtained upon fitting of these selected 
transients to a biexponential function are provided as well.  
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4.4. Conclusion. 

The synthesis, characterization, electrochemistry, and molecular photophysics of two Cu(I) 

MLCT complexes, [Cu(dipp)2]
+ and its sterically encumbered 3,4,7,8-tetramethyl analog 

[Cu(diptmp)2]
+, have been reported. The latter chromophore represents the second example of a 

homoleptic Cu(I) MLCT chromophore featuring game-changing photophysical behavior in a 

thermodynamically and photochemically stable platform. The calculated excited state potential 

for the Cu2+/Cu+* couple (E = −1.74 V vs Fc+/0) suggests that [Cu(diptmp)2]
+* is a strong 

photoreductant poised for incorporation into numerous solar photoconversion and photoredox 

catalysis schemes. The bright charge transfer photoluminescence exhibited by [Cu(diptmp)2]
+* 

renders it suitable for a variety of luminescence-based technologies. Ultrafast transient 

absorption measurements performed in THF solutions yielded the relative time scales of PJT 

distortion and singlet-triplet intersystem crossing in these molecules. The measured differences 

in the time scales of these processes in each instance appears to correlate to the anticipated 

excited state geometries, suggesting that the impeded structural distortion in the MLCT excited 

state in [Cu(diptmp)2]
+ enables more rapid surface crossings in the initial deactivation dynamics. 

The combined data suggests that in the realm of Cu(I) based chromophores, tailored ligand 

design forms a powerful basis for the future engineering of long lifetime MLCT 

photosensitizers.          

    

4.5. Experimental. 

General Procedures. Unless otherwise noted, all commercially available reagents were used 

as purchased, without further purification.  Toluene was dried by distillation from sodium metal 

and benzophenone before use. 1H and 13C NMR spectra were collected on a 400 MHz Varian 

Innova Spectrometer and the resulting spectra were processed with the MestReNova 10.0.2 

software package. High-resolution electrospray mass spectroscopy was measured by the 

Michigan State University Mass Spectrometry Core, East Lansing, MI. The dipp ligand67 and 

[Cu(dipp)2](PF6) complex8, 68 were synthesized according to literature procedures and structural 

characterization data matches previously reported values. 
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Room Temperature Spectroscopic Measurements. Absorption spectra were acquired 

using a Cary 60 spectrophotometer or a Shimadzu UV-3600 spectrophotometer. Steady state 

emission spectra were collected using a FS920 fluorometer (Edinburgh Instruments) equipped 

with a 450 W Xe arc lamp as the excitation source and a Peltier cooled, red sensitive PMT 

(R2658P Hamamatsu). Quantum yields were measured relative to aerated [Ru(bpy)3](PF6)2 in 

acetonitrile (Φ = 0.018).69 Optically dilute solutions (OD = 0.1 – 0.2) were excited into the 

lowest energy absorption feature (λex = 450 nm) for these experiments. 

Electrochemistry. Cyclic voltammogram (CV) and differential pulse voltammogram (DPV) 

measurements were performed in an inert atmosphere glovebox (MBraun) at room temperature 

using a Model 650E Electrochemical Workstation (CH Instruments CHI650E) potentiostat. 

Samples were dissolved in spectrophotometric grade THF containing 0.1 M TBAPF6 as the 

supporting electrolyte, a Pt disk working electrode, a Pt wire counter electrode, and a 

Ag/AgNO3 reference electrode. The ferrocenium/ferrocene redox couple (Fc+/0) was used as an 

internal reference for all measurements, and potentials are reported relative to this redox couple.  

Variable Temperature Photoluminescence Measurements. Variable temperature 

photoluminescence decays were collected using a CoolSpek UV cryostat (Unisoku Scientific 

Instruments). Sample was measured in a deaerated THF solution in a 1 cm pathlength quartz 

optical cell with an optical density of 0.2 at the excitation wavelength. Measurements were 

recorded at every 10 degrees between 60 and −100 °C, with the sample equilibrating for 15 

minutes at each temperature prior to measurement. The sample was excited with a pulsed N2 

pumped dye laser (Lasertechnik Berlin), using Coumarin 440 in methanol (λmax = 443 nm). The 

emission decay traces at 650 nm were collected with a PMT (Hamamatsu R928) and recorded 

with a 200 MHz oscilloscope (Tektronix). Kinetic traces were fit with single exponential 

functions using IGOR Pro. 

Nanosecond Transient Absorption Spectroscopy. Time resolved emission and 

nanosecond transient absorption measurements were collected using a LP920 laser flash 

photolysis system (Edinburgh Instruments) described previously.70 A tunable Vibrant 355 

Nd:YAG/OPO system (OPOTEK) was used as excitation source (λex = 450 for the [Cu(dipp)2]
+ 
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complex and 465 nm for the [Cu(diptmp)2]
+). An iStar ICCD camera (Andor Technology), 

controlled by the LP900 software program (Edinburgh Instruments) was used to collect the 

reported transient difference spectra, while kinetic traces were collected using a R928 

Hamamatsu PMT. Samples were prepared in 1 cm path length quartz optical cells using 

spectrophotometric grade solvents and subjected to a minimum of three freeze-pump-thaw 

degas cycles prior to experiments. Optical densities between 0.1 – 0.2 and 0.3 – 0.5 at the 

excitation wavelength were maintained for emission and transient absorption measurements, 

respectively. 

Ultrafast Transient Absorption Spectroscopy. Sub-picosecond transient absorption (TA) 

measurements were performed at the NCSU Imaging and Kinetic Spectroscopy (IMAKS) 

Laboratory in the Department of Chemistry. Ultrafast TA measurements were made using a 

Ti:Sapphire laser system described previously.51 Briefly, a portion of the output from a 1 kHz 

Ti:Sapphire Coherent Libra regenerative amplifier (4 mJ, 100 fs (fwhm) at 800 nm) was split into 

the pump and probe beams. The pump beam was directed into an optical parametric amplifier 

(Coherent OPerA Solo) to generate the 500 nm pump pulse used in these experiments while the 

probe beam was delayed in a 500 mm optical delay stage. The probe beam was focused into 

either a sapphire crystal or a CaF2 crystal to generate white light continuum spanning 440 – 750 

nm or 340 – 750 nm, respectively. The WLC generated by the CaF2 crystal was used to obtain 

the transient absorption difference spectra of the complexes while the sapphire crystal was used 

to record the transient kinetic traces. The two beams were focused and spatially and temporally 

overlapped into a spot on the sample, with the relative polarizations of the pump and probe 

beams set at the magic angle. Samples were prepared in 2 mm pathlength quartz cuvettes and 

each solution was stirred continuously throughout the course of the experiment to ensure each 

laser pulse came into contact with fresh sample. The sample solutions were prepared to possess 

optical densities below 0.2 at the excitation wavelength (500 nm). All solvents were 

spectrophotometric grade and the ground state absorption spectra were taken before and after 

each experiment using an Agilent 8453 UV-visible spectrophotometer to ensure there was no 

sample decomposition. The transient spectra and kinetics were obtained using a commercially 

available transient absorption spectrometer (Helios, Ultrafast Systems), averaging at least two 
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scans and using 2 s of averaging at every given delay. Transient kinetics were evaluated using the 

Origin 9.0 fitting routines. 
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4.8. Supporting Information. 

 
Calculating rate constants for nonradiative and radiative decay. 

The radiative rate (kr) constants were calculated using Φ and τ (Table 4.1) using Eq. S4.3. 
 

𝜙 = !!
!!"!!!

   Eq. S4.1 

 

𝜏 = !
!!"!!!

   Eq. S4.2 

 

Combining and rearranging Eq. S4.1 and Eq. S4.2 gives: 

 

𝑘! =
!
!
    Eq. S4.3 

 
The nonradiative rate (knr) constants were calculated using Eq. S4.1 and Eq. S4.3. 
 
 
  
 

 

Figure S4.1. Normalized variable temperature emission decays of [Cu(diptmp)2]+ in deaerated THF with 
temperatures indicated in the legend. Data provided by Dr. Catherine McCusker. 
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Figure S4.2.   (left) Cyclic voltammetry (blue) and differential pulse voltammetry (black) spectra for 
[Cu(diptmp)2](PF6) in THF solution with 0.1 M TBAPF6 as the supporting electrolyte. (right) Cyclic 
voltammetry (red) and differential pulse voltammetry (black) spectra for [Cu(dipp)2](PF6)  in THF 
solution with 0.1 M TBAPF6 as the supporting electrolyte.  Potentials were measured vs Ag/AgNO3 and 
all potentials are reported vs Fc+/0 redox couple, which was used as an internal standard. Data provided 
by Dr. Catherine McCusker. 

 

Figure S4.3. Emission of (left) [Cu(diptmp)2]+ and (right) [Cu(dipp)2]+ in THF solution, corrected with 
the Parker-Rees correction1 to convert to an energy scale.  Black line is a tangent to the high-energy 
emission edge, where the X intercept is approximately E00. Data provided by Dr. Catherine McCusker.  
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Figure S4.4. (a) The prompt differential nanosecond transient absorption spectra of [Cu(dipp)2]+ in 
deaerated CH2Cl2 (blue) and THF (green) solutions after 450 nm excitation. (b) Transient absorption 
decay kinetics of [Cu(dipp)2]+ in deaerated CH2Cl2 (blue) and THF (green) solutions probed at 550 nm.  
Black lines are the result of single exponential fits yielding lifetimes summarized in Table 4.1. 

          
Figure S4.5. Transient absorption kinetics (λprobe = 508 nm) and surface plot of (a) Cu(diptmp)2+ in 
dichloromethane and (b) solvent blank performed with dichloromethane reveal impulsive stimulated 
Raman scattering artifacts that persist for several picoseconds following 470 nm pulsed excitation (2.0 uJ 
per pulse, 100 fs fwhm). These artifacts appear as oscillatory signals and can be visualized in the surface 
plot as fringes.   
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CHAPTER 5 

 

Photoinduced Structural Distortions and Singlet-Triplet Intersystem 

Crossing in Cu(I) MLCT Excited States Monitored by Optically Gated 

Fluorescence Spectroscopy. 

The contents of this chapter have been previously published in Physical Chemistry Chemical Physics, 

2017, 19 (25), 16662 – 16668.  DOI: 10.1039/C7CP03343E 

5.1. Abstract. 

Copper(I) phenanthroline complexes represent viable earth-abundant alternatives to the 

ubiquitous Ru(II) tris-bipyridine photosensitizers owing to their similar metal-to-ligand charge 

transfer (MLCT) properties. A well-established complication of Cu(I) phenanthroline complexes 

is that they can undergo significant photo-induced structural rearrangements, leading to short-

lived excited states that are highly susceptible to exciplex formation. In this work, a 

comprehensive analysis of the photo-induced structural distortions and singlet-triplet 

intersystem crossing dynamics of a series of four sterically encumbered Cu(I) phenanthroline 

chromophores has been conducted, namely, [Cu(dsbp)2]
+ (dsbp = 2,9-di-sec-butyl-1,10-

phenanthroline), [Cu(dsbtmp)2]
+ (dsbtmp = 2,9-di-sec-butyl-3,4,7,8-tetramethyl-1,10-

phenanthroline), [Cu(dipp)2]
+ (dipp = 2,9-di-isopropyl-1,10-phenanthroline), and [Cu(diptmp)2]

+ 

(diptmp = 2,9-di-isopropyl-3,4,7,8-tetramethyl-1,10-phenanthroline). Upconverted fluorescence 

decay kinetics were measured at wavelengths along the blue side of the photoluminescence 

spectrum. The experimental results displayed strong wavelength dependence of the singlet 

emission, with rapid sub-picosecond decay dominating at higher energies. At lower emission 

energies, increasing contribution of a longer decay component was revealed. This wavelength 

dependence is a signature of the excited state structural rearrangement of the phenanthroline 

ligands, which concomitantly lower the excited state energy. The obtained time constants were in 
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excellent agreement with those measured in the complementary ultrafast transient absorption 

experiments. The sub-picosecond component (prompt fluorescence) is associated with the 

photo-induced structural rearrangement that lowers the energy of the singlet excited state. The 

longer decay component represents the lifetime of the S1 excited state, and thus the time-scale of 

singlet-triplet intersystem crossing. Lastly, the observed dual emission was further characterized 

by constructing picosecond time-resolved emission spectra from the measured kinetic data. 

These qualitative luminescence spectra capture the resulting emission from both the S1 initial 

state and the S1 flattened state, providing further insight into the energy-lowering excited state 

distortion across the series. 

5.2. Introduction. 

Transition metal complexes play a central role in many aspects of solar energy conversion 

applications. 1–3 Their large spin-orbit coupling constants provide a mechanism to induce 

intersystem crossing to long-lived triplet states, making them ideal for realization as 

photosensitizers in applications requiring bimolecular energy or electron transfer. However, 

spin-orbit coupling, along with high density of states, contributes to the fast and convoluted 

excited state dynamics that are typical of transition metal complexes. 3 As the successful 

conversion of light into chemical potential is contingent upon the cascade of events that follow 

the initial absorptive event, a complete understanding of the photophysical processes that take 

place is necessary for proper implementation and design of any photosensitizer.  Ultrafast 

spectroscopic measurements are invaluable in this regard as they provide the time resolution 

necessary for observation of the primary events following photoexcitation. 4 

Copper(I) bis-phenanthroline complexes have drawn much attention as alternatives to the 

ubiquitous Ru(II) tris-bipyridine derivatives as they possess properties highly suitable for 

photosensitizers and incorporate an earth-abundant first-row transition metal. 5 Cu(I) 

phenanthroline complexes possess strong metal-to-ligand charge transfer (MLCT) absorptions 

spanning the visible spectral region and feature triplet MLCT (3MLCT) states with microsecond 

lifetimes and room temperature photoluminescence (PL), 6–8 suitable for promoting bimolecular 

energy and/or electron transfer. 6,8–21 In this regard, Cu(I) complexes have shown much promise 
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in the pursuit of designing sustainable sensitizers capable of broad realization and 

implementation in real world applications.  

A well-established complication of Cu(I) phenanthroline MLCT complexes is that they can 

undergo significant photo-induced structural rearrangements. 7,8,22–36 The excited state geometric 

distortion leads to excited states that are highly susceptible to exciplex formation. 7,8,18,24,37–39 This 

exciplex formation opens nonradiative decay channels that deactivate the excited state and 

shorten the lifetime, thereby limiting the effectiveness of Cu(I) complexes as sensitizers. 

Exhaustive characterization of this energy-wasting distortion is of fundamental importance and 

has driven sophisticated ligand design in this genre of MLCT chromophores.  

Through decades of intensive investigation, 6–8,11,14,18,23–25,27–32,34–67 the Cu(I) complexes with the 

most successful (in terms of photochemical stability, excited state lifetime, and PL quantum 

efficiency) archetypes are found to possess phenanthroline ligands decorated with sterically 

demanding branched-alkyl substituents in the 2,9-positions with buttressing methyl groups in the 

3,8-positions. 6,8,46,49 While early prototypes, e.g. [Cu(dmp)2]
+ (dmp = 2,9-dimethyl 

phenanthroline) and [Cu(dpp)2]
+ (dpp = 2,9-diphenyl phenanthroline), have been the subject of 

extensive ultrafast spectroscopic examinations, 5,14,32,34,68 the more recently conceived archetypes 

have not been thoroughly investigated in this regard.  

Herein, a comprehensive analysis of the photo-induced structural distortions and singlet-triplet 

intersystem crossing dynamics of a series of Cu(I) phenanthroline chromophores has been 

conducted. The MLCT chromophores in this series include [Cu(dsbp)2]
+ (dsbp = 2,9-di-sec-butyl-

1,10-phenanthroline), [Cu(dsbtmp)2]
+ (dsbtmp = 2,9-di-sec-butyl-3,4,7,8-tetramethyl-1,10-

phenanthroline), [Cu(dipp)2]
+ (dipp = 2,9-di-isopropyl-1,10-phenanthroline), and [Cu(diptmp)2]

+ 

(diptmp = 2,9-di-isopropyl-3,4,7,8-tetramethyl-1,10-phenanthroline). These Cu(I) complexes 

were deliberately selected to possess nearly identical geometries in the ground state, with diverse 

degrees of structural reorganization expected following photoexcitation. 6,8,52 The complexes 

with 2,9-substituted phenanthroline ligands (isopropyl or sec-butyl groups) are expected to 

possess comparable excited state geometries with more degrees of freedom whereas their 
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3,4,7,8-tetramethyl analogs are anticipated to be more constrained and less susceptible to 

structural distortion.  

  

Previous ultrafast transient absorption studies have provided initial support towards mapping 

the excited state trajectory of these molecules. 6,52 PL measurements with sub-picosecond time 

resolution serve as a direct probe of the singlet population allowing for unequivocal 

identification of the intersystem crossing time scale — that cannot be directly probed using 

transient absorption spectroscopy. Accordingly, optically gated fluorescence spectroscopy 

provides a means, complementary to ultrafast transient absorption, to monitor the excited state 

trajectory and surface crossings of these chromophores following laser excitation by monitoring 

PL intensity decay kinetics. 28,30–32,54,67 

N N

NN

Cu

PF6−

+

N N

NN

Cu

PF6−

+

[Cu(dsbp)2](PF6) [Cu(dsbtmp)2](PF6)

N N

NN

Cu

PF6−

+

N N

NN

Cu

PF6−

+

[Cu(dipp)2](PF6) [Cu(diptmp)2](PF6)



 

 

 

 129 

In this contribution, upconverted fluorescence intensity decay kinetics were collected at 

wavelengths along the blue side of the PL spectrum of each complex between 525 and 675 nm. 

The results displayed a strong wavelength dependence of the singlet PL, with rapid sub-

picosecond decay dominating at higher energies. At lower emission energies, increasing 

contribution of a longer decay component was revealed. This wavelength dependence is a 

signature of the energy-lowering excited state structural rearrangement of the phenanthroline 

ligands. 28,30–32,54,67 With the series of complexes selected, systematic conclusions regarding the 

time-scales of structural rearrangement and intersystem crossing can be rationalized. The 

obtained time constants were in excellent agreement with those measured in the complementary 

ultrafast transient absorption experiments conducted previously. 6,8 The sub-picosecond 

component (prompt fluorescence) is associated with the photo-induced structural change that 

modulates the singlet excited state surface to lower energy. The longer decay component 

represents the lifetime of the S1 state, and thus the time-scale of singlet-triplet intersystem 

crossing. Lastly, using the combined experimental data, the ultrafast relaxation dynamics in this 

series of Cu(I) complexes is summarized in a simplified energy level diagram. 

5.3. Experimental. 

Sub-picosecond Optically Gated Fluorescence Measurements.  

Sub-picosecond time-resolved fluorescence decays were measured by optically gated 

fluorescence experiments (fluorescence up-conversion). In this experiment, the light source is a 

broadband tunable mode-locked femtosecond Ti:Sapphire laser (Chameleon Ultra II, Coherent). 

The laser generated 140 fs pulses with a repetition rate of 80 MHz. The 880 nm output beam 

was split using an 80:20 beam splitter to generate gate and pump, respectively. Pump pulses (440 

nm) were produced by second harmonic generation (HarmoniXX, A.P.E.) of the reflected 

Chameleon output while the transmitted portion of the output was used as the gate (880 nm). 

Upconversion intensity decays were detected using an Ultrafast Systems Halcyone spectrometer. 

The gate was directed into a 300 mm optical delay line (quadruple pass) generating time delays 

between 0 and 8 ns. The pump beam (440 nm, 3.3 – 4.7 mW average power) was focused onto 

the sample and fluorescence was collected and focused using a pair of parabolic mirrors; a 510 
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nm long pass filter was used to remove any residual pump that was not absorbed by the sample. 

The collected fluorescence was mixed with the gate pulse in a 0.5 mm Type II BBO crystal and 

the upconversion signal was detected using a single photon counting PMT coupled to a fiber-

coupled monochromator. Multiple 270 – 400 nm colored glass band pass filters were used to 

ensure only upconverted light was detected. The IRF was approximately 400 fs (fwhm), 

measured by cross correlation between the scattered pump and gate pulses. Samples were 

contained in 2 mm path length quartz cuvettes and each solution was stirred continuously 

throughout the course of the experiment. The sample solutions were prepared to possess optical 

densities between 0.65 and 0.85 at the excitation wavelength in spectrophotometric grade 

dichloromethane as a solvent. Upconverted PL transients were measured for 525, 550, 575, 600, 

625, 650, and 675 nm. Due to the low fluorescence intensities, the transient kinetics were 

obtained by averaging 10 to 45 scans and using 1 s averaging at each delay time. Given the long 

experiment duration to achieve sufficient S/N ratio and concerns regarding sample degradation, 

fresh solutions were used at each individual detection wavelength. Moreover, the ground state 

absorption spectra were taken before and after each experiment using an Agilent 8453 UV-vis 

spectrophotometer to ensure that no sample decomposition occurred.  

Static Spectroscopic Measurements. 

All reagents were purchased from Sigma-Aldrich or Alfa Aesar and used as received. 

[Cu(dipp)2]PF6, [Cu(dsbp)2]PF6, [Cu(diptmp)2]PF6, and [Cu(dsbtmp)2]PF6 were available from 

previous studies. 6,8 Absorption spectra were measured using an Agilent 8453 diode array 

spectrometer or a Shimadzu UV-3600 spectrophotometer while steady-state PL spectra were 

collected using a FS920 fluorimeter (Edinburgh Instruments) equipped with a 450 W Xe arc 

lamp as the excitation source. All spectroscopic samples were prepared using 

spectrophotometric grade CH2Cl2. 

5.4. Results and Discussion. 

The static electronic and PL spectra of [Cu(dsbp)2]
+, [Cu(dsbtmp)2]

+, [Cu(dipp)2]
+, and 

[Cu(diptmp)2]
+ measured in dichloromethane are presented in Figure 5.1. The absorption 

spectrum of each complex contains MLCT absorptions across the visible (400 – 600 nm) and π 
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⟶ π* transitions below 320 nm (not displayed). The MLCT transition is composed of two 

bands; the stronger band centered near 450 nm, and a weaker shoulder near 500 nm, assigned to 

the S0 ⟶ Sn and S0 ⟶ S1 transitions, respectively. Here, n is used to denote a higher lying singlet 

state, to remove any ambiguity in the assignment (as S2 or S3) from discrepancies present in the 

literature. The two optical transitions differ in their allowedness depending upon the ground 

state geometry (D2d or D2 symmetry). 65 The comparable relative intensities of these two bands 

across the series of chromophores indicate that these Cu(I) complexes posses similar ground 

state geometries. As the band near 500 nm is greatly attenuated and only appears as a week red-

shoulder in this series, this strongly suggests that the ground state molecules possess pseudo-

tetrahedral geometries.  

 
Figure 5.1. Steady-state electronic (solid lines) and photoluminescence (dashed lines) spectra of 
[Cu(dsbp)2]+ (orange), [Cu(dsbtmp)2]+ (red), [Cu(dipp)2]+ (green), and [Cu(diptmp)2]+ (blue) in 
dichloromethane at room temperature. 

The steady-state PL spectra of these complexes comprise of a superposition of both 

phosphorescence and delayed fluorescence from the thermally populated, closely lying S1 state. 
55,69–72 Temperature-dependent emission lifetime measurements of the four complexes, published 

previously, illustrates this phenomenon and allows for the singlet-triplet energy gap to be 
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extracted. 6,8 The observed shift between the photoluminescence maxima in the 2,9-substituted 

phenanthroline complexes and their auxiliary tetramethyl substituted analogs is representative of 

the disparity in the degree of distortion in the emitting states. 73 In the 2,9-substituted complexes, 

more extensive structural rearrangements are expected upon photo-excitation, resulting in a 

lowering of the energy of the excited state. This gives rise to the larger observed Stokes shift 

between the absorption and emission maxima in the 2,9-substituted complexes as compared 

with the tetramethyl analogs. These results provide further support for the utility of the 

reinforcing methyl substituents in the ligand design for hindering MLCT distortion. 

In order to obtain more detailed insight into the photo-induced structural distortions and 

singlet-triplet intersystem crossing dynamics in these Cu(I) chromophores, sub-picosecond time-

resolved emission studies were conducted. Fluorescence upconversion provides a means, 

complementary to ultrafast transient absorption, to monitor the excited state trajectory and 

surface crossings of these chromophores following laser excitation by monitoring PL intensity 

decay kinetics. Specifically, the initial excited state dynamics occurring on the singlet excited state 

surface are selectively probed using this technique, enabling precise assignments of the 

associated time constants. Importantly, these can be directly correlated with time constants 

measured with other techniques, including transient absorption spectroscopy.       

Here, time-resolved PL decay kinetics were obtained at seven different emission wavelengths 

along the blue side of the PL spectrum: 525, 550, 575, 600, 625, 650, and 675 nm. As the 

structural distortions are expected to lower the excited state energy, by probing along the higher 

energy side of the PL curve, the kinetics of this energy-lowering structural distortion could be 

captured.  

Figure 5.2 displays representative data of the wavelength dependent PL decay of [Cu(dipp)2]
+ 

in dichloromethane. The corresponding data for the remainder of the series is provided in the 

Supplementary Information. In all instances, the results display a strong wavelength dependence 

of the singlet emission, with rapid sub-picosecond decay dominating at higher energies. At lower 

emission energies, increasing contribution of a longer decay component was revealed. This 

wavelength dependence is a signature of the excited state structural rearrangement of the 
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phenanthroline ligands – these distortions lower the energy of the excited state surface 

concomitantly. The incidence of two discrete time scales (i.e. dual emission) for PL decay implies 

two distinct emissive states with different energetics are present in the system. The nature of the 

two distinct emissive states will be discussed below. 

 
 

 
Figure 5.2. Time-resolved PL decay kinetics of [Cu(dipp)2]+ in dichloromethane measured by 
fluorescence-upconversion method obtained at ambient temperature. The black line represents the most 
adequate fit to a (sum of) exponential function(s), with the time constants (amplitudes) provided in the 
legend.  
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Evaluating the decay kinetics using sums of exponential functions revealed two time 

components in excellent agreement with those measured in the complementary ultrafast 

transient absorption experiments. The time constants obtained from prior ultrafast transient 

absorption studies of these Cu(I) complexes are summarized in Table 5.1. 6,52 The benchmark 

Cu(I) complex, [Cu(dmp)2]
+, is included for completeness. In the published transient absorption 

studies, the ultrafast dynamics in the formation of the long-lived triplet state was explored. The 

measurements included thorough excitation wavelength dependence and solvent dependence 

experiments, as well as spectroelectrochemical studies to unequivocally assign the transient 

species as originating from transitions within the charge transfer manifold. Following 

assignments from established literature reports, 7,24,30–33,36,37,54,67 and direct comparison to the 

benchmark [Cu(dmp)2]
+ (dmp = 2,9-dimethyl phenanthroline) complex, τ1,TA had been assigned 

to excited state flattening distortions while τ2,TA to intersystem crossing to 3MLCT state.  

Table 5.1. Time constants obtained from prior ultrafast transient absorption studies of Cu(I) complexes.  

Complex τ1,TA τ2,TA 

[Cu(dsbp)2]+ 0.2 – 0.8 psa 5 – 14 psa 

[Cu(dsbtmp)2]+ 0.1 – 0.3 psa 2 – 6 psa 

[Cu(dipp)2]+ 0.4 – 0.8 psb 6.2 – 10.1 psb 

[Cu(diptmp)2]+ 0.12 – 0.5 psb 3.5 – 5.4 psb 

[Cu(dmp)2]+ 0.3 – 0.9 psa 9 – 20 psa 

a Time constants reported in ref. 51. b Time constants reported in ref. 6. 

The current study enables a direct measure of the intersystem crossing time, and explores the 

nature of the S1 surface modulation that originates from dihedral flattening. This new data 

provides explicit evidence supporting the assignments made in the prior work. 6,52 Here, the 

longer decay component represents the lifetime of the S1 state, and thus the time-scale of singlet-

triplet intersystem crossing. Whereas the observed prompt fluorescence (sub-picosecond time 

component) is associated with the photo-induced structural change that modulates the singlet 
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excited state surface to lower energy; this will be discussed further below. As observed in the 

ultrafast transient absorption data, 6,52 the obtained time constants systematically lengthen as a 

function of excited state structure (Table 5.2). In the complexes with solely 2,9-substituted 

phenanthroline ligands, slower dynamics are observed when compared to the more sterically 

hindered analogs (i.e. the tetramethyl substituted complexes) that are more resistant to flattening 

distortions. 6,52 The systematic variation in the PL decay time scales across the series illustrates 

that the more rapid surface crossings is enabled by strongly impeded structural distortion in 

Cu(I) MLCT excited state; both in the case of structural rearrangements resulting S1 surface 

modulation, and surface crossing from singlet to triplet charge transfer states.  

Table 5.2. Wavelength-dependent time resolved PL decay kinetics measured by the fluorescence 
upconversion method (time constants in picoseconds). 

Complex 525 nm 550 nm 575 nm 600 nm 625 nm 650 nm 675 nm 

[Cu(dsbp)2]+ τ1 = 0.21 – 0.27a τ1 = 0.26 – 0.30a 
τ1 = 0.33 – 0.51a 

τ2 = 3.7 – 6.2 

τ1 = 0.73 – 1.1 

τ2 = 5.8 – 7.8 

τ1 = 0.73 – 1.6 

τ2 = 6.8 – 8.4 
τ2 = 5.7 – 6.3 τ2 = 6.2 – 6.8 

[Cu(dsbtmp)2]+ τ1 = 0.25 – 0.26a τ1 = 0.26 – 0.4a 
τ1 = 0.33 – 0.4a 

τ2 = 2.7 – 3.1 

τ1 = 0.99 

τ2 = 2.7 – 3.4 
τ2 =3.5 – 4.2 τ2 = 3.5 τ2 = 4.2 – 4.3 

[Cu(dipp)2]+ τ1 = 0.25 – 0.34a τ1 = 0.29 – 0.34a 
τ1 = 0.45 – 0.6a 

τ2 = 5.5 – 6.3 

τ1 = 0.82 – 0.87 

τ2 = 7.0 – 8.1 

τ1 = 0.96 – 1.2 

τ2 = 6.6 – 7.8 

τ1 = 0.88 – 1.9 

τ2 = 6.5 – 10 
τ2 = 6.7 – 7.0 

[Cu(diptmp)2]+ τ1 = 0.30 – 0.37a 
τ1 = 0.27 – 0.32a 

τ2 = 2.9 – 3.2 

τ1 = 0.23 – 0.4a 

τ2 = 2.2 – 3.1 

τ1 = 0.23a 

τ2 = 2.1 – 3.6 
τ2 = 3.3 – 3.8 τ2 = 3.5 – 3.9 τ2 = 3.4 – 3.6 

a Time constant is IRF limited 

The observed dual emission was further characterized by constructing picosecond time-

resolved emission spectra from the measured kinetic data, shown in Figure 5.3. To obtain these 

qualitative luminescence spectra, the measured kinetic traces were normalized at the maximum 

and the data point at a given time delay was selected at each probe wavelength. The 

reconstructed PL spectra exhibit clear spectral changes on the time scales of the observed dual 

emission. Two distinct bands are observed in these reconstructed spectra, with maxima near 550 

nm and 650 nm. These bands decay on the measured luminescence decay times – the band at 
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550 nm decays on the timescale of the prompt fluorescence (<1 ps) while the band at 650 nm 

decays with a time constant ~7 ps, in the case of [Cu(dipp)2]
+. 

  
Figure 5.3. Time resolved emission spectra constructed from the obtained single-wavelength kinetics. 
Time delays are provided in the legend with arrows marking the direction. The decay of the band near 
550 nm in the left panel is representative of the S1(IS) while the band centered at 650 nm in right panel is 
the S1(FS).  

Using the combined experimental data, both the time-resolved PL decay kinetics and the 

reconstructed time-resolved emission spectra, the ultrafast relaxation dynamics in the series of 

Cu(I) complexes can be captured in a simplified energy level diagram (Figure 5.4). Owing to 

weak time-resolved intensity, no phosphorescence signal was detected in these time resolved 

experiments, despite 3MLCT emission dominating the steady-state PL spectra. This indicates 

that the measured time-resolved emission data is reporting on the singlet excited state surface. 

Following S0 ⟶ Sn excitation using 440 nm pulsed light, the Sn Frank-Condon state is populated 

with an excited state geometry nearly identical to the ground state. From here, ultrafast internal 

conversion to S1 is expected to proceed <50 fs. 28,30–32,54 As internal conversion in this system 

precedes the structural rearrangement, the molecular geometry in the initially populated S1 

excited state can be presumed to be comparable to that of the ground state structure. With the 

time resolution in the current apparatus (IRF ~ 400 fs), emission from Sn (n ≥ 2) cannot be 

resolved, thus, higher lying states are omitted from the simplified schematic presented in Figure 
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5.4. The Cu(I) complexes exhibit very similar relaxation processes, with modest variation in the 

timescales of surface crossings, which systematically lengthen as a function of the degree of 

excited state structural rearrangement. Slower relaxation dynamics are observed in the 2,9-

substituted phenanthrolines when compared to the more sterically hindered tetramethyl analogs. 

 
Figure 5.4. Simplified energy level diagram displaying modulation of the S1 surface upon photo-induced 
structural rearrangements. The flattening distortion results in higher energy (blue) emission from the S1 
initial state (IS) and lower energy (red) emission from the S1 flattened state (FS). 

Extending the assignments of the time constants from above to the bands in the emission 

spectra, the two emissive states are described as the S1 initial state (IS) and the S1 flattened state 

(FS). From the reconstructed time-resolved emission spectra, the higher energy band (~550 nm) 

can be assigned to emission from S1(IS), which decays on the timescale of the prompt 

fluorescence signal (<1 ps). The dominant decay pathway for the S1(IS) is presumed to be 

excited state structural rearrangements resulting in S1 surface modulation, accordingly, the sub-

picosecond decay constant can be assigned to the flattening distortion. The lower energy (red) 

band at 650 nm is then attributed to S1(FS). This state decays with a time constant of ~8 ps in 

the [Cu(dipp)2]
+ complex. As this time constant corresponds to the singlet fluorescence lifetime, 

and the dominant pathway for singlet decay is surface crossing from the singlet to the triplet 
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charge transfer states, this time constant is attributed to intersystem crossing. These results are in 

excellent agreement with work from Tahara and co workers, tracking the singlet population 

decay in the benchmark [Cu(dmp)2]
+ complex. 28,31,32 As in the published ultrafast TA work, 6,52 a 

systematic shortening in the timescales of surface crossings is observed with increased ligand 

bulk – this comparison is facilitated by including the benchmark [Cu(dmp)2]
+ complex in the 

series (Table 5.1). The combined results further illustrate that more rapid surface crossings are 

likely enabled by strongly impeded structural distortion in Cu(I) MLCT excited state. 

5.5. Conclusions. 

In this contribution, sub-picosecond time-resolved emission study of the photoinduced 

structural rearrangement and subsequent singlet-triplet intersystem crossing was investigated for 

a series of sterically encumbered Cu(I) MLCT complexes. By monitoring the singlet PL decay, a 

direct measure of the singlet-triplet intersystem crossing was obtained along with insight into 

additional dynamics attributed to changes in the singlet state surface. The photoinduced 

structural change results in lower energy (red) emission from the S1(FS) as compared to the 

higher energy (blue) emission from the S1(IS). The combination of time-resolved PL decay 

kinetics, reconstructed time-resolved emission spectra, and transient absorption kinetics 

permitted complete assignments of the relaxation dynamics and state transitions occurring in 

these chromophores. 
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5.8. Supporting Information. 

 
Figure S5.1. Time-resolved PL decay kinetics of [Cu(dsbp)2]+ in dichloromethane measured by 
fluorescence-upconversion method at room temperature. The black line represents the most adequate fit 
to a (sum of) exponential function(s), with the time constants (amplitudes) provided in the legend.  
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Figure S5.2. Time-resolved PL decay kinetics of [Cu(dsbtmp)2]+ in dichloromethane measured by 
fluorescence-upconversion method at room temperature. The black line represents the most adequate fit 
to a (sum of) exponential function(s), with the time constants (amplitudes) provided in the legend.  
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Figure S5.3. Time-resolved PL decay kinetics of [Cu(diptmp)2]+ in dichloromethane measured by 
fluorescence-upconversion method at room temperature. The black line represents the most adequate fit 
to a (sum of) exponential function(s), with the time constants (amplitudes) provided in the legend.  
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CHAPTER 6 

 

Enhancing the Visible Light Absorption and Excited State Properties 

of Cu(I) MLCT Excited States 

The contents of this chapter have been previously published in Inorganic Chemistry, 2018, 57 (4), 

2296 – 2307. DOI: 10.1021/acs.inorgchem.7b03169 

6.1. Abstract.  

A computationally inspired Cu(I) metal-to-ligand charge transfer (MLCT) chromophore, 

[Cu(sbmpep)2]
+ (sbmpep = 2,9-di(sec-butyl)-3,8-dimethyl-4,7-di(phenylethynyl)-1,10-

phenanthroline), was synthesized in seven total steps, prepared from either dichloro- or 

dibromo-phenanthroline precursors. Complete synthesis, structural characterization, and 

electrochemistry, in addition to static and dynamic photophysical properties of [Cu(sbmpep)2]
+ 

are reported on all relevant time scales. UV-vis absorption spectroscopy revealed significant 

increases in oscillator strength along with a concomitant bathochromic shift in the MLCT 

absorption bands with respect to structurally related model complexes (ε = 16,500 M-1 cm-1 at 

491 nm). Strong red photoluminescence (Φ = 2.7%, λmax = 687 nm) was observed from 

[Cu(sbmpep)2]
+ which featured an average excited state lifetime of 1.4 𝜇s in deaerated 

dichloromethane. Cyclic and differential pulse voltammetry revealed ~300 mV positive shifts in 

the measured one-electron reversible reduction and oxidation waves in relation to a Cu(I) model 

complex possessing identical structural elements without the π-conjugated 4,7-substituents. The 

excited state redox potential of [Cu(sbmpep)2]
+ was estimated to be −1.36 V, a notably powerful 

reductant for driving photoredox chemistry. The combination of conventional and ultrafast 

transient absorption and luminescence spectroscopy successfully maps the excited state 

dynamics of [Cu(sbmpep)2]
+ from initial photoexcitation to the formation of the lowest energy 

MLCT excited state and ultimately its relaxation to the ground state. This newly conceived 
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molecule appears poised for photosensitization reactions involving energy and electron transfer 

processes relevant to photochemical upconversion, photoredox catalysis, and solar fuels 

photochemistry. 

6.2. Introduction.  

Transition metal photosensitizers featuring metal-to-ligand charge transfer (MLCT) excited 

states represent an enormous field with amazing diversity across both fundamental and applied 

research landscapes. Although dominated primarily by molecules containing 2nd and 3rd row 

transition metals of mostly d6 and d8 configurations, promising 1st row possibilities do indeed 

exist in this genre and include select Cu(I), 1–4 Fe(II), 5,6  and Cr(0) species. 7 In the case of Cu(I) 

diimine complexes, the quest for generating long-lived MLCT excited states spans almost 5 

decades and their electronic structures offers particular challenges in this regard. 8–14 In the 

ground state, the Cu(I) center is in a d10 configuration preferring a 4-coordinate pseudo-

tetrahedral (D2d) geometry. Subsequent to MLCT photoexcitation, the Cu(I) center becomes 

formally oxidized to a d9 Cu(II) configuration. In this excited state, the complex becomes 

susceptible to Jahn-Teller distortion, ultimately flattening to D2 symmetry with concomitant 

lowering of excited state energy and revealing non-radiative decay channels, including exciplex 

formation with coordinating species or donor solvents. Initial molecular strategies intended to 

impede these transient structural rearrangements targeted homoleptic cuprous bis-(1,10-

phenanthroline) (phen) complexes containing steric encumbering alkyl-bearing 2,9-substituents. 
15,16 These ligand modifications aided in suppressing the pseudo-Jahn-Teller flattening distortion 

accompanying the formation of Cu(II) following visible light excitation. A recent example takes 

advantage of this photoinduced structural distortion and its resulting photoluminescence to 

estimate the rheological properties of macromolecules. 17 Other research targeted the preparation 

of molecules that exaggerated this structural permutation by using 2,9-phenyl substituents to 

severely pre-distort the ground state towards the lowest MLCT excited state configuration. 11,18–20 

The former strategy produced molecules with substantial Stokes shifts that ultimately wasted 

most of the optical input energy by permitting too much excited state distortion. The latter 

approaches yielded chromophores with bathochromically shifted absorption properties but 
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ultimately suffered from low excited state energies and poor molecular photophysical properties, 

a direct consequence of significant ground state structural distortion. Both strategies generated 

homoleptic Cu(I) phenanthroline complexes with modest excited state lifetimes and low 

photoluminescence quantum yields that severely limited potential applications.  

McMillin and coworkers demonstrated in the late 1990’s that lifetimes in Cu(I) chromophores 

were significantly enhanced by using linear and branched alkyl substituents placed in the 2,9-

positions of phen in homoleptic Cu(I) complexes. 21 They also observed that the combination of 

2,9-n-butyl substituents and methyl groups on the 3,8-positions cooperatively enhanced the 

steric effect imparted by the 2,9-substituents, further extending the excited state lifetime in 

homoleptic structures to nearly 1 µs. 22 Most subsequent molecular designs of Cu(I) MLCT 

excited states then shifted to heteroleptic structures featuring combinations of phenanthrolines 

with varying degrees of steric hindrance as well as the former paired with chelating phosphines. 
12,23–27 Some of these molecules possess impressive excited state properties that have already been 

employed in solar energy conversion schemes. 28,29 In 2013, we exploited the concepts originally 

conceived by McMillin and coworkers by combining branched 2,9-alkyl groups that are more 

effective for lifetime extension over linear alkyl substituents with buttressing 3,8-methyl groups 

for cooperative steric reinforcement. 30 The resultant homoleptic [Cu(dsbtmp)2]
+ (dsbtmp = 2,9-

di(sec-butyl)-3,4,7,8-tetramethyl-1,10-phenanthroline) chromophore featured significantly 

enhanced excited state lifetime, 2.8 µs in CH2Cl2 at RT with large photoluminescence quantum 

yield (6.3%). Compared to [Cu(dsbp)2]
+ (dsbp = 2,9-di(sec-butyl-1,10-phenanthroline) and 

[Cu(dmp)2]
+ (dmp = 2,9-dimethyl-1,10-phenanthroline) there was only a slight blue shift in the 

absorption spectrum due to the additional electron donating methyl groups, with a concomitant 

blue shift in the emission energy due to limited excited state distortion. The cooperative steric 

effect provided by the sec-butyl and methyl substituents successfully shields the Cu center from 

solvent, and [Cu(dsbtmp)2]
+ maintained its microsecond lifetime even in donor solvents. Since 

that time, we have investigated solar fuels photochemistry 31 and photochemical upconversion 

applications, 32,33 developed new structures based on branched alkyl substituents, 34 and have 

detailed ultrafast transient absorption 34,35 and femtosecond fluorescence upconversion 36 kinetics 

and excited state evolution dynamics of these and related molecules.  
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In an effort to improve and broaden visible light harvesting while sustaining the desirable long 

MLCT excited state lifetimes in Cu(I) complexes, we turned to established principles to guide 

the necessary ligand design including π-delocalization and rigidifying the structure. 19,21,22,37–41 

Pronounced effects occur in the absorption spectra of MLCT complexes of Ru(II) and Cu(I) 

when 4,7-aryl substituents in phenanthroline promote π-delocalization of the charge transfer 

excitation. 20,42–46 Using time-dependent density functional theory (TD-DFT) calculations as a 

guide, marked enhancement in oscillator strength with a concomitant red shift in the MLCT 

absorption energy was predicted if 4,7-phenylethynyl substituents were to be used in place of the 

4,7-phenyl subunits. This prediction can be rationalized by comparing the optimized geometries 

of the phenyl and phenylethynyl substituted complexes. In the former, the phenyl rings are 

positioned nearly 90° (perpendicular) to the phenanthroline plane whereas in the latter the 

phenyl ring is completely coplanar with phenanthroline. The results of this analysis and our prior 

work 30,34 led to the conclusion that 2,9-di(sec-butyl)-3,8-dimethyl-4,7-di(phenylethynyl)-1,10-

phenanthroline (sbmpep) would be a desirable synthetic target to yield Cu(I) MLCT excited 

states featuring broadband visible absorption properties, high photoluminescence quantum 

yields, and long excited state lifetimes.          

In this contribution, complete synthesis, structural characterization, electrochemistry, and 

photophysical properties of the newly designed [Cu(sbmpep)2]
+ chromophore is reported. UV-

vis absorption spectroscopy revealed significant increases in oscillator strength along with a 

concomitant bathochromic shift in the MLCT absorption bands with respect to relevant model 

complexes (ε = 16,500 M−1 cm−1 at 491 nm). Strong red photoluminescence (Φ = 2.7%, λmax = 

687 nm) was observed from [Cu(sbmpep)2]
+ with an average excited state lifetime of 1.4 𝜇s in 

deaerated CH2Cl2. Cyclic and differential pulse voltammetry revealed ~300 mV positive shifts in 

the measured one-electron reversible reduction and oxidation waves in relation to 

[Cu(dsbtmp)2]
+. The combination of conventional and ultrafast transient absorption and 

luminescence spectroscopy successfully maps the excited state dynamics of [Cu(sbmpep)2]
+ from 

initial photoexcitation to the formation of the lowest energy MLCT excited state and ultimately 

its relaxation to the ground state.  
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Chart 6.1. Structure of [Cu(sbmpep)2](PF6)     

 

6.3. Results and Discussion.  

6.3.1. Density Functional Theory Guided Chromophore Design.  

A common strategy for increasing the absorption cross-section in MLCT chromophores is to 

extend the π conjugation of the lowest energy diimine ligand(s). 19,21,22,37–41,47–49 Increased 

conjugation will lower the ligand π* orbitals, red shifting the MLCT absorption transition while 

increasing the magnitude of the transition dipole and therefore the transition oscillator strength. 

As such, TD-DFT calculations were performed on a series of bis-(2,9-di(sec-butyl)-3,8-dimethyl-

1,10-phenanthroline)copper(I) complexes, systematically varying the substituents in the 4,7- 

positions. Somewhat surprisingly, when the 4,7-substituents are phenyl derivatives, the calculated 

absorption spectra predict only a modest increase in oscillator strength with little to no change in 

absorption maximum, as can be gleaned from Figure 6.1a. Conversely, when the 4,7-

substituents are phenylacetylene, there is a significant increase in transition intensity with a 

concomitant bathochromic shift of the absorption band. Figure 6.1b presents the gas phase 

optimized molecular geometries of the phenyl and phenylethynyl substituted Cu(I) complexes. 

In the phenyl derivative, these rings are rotated nearly 90° from the plane of the phenanthroline 

ligand, largely due to steric interactions with the methyl groups in the 3,8-positions. In the 

phenylethynyl derivative, the phenyl ring becomes coplanar with the phenanthroline ligand, 

extending the delocalization towards the phenylacetylene subunits.  

[Cu(dsbdmdpep)2]PF6

N

N
N

N
Cu PF6
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Figure 6.1. (a) Simulated absorption spectra of a series of selected 4,7-substituted Cu(I) phenanthroline 
complexes. The electronic spectra are calculated using TD-DFT, using the first 20 singlet transitions of 
the gas phase optimized structures. The legend indicates a representative selection of 4,7-substituted 
Cu(I) complexes evaluated computationally. (b) Gas phase optimized structures of bis-(2,9-di(sec-butyl)-
3,8-dimethyl-4,7-diphenyl-1,10-phenanthroline)copper(I) (left) and bis-(2,9-di(sec-butyl)-3,8-dimethyl-4,7-
di(phenylethynyl)-1,10-phenanthroline)copper(I) (right). All calculations were performed at the 
B3LYP/6-31g(d) level of theory. This data was provided by Dr. Catherine McCusker and Ms. Saba Khan. 
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6.3.2. Syntheses.  

Dr. Catherine E. McCusker, Dr. Petr Koutnik, and Dr. Anh Thy Bui performed the synthesis 

of the Cu complex and ligand. The procedure for synthesizing the target complex, 

[Cu(sbmpep)2](PF6) is outlined in Scheme 6.1. The final desired ligand sbmpep was prepared 

using two independent procedures (departing from either the chloro- and bromo-substituted 

phenanthroline precursor) to illustrate that the bi-exponential decays in transient absorption and 

transient photoluminescence (80% and 20% amplitude components) displayed by 

[Cu(sbmpep)2]
+ result from the nature of the molecule and not impurities. The chloro- and 

bromo-substituted phenanthroline precursors were synthesized according to the method 

reported by Schmittel and Ammon, with 1H and 13C NMR spectra quantitatively matching those 

reported in the literature. 50 Sonogashira coupling with a Pd catalyst was used to install the 

phenylethynyl substituents in the 4,7-positions according to a modified literature procedure. 51 

The final sbmpep ligand was synthesized according to the procedure developed by Sauvage and 

co-workers, where sec-butyllithium was used to selectively add sec-butyl groups to the 2,9-

positions of the phenanthroline ring followed by rearomatization using MnO2. 
52 After 

purification of the sbmpep ligand by column chromatography, purity was assessed by 1H and 13C 

NMR spectroscopy as well as high-resolution electrospray ionization mass spectrometry 

(HRMS-ESI). The target homoleptic Cu(I) complex was synthesized according to the standard 

literature procedure, where a solution of sbmpep in CH2Cl2 was added to solid 

tetrakis(acetonitrile)copper(I) hexafluorophosphate under an inert and dry N2 atmosphere using 

Schlenk technique. 44,53 The resulting [Cu(sbmpep)2](PF6) was precipitated by the addition of 

diethyl ether previously passed down a column of Al2O3 to remove peroxides. The vacuum dried 

final product was analytically pure as indicated by 1H and 13C NMR spectroscopy as well as 

HRMS-ESI, which measured an exact mass of 1103.50511 for this Cu(I) complex, matching the 

theoretical value of 1103.50475 for the molecular formula to two decimal places. Independently 

synthesized samples of [Cu(sbmpep)2](PF6) yielded identical photophysical properties on all time 

scales as described below.     
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Scheme 6.1. Complete synthesis of sbmpep and [Cu(sbmpep)2]+.  

 
(i) NaH, Et2O (rt); (ii) o-phenylenediamine, CH2Cl2 (reflux); (iii) diphenyl ether (250°C); (iv) POX3 (X = 
Cl or Br) (80°C); (v) Pd(PPh3)2Cl2, CuI, Et3N, phenylacetylene, DMF (80°C); (vi) 1) sec-butyllithium, 
THF, 2) MnO2, CH2Cl2 (rt); (vii) [Cu(CH3CN)4](PF6), CH2Cl2 (rt). Dr. Catherine E. McCusker, Dr. Petr 
Koutnik, and Dr. Anh Thy Bui performed the synthesis of the Cu complex and ligand.  

6.3.3. Electronic Spectroscopy.  

The static ground state absorption spectrum of [Cu(sbmpep)2]
+ measured in CH2Cl2 is 

presented in Figure 6.2 with maxima collected in Table 6.1. The corresponding UV-vis 

spectrum of [Cu(dsbtmp)2]
+ is included to facilitate comparisons that demonstrate the marked 

enhancement in the ground state absorption properties achieved by 4,7-phenylethynyl 

substitution in the title complex. The UV region of the two spectra is dominated by strong π—

π* transitions while the visible region features a broad MLCT absorption band in both 

molecules. A substantial red-shift of the MLCT absorption band is observed in the 

phenylethynyl substituted phenanthroline complex, from 445 nm in [Cu(dsbtmp)2]
+ to 491 nm 

in [Cu(sbmpep)2]
+. This ~2100 cm−1 shift can be attributed to the extended π-conjugation across 

the phenanthroline ligand afforded by the phenylethynyl substitution. The acetylene bond 

ensures the conjugated phenyl ring is coplanar with the phenanthroline, permitting substantial π-
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electron delocalization, presumably across the entire ligand. Equally noteworthy, a profound 

increase in the oscillator strength of the MLCT absorption band (16,520 M−1 cm−1 at λmax) was 

also observed upon phenylethynyl substitution. This is greater than a 2-fold increase compared 

to the methyl substituted parent [Cu(dsbtmp)2]
+ chromophore which possesses an extinction 

coefficient of 7,400 M−1 cm−1 at the MLCT λmax. The substantial increase in oscillator strength 

and concomitant bathochromic shift in the MLCT absorptions results in an enhancement in the 

light-absorption capacity of the newly synthesized Cu(I) MLCT complex. These properties make 

[Cu(sbmpep)2]
+ well suited to perform as a designer photosensitizer in applications such as 

photochemical upconversion, sunlight-to-fuel photocatalysis, and photoredox catalysis.   

The electronic structure of numerous Cu(I) bis-phenanthroline complexes has been previously 

described in detail. 10,35,54 Briefly, the MLCT absorption band is comprised of two distinct 

transitions, the relative intensities of which serve as a gauge of the ground state geometry in 

these structures. 54 The dominant band, centered at 491 nm in [Cu(sbmpep)2]
+ is assigned to S0 

⟶ Sn transitions and the weaker, red shoulder, centered near 550 nm, originates from a S0 ⟶ S1 

transition. The strongly attenuated nature of the lower energy S0 ⟶ S1 transition indicates the 

molecule likely adopts a pseudo-tetrahedral geometry (D2d symmetry) in the ground state, where 

the lowest energy electronic transition is forbidden. 54 Conversely, in a more square-planar 

(“flattened”) structure of D2 symmetry, the S0 ⟶ S1 transition is symmetry-allowed, resulting in 

intensity borrowing and a more prominent low-energy absorption band. When normalized, the 

two molecules have nearly identical intensity ratios between the two absorption bands, indicating 

similar ground state dihedral configurations (Figure S6.1). This is consistent with steric support 

originating from the bulky 2,9-sec-butyl substituents and buttressing 3,8-dimethyl groups. The 

4,7-phenylethynyl substitutions provide no steric influence and only serve to tune the absorptive 

and electronic properties of the title molecule.   
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Figure 6.2. UV-visible absorption (solid lines) and photoluminescence (dashed lines) spectra of 
[Cu(sbmpep)2]+ in CH2Cl2 at room temperature (red). The corresponding spectra of [Cu(dsbtmp)2]+ in 
CH2Cl2 are displayed to facilitate comparison (blue). The photoluminescence spectra were recorded using 
excitation into the respective MLCT λmax with detection at resolution of ± 1 nm.   

6.3.4. Photoluminescence Spectroscopy.  

The steady-state photoluminescence spectrum of [Cu(sbmpep)2]
+ is reported in Figure 6.2 

(dashed blue line). The detection-system corrected spectrum was measured at room temperature 

in CH2Cl2 solution using 500 nm excitation. The λmax (687 nm) is substantially red shifted in the 

phenylethynyl-substituted complex relative to the 631 nm emission maximum of [Cu(dsbtmp)2]
+. 

Analogous to the ground state absorption spectrum, this bathochromic shift (1290 cm−1) can be 

largely attributed to the extended π-conjugation of the phenanthroline ligand. Table 6.1 reports 

the photophysical properties of [Cu(sbmpep)2]
+ measured in CH2Cl2, compared to 

[Cu(dsbtmp)2]
+. The average 1.4 µs photoluminescence intensity decay lifetime [1.47 µs (0.83) 

and 400 ns (0.17)] of [Cu(sbmpep)2]
+ and quantum yield of 2.7% – though still impressive when 

compared to the large body of existing Cu(I) phenanthroline complexes – do not rival that of 

the parent [Cu(dsbtmp)2]
+ complex. 30 Similar biexponential decay behavior was displayed in 

transient absorption experiments and this behavior persisted regardless of whether the sample 

was synthesized from dichloro- or dibromo-phenanthroline precursors. As the final 

[Cu(sbmpep)2]
+ product was analytically pure in all instances and synthesized independently 

through different routes, yet displayed similar behavior in TRPL and TA experiments, any 
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contributions from impurities were ruled out. Instead, the complex decay kinetics were deemed 

intrinsic to the nature of this excited state. Although we do not have a satisfactory explanation 

with regards to the origin of this phenomenon here, similar observations of biexponential 

behavior are well documented in Ru(II) 38,39 and Re(I)-based 55 MLCT chromophores bearing 

acetylene subunits on various 1,10-phenanthroline ligands. As the [Cu(sbmpep)2]
+ and 

[Cu(dsbtmp)2]
+ molecules have identical 2,9-di-sec-butyl-3,8-dimethyl structural support 

substituents, identical ground state geometries are expected in both instances. This assumption 

was further substantiated by the similar relative intensities observed between the two ground 

state MLCT transitions in both complexes when they are overlapped in energy and normalized. 

It follows that the shorter luminescence lifetime and lower quantum yield in [Cu(sbmpep)2]
+ 

with respect to [Cu(dsbtmp)2]
+ is not a result of differences in structural distortion and is better 

rationalized by differences in energy gap. The energy gap law mandates an increase in 

nonradiative decay rate constant as the emission energy shifts to lower energy in structurally 

similar molecules. 56–59 Using the measured emission quantum yield and average excited state 

lifetime, radiative (kr) and nonradiative (knr) rate constants can be approximated for the title 

chromophore. The calculated rate constants, summarized in Table 6.1, yield a higher knr value 

for [Cu(sbmpep)2]
+ relative to [Cu(dsbtmp)2]

+, consistent with the energy gap law and accounts 

for the shorter lifetime and lower quantum yield of the title complex.   

 

Table 6.1. Photophysical properties of [Cu(sbmpep)2]+ and [Cu(dsbtmp)2]+ in CH2Cl2.  

 λabs / nm (ε / M−1 cm−1) λem / nm Φem / % τ / µs kr × 104 / s−1 knr × 105 / s−1 

[Cu(sbmpep)2]+ 491 (16,520) 687 2.7 1.4 c 1.9 6.9 

[Cu(dsbtmp)2]+ 445 (7,400) a 631 b 6.3 b 2.8 b 2.3 b 3.4 b 

a Values from ref 35. b Values from ref 30. c Average lifetime calculated from the photoluminescence 
intensity decay biexponential fit.     

Another factor in the molecular photophysics of Cu(I) MLCT excited states is that they 

possess low-lying singlet excited states that are in thermal equilibrium with the 3MLCT state. 4,60–
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63 This results in thermally activated delayed fluorescence (TADF) from the 1MLCT state that 

contributes to the measured room temperature photoluminescence. 4,60,62 This thermal 

equilibrium between the singlet and triplet MLCT states is best characterized using temperature 

dependent photoluminescence measurements. Figure 6.3a displays the normalized 

photoluminescence spectrum of [Cu(sbmpep)2]
+ in THF solution, measured between 50°C and 

−80°C. As the temperature increases, the emission maximum shifts to higher energy and the 

intensity increases, consistent with the TADF process. Likewise, at lower temperatures, red 

shifted, lower intensity emission is observed, consistent with less thermal population of the 
1MLCT state. At room temperature, the observed photoluminescence therefore consists of a 

superposition of both 1MLCT TADF and 3MLCT phosphorescence. 

The singlet-triplet (S-T) thermal equilibrium is also manifested in temperature dependent 

photoluminescence decay measurements, Figure 6.3b. At lower temperatures, a longer excited 

state lifetime is observed, consistent with 3MLCT state emission while at higher temperatures, 

significant thermal population of the 1MLCT state results in shortened lifetimes. With this data, 

the S-T energy gap can be determined by modeling the change in the observed emission decay 

rate constant as a function of temperature using a modified Boltzmann equation. 4,60 This 

analysis, detailed in the Supporting Information, is complicated by the observed bi-exponential 

photoluminescence decay, discussed further below. However, fitting of both the obtained time 

constants from the biexponential fit, as well as the calculated average lifetime, reveal a consistent 

S-T energy gap of 3145 ± 350 cm−1.  
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Figure 6.3. Temperature-dependent photoluminescence (a) spectra and (b) decay kinetics (λem = 700 
nm) of [Cu(sbmpep)2]+ following 500 nm pulsed laser excitation. Samples were measured under inert 
atmosphere in THF solution, which was deoxygenated by a minimum of three freeze-pump-thaw cycles. 

6.3.5. Electrochemistry.  

Cu(I) MLCT photosensitizers show promise for serving as electron donors or acceptors in 

photodriven electron transfer reactions. To evaluate the suitability of [Cu(sbmpep)2]
+ for such 

applications, the ground state and excited state redox properties of the complex have been 

evaluated with the results shown in Table 6.2. The ground state redox potentials were measured 

by both cyclic voltammetry and differential pulse voltammetry in CH2Cl2 solution containing 0.1 

M TBAPF6, using the Fc+/0 redox couple as an internal standard. The resultant voltammograms 

are provided in the Supporting Information (Figure S6.3). A reversible one-electron oxidation 

peak is observed at 0.70 V vs Fc+/0, corresponding to the one-electron oxidation of the copper 

center (CuII/I). The complex also displays two sequential reduction waves, with the first 

reversible wave located at −1.98 V, corresponding to the reduction of the first sbmpep ligand 

(sbmpep0/−). The observed shift to more positive potentials in both the oxidation and reduction 

potentials in the title complex as compared with the parent [Cu(dsbtmp)2]
+ complex is consistent 

with a marked decrease in the HOMO and LUMO energies resulting from 4,7-phenylacetylene 

substitution. Please note, the published redox potentials reported for [Cu(dsbtmp)2]
+ were 

recorded in acetonitrile. Therefore, direct quantitative electrochemical comparisons cannot be 

made to the data in the present study measured in CH2Cl2, required to provide the necessary 
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electrochemical solvent window. Using the obtained electrochemical data and the estimated 

excited state energy (E00), the excited state oxidation (Eox*) and reduction (Ered*) potentials can 

be calculated, Table 6.2. The strong (−1.36 V) excited state redox potential renders the complex 

amenable to serving as a photoreductant for photodriven electron transfer reactions such as 

those used in photoredox catalysis and solar fuels photochemistry.  

Table 6.2. Ground state and excited state redox properties of [Cu(sbmpep)2]+ and [Cu(dsbtmp)2]+. 

Complex Eox / V a Ered / V a E00 / eV b E*ox / V c E*red / V c 

[Cu(sbmpep)2]+  +0.69 d −1.98 d 2.06 −1.36 0.08 

[Cu(dsbtmp)2]+  +0.428 e −2.38 e 2.24 −1.81 -0.14 

a Potentials measured by CV and DPV with 0.1 M TBAPF6 as the supporting electrolyte vs Ag/AgNO3 
and are reported relative to a Fc+/0 internal standard. b Excited state energy, E00, estimated by a tangent 
drawn to the blue edge of the room temperature photoluminescence band (Figure S4). c E*ox = Eox – E00 

and E*red = Ered + E00. d Measured in CH2Cl2. eMeasured in CH3CN, from ref 30.  

6.3.6. Nanosecond Transient Absorption Spectroscopy.  

Pump-probe spectroscopic interrogation of [Cu(sbmpep)2]
+ establishes the formation of the 

long-lived 3MLCT* state and identifies the transient signal associated with this lowest-energy 

excited state. The obtained transient absorption difference spectrum following 500 nm MLCT 

excitation is provided in Figure 6.4a. The data displayed was measured in deaerated THF 

solution; analogous experiments in deaerated CH2Cl2 solution were also performed yielding 

identical transient signals, Figure S6.5. The bleach of the ground state MLCT absorption band 

is detected as a negative ΔA signal centered near 490 nm. Positive ΔA features – a strong band 

at 370 nm and weaker, broad absorptions centered near 630 nm – are consistent with 

phenanthroline radical anion absorptions. 34,35,64 The broadened nature of the positive ΔA 

features, especially the band to the red of the ground state bleach, is attributable to the extended 

π-conjugation afforded by phenylethynyl substitution on the phenanthroline backbone. Time-

resolved transient absorption difference spectra were measured at several time delays, as 
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indicated in the legend, and a symmetric decay of the entire transient absorption profile was 

observed within ~2 microseconds. Notably, clear isosbestic points at 447 and 522 nm are 

maintained throughout the duration of the excited state deactivation suggesting the presence of 

only one excited state species. To evaluate the excited state lifetime, single wavelength kinetic 

traces were collected at the major features in the TA difference spectrum. Figure 6.4b displays 

representative normalized kinetics measured at 650 nm in both CH2Cl2 and THF solutions. 

Kinetic analysis using exponential functions yielded an unexpected bi-exponential decay of the 

transient signals. This biexponential decay of the TA signals mimics the bi-exponential decay 

observed in the room temperature and temperature-dependent time-resolved emission data as 

described earlier. The legend displays the obtained time constants, τ1 and τ2, for each solvent 

yielding average lifetimes of τavg(CH2Cl2) = 1360 ns, τavg(THF) = 625 ns. The faster decay of the 
3MLCT* state (shorter excited state lifetime) observed in THF solution is attributed to solvent 

exciplex quenching due to the higher donor number of the solvent relative to CH2Cl2. 
10,22,30,34,65–71 

The origin of the biexponential excited state decay in this complex remains unclear. The fact 

that it is present in both the time resolved emission and transient absorption with the same 

relative amplitudes and the fact that the average lifetimes remain unchanged for independently 

synthesized and purified samples of the complex suggest that the biexponential decay is intrinsic 

to the complex, rather than being the result of an impurity. Varying the solvent viscosity by 

increasing the amount of polyethylene glycol in an ethanol solution had no effect on the 

transient absorption decay kinetics (Figure S6.6), indicating that ring rotation or some other 

large amplitude geometry change is not responsible for the biexponential decay kinetics 

observed on the nanoseconds/microseconds time scale in [Cu(sbmpep)2]
+.        
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Figure 6.4. (a) Supra-nanosecond transient absorption difference spectra of [Cu(sbmpep)2]+ in deaerated 
THF upon 500 nm excitation (1.5 mJ/pulse, 1 Hz) with experimental delay times indicated in the legend. 
(b) Transient absorption decay kinetics of [Cu(sbmpep)2]+ in deaerated THF (green) and CH2Cl2 (blue) 
solutions probed at 650 nm. Solid black line indicates biexponential fit yielding the average lifetimes 
reported in Table 6.1. 

6.3.7. Ultrafast Transient Absorption Spectroscopy.  

The initial deactivation dynamics that follow light absorption can provide critical details that 

may correlate to structural and electronic properties of the molecule, as it is these initial events 

that lead to the formation of the long-lived 3MLCT* state. This motivation becomes exceedingly 

pertinent in Cu(I) MLCT excited states that are plagued by photo-initiated structural distortions 

that lead to excited state deactivation and augmented quenching by solvent coordination. 8,34–

36,65,66,68,72–78 The large body of literature precedence dictates this dihedral distortion (often 

associated with a pseudo-Jahn Teller effect) takes place on ultrafast time scales. 8,34–36,65,66,68,72–78 

Towards this end, ultrafast spectroscopic interrogation of [Cu(sbmpep)2]
+ was performed to 

evaluate the structural reconfiguration dynamics as well as for precise determination of the 

singlet-triplet intersystem crossing timescale. The sub-picosecond TA difference spectra 

measured in THF solution are displayed in Figure 6.5a. It is immediately apparent that there is 

little spectral evolution between the initially prepared excited state and the lowest energy excited 

state, probed in the nanosecond TA measurements detailed above. The MLCT ground state 

bleach (centered near 490 nm) and the excited state absorption features associated with the 

ligand radical anion both form in-pulse, consistent with direct excitation into the charge-transfer 
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manifold. This transient signal evolves minimally over the time delays measured in the ultrafast 

TA apparatus, with marginal growths observed in the first few picoseconds following 

photoexcitation. Although it is clear that this transient signal is identical to the long-lived 
3MLCT* state measured in the nanosecond TA experiments, it is ambiguous if the moderate 

growth observed in the first few picoseconds is associated with singlet-triplet intersystem 

crossing. While valuable in determining the time scales and relevant spectral absorptions 

associated with transient species, this technique does not allow for a direct and unequivocal 

assignment of singlet-triplet intersystem crossing as it cannot selectively probe the necessary 

change in spin character of the excited state. Thus, assignments of the observed spectral changes 

and the associated time constants obtained in these ultrafast TA experiments will be reserved for 

further discussion below.  

Absorption transients were monitored at selected wavelengths that featured the most 

prominent changes in the TA difference spectra. Figure 6.5b displays representative kinetic 

traces probed at 370 and 620 nm. The single wavelength kinetics were appropriately modeled by 

single exponential functions when fitting over the first 100 ps following light excitation. The 

respective best-fit lines and the obtained time constants are displayed in the legend, τ1(TA).  

 
Figure 6.5. (a) Sub-picosecond transient absorption difference spectra of [Cu(sbmpep)2]+ in THF upon 
480 nm pulsed laser excitation (0.7 uJ per pulse, 100 fs fwhm) with experimental delay times indicated in 
the legend. Laser scatter from the 480 nm excitation source is present at all delay times due to the nature 
of the detection system used in these experiments. (b) Representative transient absorption decay kinetics 
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of [Cu(sbmpep)2]+ in THF monitored at 370 nm and 620 nm. Time components obtained upon fitting to 
a single-exponential function (black line represents the most adequate fit) are provided in the legend.  

6.3.8. Fluorescence Upconversion.  

In order to definitively determine the timescale of intersystem crossing, sub-picosecond time-

resolved emission studies using femtosecond optical gated fluorescence spectroscopy (FOG) 

were conducted to support the assignments made in the complementary ultrafast TA 

experiments. Fluorescence upconversion is a spin state selective technique reporting exclusively 

on the singlet population decay dynamics and allows for the precise determination of the 

timescale of not only S-T intersystem crossing, but also that of any excited state structural 

distortions occurring on the singlet surface. 36,72–74,76–78 Figure 6.6 displays representative data of 

the wavelength dependent photoluminescence decay of [Cu(sbmpep)2]
+ measured in CH2Cl2. 

The time-resolved photoluminescence decay kinetics were obtained along the blue edge of the 

steady-state PL spectrum—at 575, 600, 625, 650 and 675 nm – to capture the kinetics of the 

energy-lowering structural distortion. As observed in related studies, a strong wavelength-

dependence is observed in the singlet emission decay kinetics. 36,72–74,76–78 At higher energies, rapid 

sub-picosecond decay dominates the photoluminescence kinetics, whereas at lower energies, 

increasing contribution of a longer decay component is detected. The rapid-sub picosecond 

decay is assigned to excited state structural rearrangement that lowers the energy of the excited 

state, giving rise to the red emission from the flattened 1MLCT. The decay of the flattened 
1MLCT state represents the time scale of intersystem crossing to the flattened 3MLCT state. The 

time constants obtained from evaluating the decay kinetics using sums of exponential functions 

were in excellent agreement with those measured in the ultrafast TA experiments; τ1(FOG) = 

0.18 – 0.6 ps, τ2(FOG) = 1.5 – 3.2 ps. Here, τ2(FOG) is in excellent agreement with τ1(TA), and 

as it is a direct measure of the singlet state lifetime, it can be assigned to S-T intersystem 

crossing. With this information, the initial growth observed in both the kinetics and difference 

spectra measured by the ultrafast TA experiments can be conclusively assigned to intersystem 

crossing to the 3MLCT* manifold. 
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Figure 6.6. Wavelength-dependent time-resolved PL decay kinetics (λex = 440 nm) of [Cu(sbmpep)2]+ in 
CH2Cl2, measured by fluorescence upconversion at ambient temperature. The black line represents the 
most adequate fit to a (or sum of) exponential function(s), with the time constants (amplitudes) provided 
in the legend. 

6.4. Conclusions. 

The synthesis, characterization, electrochemical and photophysical properties of a newly 

designed Cu(I) phenanthroline complex, [Cu(sbmpep)2]
+, have been reported. Building on our 

preceding contributions, 2,9-di(sec-butyl) and 3,8-dimethyl substituents were used to achieve 

cooperative steric hindrance effects that enhance the excited state lifetime of the complex and 

restrict deactivating excited state distortions. This sterically encumbered photosensitizer was 

further modified to include 4,7-di(phenylethynyl) substituents to tune the electronic properties 

without sacrificing the desirable long excited state lifetime, afforded by the 2,9- and 3,8- steric 

supports. A dramatic increase in oscillator strength and concomitant bathochromic shift in the 

MLCT absorptions were observed upon acetylene linkage; additionally, marked shifts to more 

positive potentials were observed in the measured redox potentials. These enhancement in the 
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light-absorption capabilities of the newly synthesized Cu(I) MLCT complex makes 

[Cu(sbmpep)2]
+ well suited to perform as a designer photosensitizer in solar energy conversion 

applications, for example, in photochemical upconversion schemes. Ultrafast spectroscopic 

interrogation was also performed using transient absorption and optically-gated fluorescence 

spectroscopy in order to map the excited state dynamics of the complex. The 3MLCT* state was 

further characterized by nanosecond time-resolved spectroscopies to establish the lifetime and 

transient signature of this lowest-energy excited state. These combined experiments showed a 

marked decrease in the time-scale of S-T intersystem crossing to τISC = 1.5 – 3.2 ps, as 

independently measured by both fluorescence and transient absorption experiments, relative to 

the parent [Cu(dsbtmp)2]
+ complex  (τISC = 2 – 6 ps) published previously. 35,36 This contribution 

demonstrates 4,7-phenanthroline modification, in conjunction with 2,9- and 3,8- steric supports, 

is an effective means to create a new body of tailor-made long-lifetime Cu(I) photosensitizers 

with pre-determined photophysical properties, precisely designed for unique applications.  

6.5. Experimental.  

General Procedures. Unless otherwise noted, all commercially available reagents were used 

as purchased, without further purification. 3,8-dimethyl-4,7-dichloro-1,10-phenanthroline and 

3,8-dimethyl-4,7-dibromo-1,10-phenanthroline were synthesized according to previously 

reported procedures, 50 Since the reactions yields were larger, the procedure for the sbmpep 

ligand departing from the 3,8-dimethyl-4,7-dibromo-1,10-phenanthroline synthon is presented in 

detail below although the methods are identical. 1H and 13C NMR spectra were collected using a 

400 MHz Varian Innova Spectrometer. The obtained spectra were processed using the 

MestReNova 6.0 software package. High-resolution MS spectra were measured by the North 

Carolina State University Mass Spectrometry Facility using a benchtop full-scan Thermo Fisher 

Scientific OrbitrapTM Exactive Plus mass spectrometer with heated electrospray ionization in 

methylene chloride and methanol as solvents.  

Density Functional Calculations. Calculations were performed using the Gaussian 09 

software package (revision A.02) and the computation resources of the North Carolina State 

University High Performance Computing Center. Geometry optimizations were performed on 
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the ground state in the gas phase using the unrestricted B3LYP functional and the 6-31g(d) basis 

set. Frequency calculations were performed on all optimized structures and no imaginary 

frequencies were obtained for any of the optimized geometries. Time-dependent DFT 

calculations were also performed on the optimized structures in the gas phase, and absorption 

spectra were simulated using the first 20 singlet transitions. The optimized structures and 

calculated absorption spectra were visualized using GaussView 5. 

Room Temperature Spectroscopic Measurements. Absorption spectra were acquired 

using a Shimadzu UV-3600 or a Cary 60 spectrophotometer. Steady state emission spectra were 

collected using a FS920 fluorometer (Edinburgh Instruments) equipped with a 450 W Xe arc 

lamp as the excitation source and a Peltier cooled, red sensitive PMT (R2658P Hamamatsu). The 

emission quantum yield was measured relative to aerated [Ru(bpy)3](PF6)2 in acetonitrile (Φ = 

0.018). 79 An optically dilute solution (OD = 0.1 – 0.2) was prepared in an inert atmosphere 

glovebox (MBraun) in CH2Cl2 which was previously freeze-pump-thaw degassed.  All emission 

samples were excited at 500 nm. 

Electrochemistry. Cyclic voltammogram (CV) and differential pulse voltammogram (DPV) 

measurements were performed using a Model 650E Electrochemical Workstation (CH 

Instruments CHI650E) potentiostat. Measurements were performed at room temperature in an 

inert atmosphere glovebox (MBraun). Samples were dissolved in spectrophotometric grade 

DCM containing 0.1 M TBAPF6 as the supporting electrolyte, using a Pt disk working electrode, 

Pt wire counter electrode, and Ag/AgNO3 reference electrode. The ferrocenium/ferrocene 

redox couple (Fc+/0) was used as an internal reference for all CV and DPV experiments, and all 

potentials are reported relative to this.  

Variable Temperature Photoluminescence Measurements. Temperature dependent 

photoluminescence spectra and decay kinetics were collected using a CoolSpek UV cryostat 

(Unisoku Scientific Instruments). The sample was measured in a deaerated THF solution, 

subjected to a minimum of three freeze-pump-thaw degas cycles, in a 1 cm pathlength quartz 

optical cell with an optical density of 0.1 – 0.2 at the excitation wavelength. Decay kinetics were 

recorded at every 10 degrees between 60 and −80 °C, with the sample equilibrating for 15 
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minutes at each temperature prior to measurement. Photoluminescence spectra were also 

measured, using an iStar ICCD camera (Andor Technology), at 20 degree intervals across the 

same temperature range. The sample was excited by a Vibrant 355 Nd:YAG/OPO system 

(OPOTEK) tuned to 500 nm. The emission decay traces (700 nm) were collected using a LP920 

laser flash photolysis system (Edinburgh Instruments) equipped with a R928 Hamamatsu PMT. 

A 550 long pass filter was used to block any laser scatter. Kinetic traces were fit with double 

exponential functions using IGOR Pro. 

Nanosecond Transient Absorption Spectroscopy. Time resolved emission and 

nanosecond transient absorption measurements were collected using a LP920 laser flash 

photolysis system (Edinburgh Instruments) described previously. 35 A tunable Vibrant 355 

Nd:YAG/OPO system (OPOTEK) was used as excitation source (λex = 500 nm). An iStar 

ICCD camera (Andor Technology), controlled by the LP900 software program (Edinburgh 

Instruments) was used to collect the reported transient difference spectra, while kinetic traces 

were collected using a R928 Hamamatsu PMT. A 550 long pass filter was used to block any laser 

scatter from the excitation source. Samples were prepared in 1 cm path length quartz optical 

cells using spectrophotometric grade solvents and subjected to a minimum of three freeze-

pump-thaw degas cycles prior to experiments. Optical densities between 0.1 – 0.2 and 0.3 – 0.5 

at the excitation wavelength were maintained for emission and transient absorption 

measurements, respectively. 

Ultrafast Transient Absorption Spectroscopy. Sub-picosecond transient absorption (TA) 

measurements were performed at the NCSU Imaging and Kinetic Spectroscopy (IMAKS) 

Laboratory in the Department of Chemistry. Ultrafast TA measurements were made using a 

Ti:Sapphire laser system detailed previously. 35 Briefly, a portion of the output from a 1 kHz 

Ti:Sapphire Coherent Libra regenerative amplifier (4 mJ, 100 fs (fwhm) at 800 nm) was split into 

the pump and probe beams. The pump beam was directed into an optical parametric amplifier 

(Coherent OPerA Solo) to generate the 480 nm pump pulse used in these experiments while the 

probe beam was delayed in a 500 mm optical delay stage. The probe beam was focused into a 

CaF2 crystal to generate white light continuum spanning 340 – 750 nm. The two beams were 
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focused and spatially and temporally overlapped into a spot on the sample, with the relative 

polarizations of the pump and probe beams set at the magic angle. Samples were prepared in 2 

mm pathlength quartz cuvettes and each solution was stirred continuously throughout the 

course of the experiment to ensure each laser pulse came into contact with fresh sample. The 

sample solutions were prepared to possess optical densities below 0.2 at the excitation 

wavelength (480 nm). All solvents were spectrophotometric grade and the ground state 

absorption spectra were taken before and after each experiment using an Agilent 8453 UV-

visible spectrophotometer to ensure there was no sample decomposition. The transient spectra 

and kinetics were obtained using a commercially available transient absorption spectrometer 

(Helios, Ultrafast Systems), averaging six scans and using at least 1 s of averaging at every given 

delay. Transient kinetics were evaluated using the Origin 2015 fitting routines. 

Sub-picosecond Optically Gated Fluorescence Measurements. Sub-picosecond time-

resolved fluorescence decays were measured by optically gated fluorescence experiments 

(fluorescence up-conversion), using a system described previously. 36 Briefly, a broadband 

tunable mode-locked femtosecond Ti:Sapphire laser (Chameleon Ultra II, Coherent) serves as 

the light source. The laser generated 140 fs pulses with a repetition rate of 80 MHz. The 880 nm 

output beam was split using an 80:20 beam splitter to generate gate and pump, respectively. 

Pump pulses (440 nm) were produced by second harmonic generation (HarmoniXX, A.P.E.) of 

the reflected Chameleon output while the transmitted portion of the output was used as the gate 

(880 nm). Upconversion intensity decays were detected using an Ultrafast Systems Halcyone 

spectrometer. The gate was directed into a 300 mm optical delay line (quadruple pass) generating 

time delays between 0 and 8 ns. The pump beam (440 nm, 5.2 mW average power) was focused 

onto the sample and fluorescence was collected and focused using a pair of parabolic mirrors; a 

510 nm long pass filter was used to remove any residual pump that was not absorbed by the 

sample. The collected fluorescence was mixed with the gate pulse in a 0.5 mm Type II BBO 

crystal and the upconversion signal was detected using a single photon counting PMT coupled 

to a fiber-coupled monochromator. Multiple 270 – 400 nm colored glass band pass filters were 

used to ensure only upconverted light was detected. The instrument response function (IRF) 

was approximately 400 fs (fwhm), measured by cross correlation between the scattered pump 
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and gate pulses. Samples were contained in 2 mm path length quartz cuvettes and each solution 

was stirred continuously throughout the course of the experiment. The sample solutions were 

prepared to possess optical densities between 0.55 and 0.75 at the excitation wavelength in 

spectrophotometric grade CH2Cl2 as a solvent. Upconverted PL transients were measured for 

575, 600, 625, 650, and 675 nm. Due to the low fluorescence intensities, the transient kinetics 

were obtained by averaging 11 to 16 scans and using 1 s averaging at each delay time. Given the 

long experiment duration to achieve sufficient S/N ratio and concerns regarding sample 

degradation, fresh solutions were used at each individual detection wavelength. Moreover, the 

ground state absorption spectra were taken before and after each experiment using an Agilent 

8453 UV-vis spectrophotometer to ensure that no sample decomposition occurred.  
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6.8. Supporting Information. 

 

Calculating the singlet-triplet energy gap. 

The S-T energy gap is calculated using Eq. S6.1, where kt is the decay rate constant of the pure 
triplet state, ks is the decay rate constant of the pure singlet state, kb is the Boltzmann constant 
and ΔE is the energy gap between the singlet and triplet MLCT states.  
 

     (Eq. S6.1) 

 

 

 
Figure S6.1. Normalized UV-visible absorption spectra of [Cu(sbmpep)2]+ (red) and [Cu(dsbtmp)2]+ 
(blue) in CH2Cl2 at room temperature.   
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Figure S6.2.  Temperature dependent emission decay rates of [Cu(sbmpep)2]+ in deaerated THF 
solution.  The solid black line is the best fit to Eq. S6.1. 
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Figure S6.3.   Cyclic voltammetry (solid line) and differential pulse voltammetry (dashed line) spectra for 
[Cu(sbmpep)2](PF6) in DCM solution. A supporting electrolyte of 0.1 M TBAPF6 was used and potentials 
were measured vs Ag/AgNO3. All potentials are reported vs the Fc+/0 redox couple, which was used as an 
internal standard. Data provided by Dr. Catherine McCusker. 

 

Figure S6.4. Emission of (a) [Cu(sbmpep)2]+ and (b) [Cu(dsbtmp)2]+ in DCM solution, converted to an 
energy scale using the Parker-Rees correction. [Parker, C. A., Rees, W. T. Analyst, 1960, Volume 85, 587-
600.]  Black dashed line is a tangent to the high-energy emission edge, where the X-intercept is 
approximately E00. Data provided by Dr. Catherine McCusker.  
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Figure S6.5. Supra-nanosecond transient absorption difference spectra of [Cu(sbmpep)2]+ in deaerated 
DCM (OD at λex < 0.2) upon 500 nm excitation (1.5 mJ/pulse, 1 Hz) with experimental delay times 
indicated in legend.  

 

Figure S6.6. Time resolved photoluminescence decay kinetics of [Cu(sbmpep)2]+ in aerated EtOH with 
0 – 20% polyethylene glycol (PEG) added. Data provided by Dr. Catherine McCusker.  
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CHAPTER 7 

 

Nanocrystals for Triplet Sensitization – Molecular Behavior from 

Quantum Confined Materials 

The contents of this chapter have been previously published in Inorganic Chemistry, 2018, 57 (5), 

2351 – 2359. DOI: 10.1021/acs.inorgchem.7b03219 

The data and portions of the discussion in Section 7.3.1 have been previously published in 

Science, 2016, 351 (6271), 369 – 372. DOI: 10.1126/science.aad6378 

7.1. Abstract.  

Semiconductor inorganic quantum dot-molecular constructs represent an emerging class of 

materials functioning as triplet photosensitizers. Fundamental investigations into the exciton 

transfer/transduction processes at the interface of these hybrid materials has revealed parallels in 

the operable mechanisms to those established in purely molecular systems. The similarities in the 

governing energy migration mechanisms in these quantum-confined materials permit 

conventional photophysical strategies to be implemented in future research endeavors. This 

Viewpoint provides a perspective on this emerging field of inorganic quantum dots as 

photosensitizers, in particular the transfer of triplet excitons at the molecule-nanomaterial 

interface. Current state-of-the-art will be explored while highlighting areas of potential growth 

towards exploiting these materials in photofunctional solar energy conversion schemes.   
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7.2. Introduction. 

7.2.1. Triplet Sensitizers in Inorganic Chemistry.  

Inorganic photochemistry lies at the forefront of modern research poised to effectively solve 

many of the energy and health-related issues that currently plague our society and will 

substantially impact future generations. Triplet excited states play key roles in diverse areas 

involving photoactivated molecular, biological, materials and photophysical processes as well as 

photochemical synthesis. 1,2 Their prevalence in serving as critical reaction intermediates in many 

fundamental chemical processes and technological sectors inspires much of the modern research 

effort poised to fully understand and characterize triplet excited states and the mechanisms 

through which they are produced and utilized. Molecular triplet states are characterized as 

possessing two electrons with parallel spins that are orbitally unpaired, i.e. the total spin angular 

momentum quantum number is equal to one. 3 In purely organic compounds, singlet-triplet 

intersystem crossing is forbidden by spin-selection rules and is thus only observed under select 

conditions. 4 With the addition of heavy atoms (e.g. transition metals), spin-orbit coupling 

enables the necessary spin flip, enabling intersystem crossing and the prevalence of triplet 

excited states across inorganic chemistry largely stems from these sizeable spin-orbit coupling 

constants. 1 In addition to incorporating transition metals to induce intersystem crossing, other 

strategies are also available to access triplet excited states, for example, triplet sensitization of 

organic chromophores using bimolecular photo-induced triplet-triplet energy transfer (TTET) 

using the Dexter electron-exchange mechanism. 5 Semiconductor nanocrystals, or quantum dots 

(QDs), represent an emerging platform from which to sensitize molecular triplets. This 

Viewpoint will focus on inorganic nanomaterials that have successfully achieved triplet 

sensitization and generation, with an emphasis on inorganic nanocrystals functionalized with 

molecules and the transfer of triplets at the interfaces of these hybrid materials.   

7.2.2. Quantum Dots, An Emerging Platform.  

A QD is a nanocrystal, composed of semiconductor materials, quantum-confined in all three 

dimensions. In QDs, quantum confinement is achieved when the spatial dimension of the 

nanocrystal is less than or on the order of the Bohr radius of the bulk semiconductor material. 6 

The Bohr radius is defined in terms of its exciton (an electron-hole pair) delocalization length as 
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the most-probable distance between the electron and hole within the exciton. 7 Quantum 

confinement of the nanocrystal wave function is understood to change the corresponding 

eigenvalues from continuous bands as observed in bulk materials to discrete levels. 8 This 

quantization of energy levels introduces structure to the absorption spectra of QDs and is most 

easily characterized by the manifestation of the so-called “first exciton band.” 9 The energy of 

this first exciton band corresponds to the bandgap energy (Eg) of the QD, i.e. the energy splitting 

between the valence band (VB) and conduction band (CB).  

Quantum confinement also results in size-tunable optical and electronic properties, a hallmark 

of QDs. 6 By changing the composition, shape, and size, the bandgap energy of QDs can be 

predictably tuned from the UV to the infrared, 6,10–12 potentially representing a photochemistry 

holy grail. Further modification of the QD surface is possible by ligand exchange methods to 

replace surface ligands with molecules, and/or by depositing a different bandgap inorganic 

semiconductor shell onto its surface. 13,14 These combined properties result in QDs being well 

poised for use in a wide variety of applications, including light-emitting devices, photovoltaics, 

optical detectors, biolabels for imaging, and lasers, among others. Here, we concern ourselves 

with their utility in solar energy conversion applications.  

Comparisons to Molecules. Quantum dots possess many desirable properties that can be 

evoked in designing new light harvesting systems. Many of these properties align well with 

established requirements for photosensitizers, for example their robust photostability, 

characteristically broad absorption properties and high molar extinction coefficients. From a 

practical perspective, QDs can by synthesized using facile 1-step synthetic methods in which the 

reaction time and temperature allow precise control over the particle size. 15 Moreover, the 

surfaces of the quantum dots can be modified and possibly tailor-made for precise applications 

using established methods for post-synthetic functionalization. 16 This is in great contrast with 

existing molecular systems that can require expansive synthetic effort and non-trivial 

determination of molecular design criteria necessary for tuning their photochemical and 

photophysical properties. 17,18 Conversely, quantum dots syntheses suffer from inherent size 

distributions, and batch-to-batch variability which complicate developing reproducible and 

reliable materials for large scale applications. 19 
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Ill-defined Spin Quanta — Mixed S-T Character in QDs & Implications. Another 

interesting characteristic attribute of quantum dots is that they possess spectroscopic states with 

mixed spin character, i.e. ill-defined spin quanta. 19 This mixed spin character implies that triplet 

exciton energy can be extracted directly from the originally excited state, which removes 

energetic losses from singlet - triplet (S-T) intersystem crossing processes; in these instances the 

S-T energy gaps are characteristically large (100’s of meV) in π – π* and d – π* excited states, the 

lowest energy configurations typically encountered in visible light absorbing transition metal-

containing photosensitizers. In contrast, the excited states encountered in CdSe quantum dots 

are closely spaced (1 to 15 meV), minimizing most energy losses resulting from state crossing. 19–

23 

Molecular Behavior – Applying Established Strategies from Molecular Systems to 

QDs. This Viewpoint will describe recent examples of triplet exciton transfer revealed in 

inorganic nanocrystals, manifested by the observation of triplet excited states from surface-

anchored molecules or those QDs coated with thin organic semiconductor films. Across this 

platform, processes and mechanisms at the interface of these hybrid systems have been observed 

paralleling those seen in pure molecular systems following selective excitation of the QD. The 

implication of the likeness in the governing mechanisms in these quantum-confined materials 

permits conventional photophysical strategies to be utilized in future research endeavors. 

7.2.3. Setting the Stage: TTET from Organic Semiconductor Films to QDs.  

In consecutive contributions in 2014, Tabachnyk et al. and Thompson et al. independently 

reported Dexter-type energy transfer from the excited triplets of organic semiconductor thin 

films to inorganic semiconductor nanocrystals. 24,25 Tabachnyk and coworkers demonstrated the 

transfer of excited pentacene triplets at the interface with lead selenide (PbSe) nanocrystals in 

thin bilayer samples. 24 The results were presented as a possible strategy to overcome the 

Shockley-Queisser limit in conventional inorganic solar cells by allowing triplet excitons 

generated through singlet exciton fission to be harnessed. In the reported PbSe/pentacene 

bilayer materials, pentacene triplets were generated upon singlet-exciton fission following 

excitation of the pentacene. The pentacene triplets were shown to transfer to PbSe on sub-
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picosecond timescales using ultrafast optical absorption spectroscopy. PbSe nanocrystals with 

varied bandgap energies between 0.67 and 1.67 eV were used to investigate the efficiency of 

triplet transfer from pentacene across the series of PbSe nanocrystals. In the series of PbSe 

nanocrystals used, triplet energy transfer was found to be efficient only when the nanomaterial 

bandgap was within 0.2 eV of the molecular triplet energy. The experimental results 

demonstrated that overlap of the density of states between the donor and acceptor was 

necessary in these materials (orbital overlap), consistent with a Dexter exchange interaction.    

In an related contribution, Thompson et al. demonstrated direct Dexter triplet exciton transfer 

from molecular tetracene triplets to PbS nanocrystals with > 90% efficiency. 25 Upon 

preferential excitation of tetracene, molecular triplets were generated in the bilayer samples 

through singlet exciton fission. The subsequent triplet exciton transfer to PbS was demonstrated 

by the observation of photoluminescence emission from the PbS nanocrystals, a process known 

as down-conversion. The dominance of triplet energy transfer was established here using 

magnetic field dependence measurements of the tetracene singlet fluorescence in order to vary 

the rate of singlet exciton fission, and therefore the resultant triplets available for transfer.  

The collective evidence of Dexter exciton transfer at the interface of organic molecules and 

colloidal nanocrystals, as demonstrated independently by these research groups set the stage for 

exploiting these hybrid materials for harnessing molecular triplet excited states.24,25 Moreover, in 

2015, work performed by Huang et al. provided indirect evidence of TTET at the interface of 

CdSe and PbS nanocrystals with organic molecules by the observation of triplet-triplet 

annihilation upconversion (TTA-UC) from a freely diffusing emitter, following selective 

excitation of the respective nanomaterials. 26,27 
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7.3. Recent Advances.  

7.3.1 Direct Observation of TTET from QDs.1  

Extracting Triplet Excitons from QDs to Surface-anchored Molecules. Building on the 

established platform of TTET from excited molecular organic semiconductors to inorganic 

colloidal nanoparticles, the reverse triplet energy transfer process was first directly demonstrated 

in 2016. 28 In this investigation, we provided experimental evidence for direct Dexter-type energy 

transfer from energized CdSe semiconductor nanocrystals to surface-anchored molecular 

acceptors in solution. The results showed that QD localized triplet excitons were transferred 

rapidly with near quantitative efficiency, from the CdSe nanocrystals to organic triplet acceptors 

at the interface. Here, CdSe nanocrystals capped with native oleic acid (OA) ligands were used as 

the light-absorbing triplet sensitizer, with TTET illustrated using two different triplet acceptors, 

namely, 9-anthracenecarboxylic acid (ACA) and 1-pyrenecarboxylic acid (PCA), Figure 7.1. The 

triplet acceptors were selected to possess carboxylate functionalities, serving as an anchoring 

group to promote ligand exchange with the native OA ligands, with suitable triplet state energies 

thermodynamically downhill from the CdSe excited state (CdSe*) promoting exothermic energy 

transfer. The use of two different acceptors served to illustrate that the TTET from QDs was 

not unique to the acceptor and could be used as a general approach to extract triplet excitons 

from nanocrystals so long as certain energetic requirements are met.  

 

  

                                                
1 The data and portions of the discussion in this section have been previously published in 

Science, 2016, 351 (6271), 369 – 372. DOI: 10.1126/science.aad6378 
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Figure 7.1. Illustration of CdSe nanocrystal-to-molecule-to-solution triplet energy transfer scheme; the 
associated energy levels, and the various TTET and decay pathways available are displayed. Surface-
anchored triplet acceptors used are 9-anthracenecarboxylic acid (ACA) and 1-pyrenecarboxylic acid 
(PCA); 2-chlorobisphenylethynylanthracene (CBPEA) is the freely diffusing secondary acceptor.  TTA-
UC = Triplet-Triplet Annihilation Upconversion. PDT = photodynamic therapy. From ref. 28. Adapted 
with permission from AAAS. 

CdSe-OA suspended in toluene was prepared as described in Supplementary Materials. The 

first exciton band in these samples was located at 505 nm (2.46 eV, ε505 = 59,200 M−1cm−1); 

using an established empirical equation, 29 the average diameter of these nanoparticles was 

estimated to be 2.4 nm, in good agreement with TEM results. The CdSe-OA photoluminescence 

(PL) features spectrally narrow band gap “bright state” and lower energy “trap state” emission, 

Figure 7.2a. 30 Triplet excitons derived from these excited states (2.40 eV and 2.30 to 1.40 eV) 

are suitable for exothermic TTET to ACA and PCA (ET = 1.83 and 2.00 eV, respectively). 31 

The integrated materials are denoted as CdSe/ACA and CdSe/PCA, respectively, to designate 

the triplet acceptor, and the CdSe-OA photoluminescence was quantitatively quenched in both 

materials upon integration with the molecular adsorbate (Figure S7.4). The nanocrystals bearing 

surface-anchored molecular acceptors were purified by successive precipitation/centrifugation 

cycles, where the final ratio of acceptor to CdSe was determined to be ~12:1 (Figure S7.5).   
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The interfacial NC-to-molecule Dexter-type TTET following selective excitation of the 

semiconductor was directly visualized using ultrafast transient absorption (fsTA) spectroscopy. 

The direct Dexter-type TTET mechanism was established by correlating the decay of the initially 

populated CdSe* state, monitored by the CdSe ground state bleach recovery in the TA kinetics, 

to the growth of the triplet acceptor formation (3ACA* or 3PCA*), monitored by the 

characteristic T1 → Tn absorptions of 3ACA* or 3PCA*, both near 430 nm. 31,32 Control 

experiments with CdSe-OA in toluene were also performed in the absence of acceptor (Figure 

7.2b). In all cases, symmetric decay of the transient signal was observed over the first few 

picoseconds, consistent with multi-exciton annihilation within the nanocrystals, 33 confirmed by 

laser power dependence experiments (Figure S7.6). With surface-anchored ACA (Figure 7.2c), 

decay of the CdSe excited state was observed within 2 ns, coinciding with the growth of an 

absorption band centered at 433 nm, assigned to the T1 → Tn transitions of ACA. 31 These 

results confirm direct TTET (no intermediates) from the selectively excited CdSe nanocrystals to 

the surface-anchored ACA chromophores. The possibility of an electron transfer mechanism 

was eliminated due to the absence of the ACA radical cation band expected near 750 nm, 

Figures S7.7−S7.10a. 34 Singlet-singlet energy transfer is not thermodynamically favorable and 

no transient signals corresponding to 1ACA* were observed. Transient kinetics were monitored 

at 441 nm where an isosbestic point was present in the CdSe-OA control difference spectra 

(Figure 7.2b). In the presence of ACA (Figure 7.2c), this isosbestic point shifts due to the 

overlapping ACA T1 → Tn absorption band (Figure S7.10); thus any new absorption feature 

observed at 441 nm (Figure 7.2c Inset) can be attributed to 3ACA*.  

Variable rates of energy transfer were anticipated depending on the initially populated CdSe 

excited states. Accordingly, following literature precedent, 35,36 a stretched exponential function 

was determined to best model the interfacial TTET dynamics (Eqs. S7.1−S7.3). Kinetic analysis 

at 441 nm revealed a rise time associated with the 3ACA* absorption with an average rate 

constant of 2.2 × 109 s−1. Additionally, the rise of 3ACA* was correlated to the ground state 

recovery of CdSe, λprobe = 480, 490, and 510 nm (Figures 7.2d, S7.12). Rate constants between 

2.0 × 109 and 2.8 × 109 s−1 (Table S7.1) were measured, in good agreement with the formation 

rate of 3ACA*. TTET also proceeded with similar efficiencies yet slower kinetics when PCA was 
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used as the surface-bound molecular acceptor, Figures S7.2−S7.4. This is consistent with the 

lower TTET driving force associated with that process.  

 
Figure 7.2. Ultrafast spectroscopic evidence for triplet energy transfer from optically excited CdSe 
nanocrystals to surface-bound ACA. (a) Normalized electronic absorption (solid lines) and emission 
spectra (dashed lines) of ACA (blue) and CdSe nanocrystals (green) in toluene. Ultrafast TA difference 
spectra of CdSe-OA nanocrystals in toluene solution upon selective excitation of CdSe using 500 nm 
pulsed laser excitation (0.05 mJ/pulse, 100 fs fwhm) in (b) the absence and (c) the presence of surface-
anchored ACA in toluene; Inset: TA kinetics monitored for the growth of 3ACA at 441 nm. (d) Ground 
state recovery of CdSe monitored by kinetics at 490 nm illustrating quantitative quenching of CdSe in the 
presence of surface-anchored ACA. Complementary data for PCA is provided as Supplementary Material 
(Figures S7.1-S7.3).   

400 450 500

-8

-6

-4

-2

0

0 1 2 3

0

1

2

3

300 400 500 600 700

0.0

0.5

1.0

1.5

400 450 500

-8

-6

-4

-2

0

0 1000 2000 3000

-5

-4

-3

-2

-1

0 D

Δ
A

 (u
10

‒3
)

Wavelength (nm)

 -2.5 ps
 1.0 ps
 2.0 ps
 10 ps
 100 ps
 500 ps
 1.0 ns
 2.0 ns
 4.0 ns
 6.0 ns

 441 nm

Δ
A

 (×
10

‒4
)

Time (ns)

C

B

N
or

m
al

iz
ed

 O
D

 / 
E

m
is

si
on

Wavelength (nm)
Δ

A
 (u

10
‒3

)
Wavelength (nm)

 -2.5 ps
 1.0 ps
 2.0 ps
 10 ps
 100 ps
 500 ps
 1.0 ns
 2.0 ns
 4.0 ns
 6.0 ns

A

     490 nm
 CdSe/ACA
 CdSe

Δ
A

 (u
10

‒3
)

Time (ps)

¢k²TTET ≈ 2.0×109 s−1

¢k²CdSe ≈ 2.6×107 s−1

¢k²CdSe/ACA ≈ 2.1×109 s−1

¢k²TTET ≈ 2.2×109 s−1

Bright 
State

Trap State

ACA

CdSe 505



 

 

 

 192 

The surface-anchored molecular triplet was further characterized using nanosecond transient 

absorption spectroscopy (nsTA). The characteristic T1 → Tn absorption signal of 3ACA*, 

centered near 430 nm (Figure 7.2c), appeared as a prompt signal in nanosecond flash photolysis 

(Figure 7.3a). The complementary data for PCA yielded similar results and is presented in 

Figure 7.3b. Monitoring the decay of the T1 → Tn absorption band, the lifetime of the surface-

anchored molecular triplet was determined to be several milliseconds, resulting in a five order of 

magnitude excited state lifetime enhancement in these hybrid materials – as compared with the 

~30 ns lifetime of non-functionalized CdSe-OA material. The quantum efficiency for TTET in 

the hybrid CdSe/ACA materials was determined to be 0.92, indicating that triplet excitons can 

indeed be efficiently harvested and transferred to the surface of the nanoparticle in essentially 

quantitative yield. Since the original QD based exciton was quantitatively converted into a 

surface-anchored triplet molecular exciton, the original absorbed photon energy is now available 

for driving chemical reactions in the bulk solution. In other words, this initiating energy transfer 

step enables the QD-molecule construct to sensitize triplet photochemistry in solution without 

compromising the integrity of the QD light-harvesting unit.         

 
Figure 7.3. Kinetic profiles and quenching studies of ACA and PCA triplet states populated from 
excited CdSe nanocrystals. TA difference spectra of a toluene solution of (a) CdSe/ACA (8 µM) 
measured from 2 µs to 5 ms and (b) CdSe/PCA (8 µM) measured from 2 µs to 10 ms after a 505 nm 
laser pulse (1 mJ, 5 – 7 ns fwhm). Insets: TA decay kinetics at 430 nm (gray squares) and their respective 
fits to Eq. S7.1, illustrating the triplet decay. Data provided by Dr. Cedric Mongin.  
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Secondary TTET to Bulk Solution Acceptors. This first contribution also featured direct 

experimental evidence that the absorbed photon energy could be extracted from the 

nanoparticle surface by means of a secondary energy transfer reaction featured freely diffusing 

molecular triplet acceptors. 28 In this investigation, 2-chlorobisphenylethynylanthracene 

(CBPEA) was added to the toluene solution containing dispersed CdSe/ACA. Following 

selective excitation of CdSe, the secondary TTET event from the surface anchored molecular 

triplet was monitored by nsTA. The decay of the 3ACA* transient signal kinetically correlated 

with the growth of the 3CBPEA* absorption, indicating direct Dexter energy transfer from the 

QD-bound ACA molecular adsorbates to the free diffusing CBPEA acceptors. The quantum 

efficiency of this TTET reaction in solution was unity, illustrating that bimolecular excited state 

chemistry proceeds successfully from these hybrid materials. The CdSe/ACA and CdSe/PCA 

materials were also shown to sensitize 1O2* in aerated solutions resulting from bimolecular 

TTET with ground state 3O2, also consistent with a Dexter exchange mechanism. The combined 

results served as proof-of-concept that these hybrid constructs can be exploited in 

photodynamic therapy applications where 1O2* is the reactive species. The collective body of 

work demonstrates that QD-based triplet excitons can be efficiently harvested from CdSe 

nanocrystals, transferred to surface-bound acceptors, and then translated into bulk solution 

through bimolecular TTET with near quantitative overall efficiency. As a result, these QD-

molecular assemblies represent viable candidates for triplet sensitization photochemistry.  

7.3.2. Delayed Molecular Triplet Generation.   

Triplet Exciton Transfer from Near-IR Absorbing QDs. As nearly 50% of solar energy 

falls into the near-IR spectral region (750 – 2500 nm), the development of near-IR absorbing 

materials for photovoltaic applications is of great importance for solar energy applications. 37 

Near-IR absorbers also play critical roles in medical applications, for example as photosensitizers 

for photodynamic therapy in cancer treatment, as biological tissues are penetrated more 

effectively using near-IR photons. The prevalence of near-IR materials across these fields and 

other technological sectors, including bioimaging, display technologies, telecommunication, and 

military applications (e.g. night vision), motivates work for designing such materials. While 

traditional organic and inorganic chromophores are quite challenging in this regard, 17,18 
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semiconductor nanocrystals represent an important class of inorganic materials that show 

promise as an emerging platform to achieve these objectives in a synthetically facile manner.  

To this end, low bandgap PbS nanocrystals were investigated in another hybrid system 

featuring a carboxylate functionalized di-triisopropylsilane (TIPS) substituted pentacene (TIPS-

pentacene, TPn) molecular adsorbate. In this work, interfacial exciton transduction processes 

from selectively excited PbS quantum dots revealed a time-delayed formation of the molecular 

triplet excited state on the PbS surface. 38 This result was inconsistent with direct Dexter triplet 

transfer and therefore represented a distinct mechanism for generating molecular triplets at the 

interface of molecule-nanocrystal constructs. The fsTA spectral data showed ground state 

recovery of the PbS first exciton band bleach signal within 100 ps, while the growth of the T1 → 

Tn absorption signal of 3TPn* grew in at time-scales beyond 6 ns. The transient absorption 

kinetics also highlighted this stepwise approach in forming the surface-anchored molecular 

triplet. Based on the combined experimental data and viable thermodynamic evidence, the initial 

PbS-localized excitons were proposed to be transferred from the QDs to the surface anchored 

TPn moieties through the generation of a TPn+•/PbS(e−) charge-separated state. Finally, the 

long-lived triplet excited state (3TPn/PbS) was generated upon charge recombination directly 

forming the TPn triplet excited state. The proposed mechanism is detailed in Figure 7.4. 

Long-range Dipole Coupling. Another unexpected facet of this work was an observed 

strong molecule-nanocrystal interaction between the PbS nanocrystals and the molecular 

adsorbates. 38 In the ground state, a subtle red shift (0.01 eV) was observed in the TPn 

absorption bands, with a concomitant blue shift (0.04 eV) of the PbS first exciton, as compared 

with their non-integrated components. These shifts were also observed in the excited state, for 

example, the sensitized T1 → Tn absorption signal of 3TPn* freely diffusing in solution was 

similarly shifted from that of the surface-bound 3TPn*/PbS materials. In the fsTA data, this 

strong donor-acceptor interaction manifested as dipole coupling induced absorbance shifts of 

the molecular adsorbates upon selective excitation of the PbS nanocrystals. This resulted in the 

observation of negative polarity signals superimposed onto the PbS* signal that matched the 2nd 

derivative of the ground state spectrum peaks associated with the molecular adsorbate. The 
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phenomenon was rationalized by a marked change in the transition dipole moment of the 

surface-bound molecules due to the transiently produced dipole in excited PbS nanocrystals. The 

critical evidence for this proposed interaction was that these shifts and TA signals were also 

observed in PbS materials featuring 3-perylene carboxylate bound molecular adsorbates 

(PbS/PerCOOH). In this system, the PerCOOH molecular adsorbate is unable to engage in 

electron or energy transfer processes when coupled to the PbS nanocrystals of the size used in 

this study (3.4 nm). The presence of similar spectral shifts confirmed that these results were 

inherent to the PbS materials, specifically the strong interaction between the molecule-

nanocrystal dipole moments in the PbS materials, and were independent of the subsequent 

delayed molecular triplet generation observed in the TPn-containing systems.  

Stepwise Mechanism Reminiscent of Supramolecular Photochemistry. The stepwise 

approach to molecular triplet generation in the PbS/TPn hybrid nanocrystal-molecule construct 

is highly reminiscent of supramolecular chemical systems. This suggests that supramolecular 

strategies enabling directional energy flow should be viable in designing new hybrid materials 

and moreover, necessitates fundamental research in understanding charge transfer and exciton 

transduction at the interface of these integrated materials. More specifically, the current results 

introduce redox potentials, in addition to triplet state energies, as mandated design criteria to be 

considered for designed photonic materials intended to harvest triplet excitons from 

nanocrystals using molecular adsorbates as intermediates.   

 
Figure 7.4. Schematic displaying the relative energies and proposed sequence of supramolecular steps 
that lead to TPn triplet sensitization on the PbS nanocrystal surface. Initial excitation of PbS is followed 
by hole transfer to TPn and the resultant charge separated species TPn+./PbS(e−) recombines to form the 
long-lived 3TPn* species. 
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7.3.3. Thermally Activated Delayed Photoluminescence from Pyrenyl Functionalized 

CdSe QDs.   

Sustained QD PL Using the Molecular Triplet “Reservoir” Effect. Distinct from their 

bulk counterparts, QDs have discrete energy levels, akin to molecules, though classically with 

much smaller energy spacing. 19 This quantization of the energy levels, allows for molecular 

approaches to be implemented in extracting exciton energy and directing energy flow across 

interfaces in these hybrid materials. The illustration of Dexter-like energy transfer of triplet 

excitons to surface-bound acceptor molecules with near unity quantum efficiency was the first 

demonstration that these nanomaterials behave quite molecularly in terms of energy flow. 

Another paradigm supporting the ‘molecular’ nature of nanomaterials is in the observed 

sustained quantum dot photoluminescence from thermally activated delayed photoluminescence 

(TADPL) from the molecular triplet “reservoir.” 39–42 This is akin to the thermally activated 

delayed fluorescence, or E-type fluorescence, first observed in eosin by Parker and Hatchard. 43 

Since the lifetime of the surface-anchored acceptor is characteristic of a molecular triplet excited 

state, i.e. persisting on the time scale of milliseconds, a thermal equilibrium becomes established 

between the molecular triplet state and the triplet excited state of the QD. 44 This is achieved 

through strategically controlling the nanocrystal-acceptor energy gap through variation in QD 

size. This thermal equilibrium is analogous to reverse TTET (rTTET) in metal-organic 

chromophores with closely lying triplet excited states, where a higher energy triplet state can be 

thermally populated at room temperature from the lowest excited triplet state. 39 

In this most recent work, illustrated in Figure 7.5, CdSe nanocrystals of varying size and 

bandgap energy were functionalized with PCA, and the TADPL properties of these materials 

were characterized using time-resolved temperature dependent photoluminescence 

measurements. 44 Using nanocrystals with sizes ranging from 2.4 to 4.6 nm, the first exciton (Eg) 

band spanned across the visible spectral region, from 488 nm to 600 nm at their band maxima.  

In all PCA functionalized CdSe nanocrystals, the prompt CdSe photoluminescence was 

quenched through Dexter-like triplet energy transfer to PCA due to the favorable 

thermodynamics of the systems; E(3PCA) = 2.00 eV (620 nm). Here, the long-lived PCA triplet 

served as a reservoir for the triplet excitons, as is the case with transition metal based molecular 
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species possessing two triplet excited states with proximate energies. Thus, the degree of rTTET, 

which results in the repopulation of the initial CdSe excited state from the PCA triplet reservoir, 

was tuned by modulating the CdSe bandgap energy. Varying the CdSe bandgap energy (i.e. by 

modulating the nanoparticle size) altered the energy gap between the PCA triplet state and the 

CdSe excited state. The degree of rTTET in each PCA functionalized nanoparticle construct was 

conveniently monitored by the TADPL observed from repopulation of the CdSe excited state.  

The rTTET processes was further characterized by time-resolved temperature dependence 

studies (193 to 293 K) of the photoluminescence following selective excitation of the 

nanocrystal first exciton band of the CdSe/PCA materials. 44 The activation barrier in each of 

the CdSe/PCA materials was measured by modeling the temperature-dependent variation in the 

TADPL lifetime using an Arrhenius expression. This measured activation barrier was in 

excellent agreement with the calculated energy gap between the CdSe Eg and the PCA triplet 

state energy, further supporting the TADPL nature of these CdSe/PCA materials.   

 
Figure 7.5. Representation of the thermally activated delayed photoluminescence process resulting from 
rTTET in PCA functionalized CdSe assemblies. The associated energy levels and various decay pathways 
are depicted. Adapted by permission from Springer Nature: Nature Chemistry, ref. 44, Copyright 2017. 

 



 

 

 

 198 

7.3.4. Core-Shell Nanocrystal Structures.  

Ligand exchange procedures can produce surface defects (e.g. unpassivated surface atoms 

and/or dangling bonds from the surface) in the nanocrystals leading to the formation of sub-

bandgap surface or trap states that are lower lying in energy with respect to the band gap 

transition. 16 Core-shell structures have been the subject of recent attention employed in an 

effort to remove these surface trap states, thereby suppressing the hole transfer chemistry that 

can compete with direct Dexter-type TTET. One such core-shell approach uses cation exchange 

of Cd2+ for Pb2+ to produce a sub-monolayer CdS shell on the PbS core. This CdS shell 

passivates the PbS surface trap states, which are believed to participate in competing charge 

transfer chemistry. This strategy has been shown to assist in increasing the photochemical 

upconversion yield in a system using PbS-CdS core-shell nanocrystal near-IR sensitizers with 

surface bound 5-carboxylic tetracene (5-CT) serving as the initial molecular acceptor or 

“transmitter” ligand. 45 In this work, PbS-CdS was postulated to transfer triplet exciton energy to 

the 5-CT transmitter ligand, which then participated in bimolecular TTET with freely diffusing 

rubrene acceptor molecules in solution. Two excited rubrene triplets then engage in TTA-UC to 

emit visible light. 46,47 Mahboub et al. observed an increase in photochemical upconversion yield 

with sub-monolayer CdS shell thicknesses (< 0.1 nm), Figure 7.6a. 45 This hybrid system based 

on PbS-CdS core-shell nanocrystal photosensitizers provides indirect evidence that the yield of 

molecular triplets is likely increased as a result of CdS passivation. Interestingly, the authors 

observed a decrease in the upconversion quantum yields with larger CdS shell thicknesses (> 0.1 

nm), which they propose to be due to the introduction of a large tunneling barrier to energy 

transfer, Figure 7.4a. In other words, the orbital overlap necessary for Dexter exchange was 

largely diminished when the shell thickness increased.     

In another example, Gray et al. demonstrated visible-to-ultraviolet photon upconversion in 

another TTA-UC system using CdS/ZnS core-shell nanocrystals as the photosensitizer with 2,5-

diphenyloxazole (PPO) serving as the annihilator/emitter. 48 They found that the ZnS shell was 

critical to the observation of upconversion and in the absence of this shell, no appreciable 

upconversion photochemistry could be detected. The conclusions reached in this work echoed 

those made by Mahboub et al. in that the shell likely passivates surface trap states of CdS, which 
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increases the triplet energy transfer yield by eliminating competing hole transfer chemistry. 

Likewise, there was an optimum shell thickness where the quantum yield of upconversion was 

maximized, beyond which point the authors hypothesize that the tunneling barrier for triplet 

transfer becomes limiting.  

Okumura et al. also developed surface core-shell QDs for use in a TTA-UC system, 

specifically utilizing CdSe/ZnS core-shell nanocrystals, Figure 7.6b. 49 They also found that the 

core-shell QDs offer a promising strategy for developing more efficient triplet sensitizers, as 

they observed a dramatic decrease in the necessary threshold excitation intensity to achieve 

efficient TTA. These examples provided initial support for nanocrystal surface modifications in 

the form of core-shell heterostructures and their subsequent impact on exciton transfer 

processes at the interface. More fundamental research is deemed necessary to better 

comprehend the nature of energy transduction in these materials for proper design principles to 

become established based on these core-shell architectures, ultimately allowing for optimized 

triplet sensitization properties.  

        

Figure 7.6. Schematic illustration of surface-functionalized core-shell quantum dots used in TTA-UC 
schemes. (a) Figure demonstrates dependence of upconversion quantum yield on CdS shell thickness in 
PbS-CdS core-shell quantum dots. Reproduced with permission from ref. 45. Copyright 2017 American 
Chemical Society. (b) CdSe-ZnS core-shell quantum dots with surface-anchored molecular triplet 
acceptors. Reproduced with permission from ref. 49. Copyright 2016 Wiley-VCH.  

a b 
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7.3.5. Perovskite Nanocrystals for Triplet Sensitization. 

Metal-halide perovskites are an exciting class of materials poised for promising applications in 

solar cells, photonics, and optoelectronics. Massive worldwide effort towards the synthesis and 

characterization of these materials has led to significant advances over a short time frame. More 

recently, perovskite nanocrystals have emerged as an exciting extension of this research because 

of their widely tunable bandgaps. 50–55 Despite renewed interest, integration of these structures 

with chromophoric molecules has only been attempted in limited examples. 1,56 In one notable 

example, cesium lead halide perovskite nanocrystals CsPb(Br/I)3 were implemented as inorganic 

triplet sensitizers. The surface of these nanocrystals were functionalized with a triplet acceptor 

AEDPA, 2-(4-(10-phenylanthracene-9-yl)phenyl)-ethan-1-amine, to which the triplet exciton 

energy was proposed to be transferred from the nanocrystals before being relayed to freely 

diffusing diphenylanthracene, the triplet emitter in the upconversion scheme presented in 

Figure 7.7. The low threshold excitation intensity of 25 mW cm−2, on par with other molecular-

based TTA-UC compositions, illustrates the potential of perovskite nanocrystals with surface 

anchored molecules serving as triplet sensitizers.  

 
Figure 7.7. Diagram depicting the two sequential energy transfer (ET) processes in which exciton energy 
originating from perovskite nanocrystals sensitizes molecular triplets that undergo TTA.  Upon 
excitation, the surface-functionalized CsPb(Br/I)3 perovskite nanocrystal undergoes triplet energy 
transfer with the molecular acceptor, 2-(4-(10-phenylanthracene-9-yl)phenyl)-ethan-1-amine (AEDPA). A 
secondary collisional energy transfer event takes place from AEDPA to diphenyl anthracene (DPA) freely 
diffusing in solution. Finally, two 3DPA* molecules will annihilate to generate one 1DPA*. Reproduced 
from ref. 53 with permission from The Royal Society of Chemistry.  
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7.4. Outlook. 

Quantum dots functionalized with molecular adsorbates have shown promise as emerging 

constructs for generating molecular triplet excited states. Fundamental research in developing 

mechanisms for triplet exciton transduction at the interface of these hybrid materials has 

revealed processes very similar to those observed in pure molecular systems. Using established 

strategies from molecular photochemistry, design principles have begun to be implemented and 

investigated. However, given the rich properties of quantum-confined materials, featuring 

characteristics of both molecules and bulk materials, significant fundamental research appears 

necessary to fully exploit their capabilities towards serving as triplet sensitizers.  

In regards to optimizing and tuning TTET across the nanocrystal-molecule interface many 

details regarding the QD and molecular adsorbate must be understood, including the quantum 

dot Eg, the redox properties of all entities involved, the ET of the molecular adsorbate, the nature 

of the anchoring group, solvent, and numerous experimentally controllable variables. As there 

are many possible combinations of nanomaterial composition and molecular structures that can 

be selected, systematic investigations of specific hybrid materials are possible but require 

intensive experimental effort for rational insight to be gleaned. Spectroscopic interrogation of 

the mechanisms through which triplet excitons can be transferred from/to the nanomaterials, 

and/or the sensitization of triplets on the surface of these nanocrystals are necessary in 

developing principles to deterministically control the energy transfer/migration processes. For 

example, two-dimensional electronic spectroscopy permits detection of coherences between 

excitonic states, 57,58 valuable in future research pursuits involving energy transfer across the 

nanocrystal-molecule interface. The triplet excitons generated in the work described here can be 

further characterized through time-resolved electron spin resonance spectroscopy (tr-ESR). In 

recent work by McCamey and co-workers, transient absorption and tr-ESR spectroscopy were 

used to demonstrate spin correlations in multi-excitonic states. 59 This work provided the first 

experimental evidence confirming that singlet fission produces triplet pair states of quintet 

character. In the context of triplet excitons generated in surface-functionalized nanocrystals, tr-

ESR could potentially demonstrate spin correlations at the interface and could be used to 

characterize the nature of the triplet exciton in both TTET and rTTET processes.    
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Looking beyond the work described above, 1D nanorod and 2D nanoplatelet materials offer 

interesting platforms from which to study triplet exciton generation and transfer. These low 

dimensional materials have been shown to readily participate in electron transfer chemistry with 

surface-bound molecules, suggesting that triplet energy transfer, which is a double electron 

transfer process, might also be feasible. While many of the nanocrystal-molecular constructs 

discussed here have been employed in photochemical upconversion schemes, 23,26,60,61 due to the 

lack of a transparent window in the nanocrystal absorption spectrum, these systems necessarily 

possess inherent problems with reabsorption, ultimately limiting the development and 

advancement of these hybrid materials in systems incorporating photochemical upconversion 

for light production. 62 Nevertheless, TTET remains a critical activation process in 

photochemistry and there remain many opportunities for developing and implementing these 

hybrid materials as next-generation photosensitizers. For example, TTET has recently been 

shown to activate metal-containing catalysts in a photocycle. 63 In this specific example, the 

Ir(III) triplet sensitizer Ir(ppy)3 (ppy = 2-phenylpyridine) produces an excited-state nickel 

complex through bimolecular TTET, which was subsequently responsible for linking 

carboxylates with aryl halides. The prevalence of triplet excited states in both fundamental and 

applied research projects continue to expand, therefore, new concepts towards designing triplet 

photosensitizers remains imperative and the marriage of QDs with appropriate acceptor 

molecules clearly represents a prolific area for continued exploration.  
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7.7. Supplementary Information. 

7.7.1. Materials and Methods. 

Materials. 9-anthracenecarboxylic acid (ACA, 98%) and 1-pyrenecarboxylic acid (PCA, 99%), 2-
chlorobisphenylethynylanthracene (CBPEA, 99%) were purchased from Alfa Aesar. 
Spectrophotometric grade toluene was purchased from Alfa Aesar and used without further 
purification. 

Ultrafast Transient Absorption Spectroscopy. Time-resolved transient absorption (TA) 
measurements were performed at the NCSU Imaging and Kinetic Spectroscopy Laboratory 
(IMAKS LAB) in the Department of Chemistry. Sub-picosecond transient absorption 
measurements were made using a Ti:sapphire laser system described previously. 64 Briefly, a 
portion of the output from a 1 kHz Ti:Sapphire Coherent Libra regenerative amplifier (4 mJ, 
100 fs (fwhm) at 800 nm) was split into the pump and probe beams. The pump beam was 
directed into an optical parametric amplifier (Coherent OPerA Solo) to generate tunable 
excitation (500 nm) while the probe beam was delayed in a 6 ns optical delay stage. The two 
beams were focused and overlapped into a spot on the sample, with the relative polarizations of 
the pump and probe beams set at the magic angle. Samples were contained in 2 mm pathlength 
quartz cuvettes and each solution was stirred continuously throughout the course of the 
experiment to ensure that each laser pulse comes in contact with fresh sample. The sample 
solutions were prepared to possess optical densities of approximately 0.12 at the excitation 
wavelength (500 nm). Ground state absorption spectra were taken before and after each 
experiment using an Agilent 8453 UV-visible spectrophotometer to ensure there was no sample 
decomposition. The transient spectra and kinetics were obtained using a Helios transient 
absorption spectrometer (Ultrafast Systems), averaging at least three scans and using 3 s of 
averaging at every given time delay. 

Nanosecond Flash Photolysis. Nanosecond time-resolved transient absorption measurements 
were collected on a LP 920 spectrometer from Edinburgh Instruments where ΔA remained 
linear up to 0.8 O.D. in single wavelength acquisition mode detecting at 430 nm. The sample 
solutions were prepared to possess optical densities of 0.4 at 505 nm. Excitation of the samples 
in these experiments was accomplished using a Nd:YAG/OPO laser system from Opotek 
(Vibrant LD 355 II) operating at 1 Hz. The incident laser power was varied using a series of 
neutral density filters along with appropriate long pass and short pass filters to clean the 
excitation pulse. The same spectrometer was also equipped with an Andor iStar iCCD detector 
that permitted the collection of time-resolved absorption and emission spectra. Single 
wavelength kinetic traces were analyzed using Origin 9. 
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Steady State Spectroscopic Measurements. Static absorption spectra were measured with a 
Cary 60 UV-vis spectrophotometer (Agilent) and Agilent 8453 UV-visible spectrophotometer. 
Steady-state photoluminescence spectra were recorded using a FL/FS920 spectrometer 
(Edinburgh Instruments) equipped with both visible and NIR single photon counting detectors. 
505 nm excitation was achieved by a 450 W Xe arc lamp equipped with a monochromator and 
appropriate long pass filters. 

Time-correlated Single Photon Counting Photoluminescence Lifetime Measurements. 
Fluorescence lifetimes were measured using a Mini-Tau from Edinburgh Instruments equipped 
with a 405 nm laser diode (IRF = 250 ps). Decay kinetics were acquired using a single photon 
counting PMT sensitive from 400 to 650 nm. 

Ligand Exchange with Acceptor. Ligand exchange was performed using CdSe-OA in 
presence of ACA. ACA (5 mg, 0.22 mmol) was added to a concentrated solution of CdSe-OA in 
toluene (1 mL) and the resulting solution was sonicated for 2 hours at 45°C. Then, CdSe-
OA/ACA nanocrystals were precipitated by adding acetone (3 mL), the mixture was centrifuged 
at 5800 rpm for 5 minutes, the supernatant was removed and the residue was dispersed in 
toluene (0.3 mL). The CdSe-OA/ACA nanocrystals were purified by at least 3 repeated 
dispersion/precipitation/centrifugation cycles. Finally, CdSe-OA/ACA nanocrystals were 
dispersed in toluene (1 mL) and stored under nitrogen in the dark at 2°C. The same procedure 
was used with PCA as the acceptor. The average ratio of acceptor to nanocrystals was 
determined by UV-vis absorption spectroscopy (Figure S7.5). 

Sample Preparation. Samples were prepared by diluting a stock solution of CdSe-
OA/Acceptor (following ligand exchange procedure described above) with spectrophotometric 
grade toluene to reach the desired absorbance/concentration. All samples for nanosecond TA 
experiments were prepared in a specially designed 1 cm2 quartz optical cell, with optical densities 
of 0.4 at the excitation wavelength (505 nm), bearing a side arm round bottomed flask and were 
subjected to a minimum of three freeze–pump–thaw degas cycles prior to all measurements. 
Samples for ultrafast TA experiments were contained in 2 mm quartz cuvettes, with optical 
densities of 0.12 at the excitation wavelength (500 nm), and the solutions were stirred 
continuously throughout the duration of the experiment.  

Ultrafast TA Spectroscopy Kinetic Analysis. Kinetics were monitored at 441 nm, which is 
the nearest wavelength to an isosbestic point in the CdSe-OA control spectra (Figure S7.7-
S7.10), thus almost any absorption observed upon addition of acceptor chromophores can be 
attributed to the excited state of the acceptor. Varied rates of energy transfer were expected 
depending on the initially populated CdSe excited state (dark states or trap states), thus a 
stretched exponential function was used to capture the rate of TTET. 35,36 The kinetic traces 
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obtained from ultrafast TA experiments were fit using the following equation; results from these 
fitting procedures are shown in Figure 7.2c-d, Figure S7.12, and Table S7.1: 

ΔA = ATTET ⋅e
−

t
τTTET

$

%
&

'

(
)
β

  (Eq. S7.1) 

Where ATTET and τTTET are the amplitude and the stretched lifetime, respectively, corresponding 
to the TTET between CdSe and the surface-bound acceptor and β is the stretching exponent. 

The average weighted lifetime,  〈τ〉, was calculated from the following equation using τTTET and β 
values obtained from fitting 65:  
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To calculate a rate constant for TTET from nanocrystal-to-acceptor, the following equation was 
used: 

0

11
ττ

−=TTETk            (Eq. S7.3) 

Where 〈τ〉 is the average weighted lifetime obtained from stretched exponential fitting of CdSe 
ground state recovery with surface-anchored acceptor present, 〈τ0〉 is the average weighted 
lifetime obtained from stretched exponential fitting of CdSe ground state recovery (no acceptor 
present). 

ACA Triplet Yield from CdSe. For CdSe-OA, nanocrystal-to-ACA triplet energy transfer 
quantum yields were determined using ultrafast TA experiments. The ΔA at 505 nm (ground 
state bleach) and the corresponding ground state molar extinction coefficient for the CdSe-OA 
nanocrystals (ε(505nm)= 59,200 M−1cm−1) were used to determine the concentration of excited 
states generated. Following ligand exchange of CdSe-OA with ACA, the same experiments were 
performed under identical experimental conditions. The concentration of 3ACA* formed was 
determined using the maximum ΔA at 430 nm and its corresponding triplet molar extinction 
coefficient (ε = 10,200 M−1cm−1), which was estimated from the energy transfer method using 
[Ru(bpy)3]

2+ as sensitizer. 66 Finally, the comparison of the concentration of CdSe excited states 
generated by the laser pulse in absence of acceptor and the concentration of 3ACA* generated 
from TTET permitted the determination of the quantum yield for this process. 
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TTET Yield between 3ACA* and CBPEA. Quantum yields for TTET were determined using 
nanosecond flash photolysis experiments performed with CdSe/ACA materials. A solution 
containing CdSe-OA/ACA (5 µM) in toluene was excited by a nanosecond laser pulse (505 nm) 
at 1 mJ. The TA difference spectra as well as the TA decay kinetics at 430 nm were recorded. 
From the data at 430 nm, the concentration of 3ACA* generated as a result of TTET from CdSe 
after the laser pulse was determined using the maximum value of ΔA and its corresponding 
triplet molar extinction coefficient (ε = 10,200 M−1cm−1). CBPEA (100 µM) was added and the 
TA difference spectra as well as the TA decay at 490 nm were recorded. From the data at 490 
nm, the concentration of 3CBPEA* (ε = 12,500 M−1cm−1) was determined after the complete 
TTET event from 3ACA* i.e. the largest value of DA. The comparison of these two 
concentrations allowed the determination of the TTET quantum yield between 3ACA* and 
CBPEA.  
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The same method was used to calculate TTET quantum yields from CdSe-OA/PCA (εPCA = 
24,000 M−1cm−1) to CBPEA.  
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7.7.2. Supplementary Figures and Tables. 

 

 
Figure  S7.1. Normalized electronic absorption (solid lines) and emission spectra (dashed lines) of PCA 
(green) and CdSe nanocrystals (blue) in toluene.  
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Figure S7.2. Subpicosecond TA difference spectra of CdSe-OA nanocrystals containing surface-
anchored 1-pyrenecarboxylic acid (PCA) in a 4:1 toluene:acetone solution upon selective excitation of the 
nanocrystals using 500 nm pulsed laser excitation (100 fs fwhm). Experimental delays span from 1.0 ps 
(red) to 6.2 ns (purple), with directions marked with arrows. (a) TA spectra displaying the 400 – 800 nm 
spectral region. (b) Expanded view of the 400 to 550 nm region. (c) Ground state recovery of CdSe 
monitored by kinetics at 490 nm illustrating the complete quenching of CdSe in the presence of surface-
anchored PCA. 
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Figure S7.3. Overlaid plot of normalized transient absorption spectra measured on nanosecond and 
ultrafast TA setups of CdSe-OA nanocrystals containing surface-anchored PCA in toluene solutions 
upon selective excitation of the nanocrystals, using 505 nm laser excitation (5 – 7 ns fwhm, 1 mJ) for 
nanosecond TA experiments and 500 nm pulsed laser excitation (100 fs fwhm, 0.2 µJ) of ultrafast 
experiments. Traces correspond to 6 ns delay from ultrafast experiments (blue), prompt spectra from 
nanosecond TA (dotted gray), and 1000 ns delay spectra from nanosecond TA (dashed gray). The red 
trace corresponds to the 1000 ns delay of directly excited (350 nm, 5 – 7 ns fwhm, 1mJ) PCA in toluene 
solution without the presence of CdSe. The band centered near 430 nm is consistent with the T1 ⟶ Tn 
transition of PCA. 
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Figure S7.4. Overlaid photoluminescence spectra of CdSe-OA (1 µM), CdSe-OA/ACA (1 µM), and 
CdSe-OA/PCA (1 µM) suspended in toluene under 433 nm excitation at room temperature. Data 
provided by Dr. Cedric Mongin.  

 

  
Figure S7.5. Normalized UV-vis absorption spectra of CdSe-OA (green line), CdSe-OA/PCA (blue 
line), and CdSe-OA/ACA (red line) in toluene at room temperature. The relative ratio of acceptor to 
nanocrystals is provided is the legend. 
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Figure S7.6. Transient absorption kinetics (λprobe = 460 nm) of CdSe-OA suspended in toluene at 
various pump pulse powers (λex = 500 nm): 0.03 µJ (red), 0.05 µJ (blue), 0.2 µJ (navy), 0.5 µJ (green). 
Demonstrating power dependence of the amplitude of the initial component, which is associated with 
multi-photon annihilation. Data was obtained from ultrafast transient absorption experiments (Figure 
S7.7 – S7.10b). 
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Figure S7.7. Subpicosecond TA difference spectra of CdSe-OA nanocrystals in toluene upon selective 
excitation of the nanocrystals using 500 nm pulsed laser excitation (100 fs fwhm). Low power 
experimental data using 0.03 µJ pulse power, with experimental delays spanning from 1.0 ps (red) to 6.2 
ns (purple), with directions marked with arrows. (a) TA spectra obtained of CdSe containing surface-
anchored ACA, (b) control performed using CdSe under identical conditions without ACA present. In 
(a) we see a fast (ps) and symmetric decay of the signal in the first few picoseconds consistent with decay 
of multi-exciton states from multi-photon absorption, confirmed by power-dependent control 
experiments (Figure S7.6). Within 2 ns, a decay of the CdSe excited state is observed coinciding with a 
growth of the ACA triplet absorption; monitored by a distinct red shift in the position of the band near 
430 nm to one centered at 433 nm, consistent with the T1 ⟶ Tn transition of ACA seen in the 
nanosecond TA experiments (Figure 7.3a). The growth of this new band is further substantiated by the 
shift in the position of the isosbestic point, marked in the figure with a red box. The top panel displays 
the 400 – 800 nm spectral region to highlight the absence of the ACA radical cation band that would be 
expected near 750 nm, eliminating the possibility of an electron transfer mechanism. The bottom panel 
displays an expanded view of the 400 to 550 nm region, clearly showing the formation of the 3ACA 
centered near 433 nm. These ultrafast results confirm a direct TTET mechanism from the directly excited 
CdSe nanocrystals to surface-anchored ACA. Kinetics were monitored at 441 nm, which is an isosbestic 
point in the CdSe-OA control spectra, thus any absorption observed upon addition of ACA can be 
attributed to ACA (Figure S7.12, Table S7.1). 
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Figure S7.8. Subpicosecond TA difference spectra of CdSe-OA nanocrystals in toluene solution upon 
selective excitation of the nanocrystals using 500 nm pulsed laser excitation (100 fs fwhm). Low power 
experimental data using 0.05 µJ pulse power, with experimental delays spanning from 1.0 ps (red) to 6.2 
ns (purple), with directions marked with arrows. (a) TA spectra obtained of CdSe containing surface-
anchored ACA, (b) control performed using CdSe under identical conditions without ACA present. The 
top panel displays the 400 – 800 nm spectral region while the bottom panel displays an expanded view of 
the 400 to 550 nm region. 
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Figure S7.9. Subpicosecond TA difference spectra of CdSe-OA nanocrystals in toluene solution upon 
selective excitation of the nanocrystals using 500 nm pulsed laser excitation (100 fs fwhm). High power 
experimental data using 0.2 µJ pulse power, with experimental delays spanning from 1.0 ps (red) to 6.2 ns 
(purple), with directions marked with arrows. (a) TA spectra obtained of CdSe containing surface-
anchored ACA, (b) control performed using CdSe under identical conditions without ACA present. The 
top panel displays the 400 – 800 nm spectral region while the bottom panel displays an expanded view of 
the 400 to 550 nm region. 
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Figure S7.10. Subpicosecond TA difference spectra of CdSe-OA nanocrystals in toluene solution upon 
selective excitation of the nanocrystals using 500 nm pulsed laser excitation (100 fs fwhm). High power 
experimental data using 0.5 µJ pulse power, with experimental delays spanning from 1.0 ps (red) to 6.2 ns 
(purple), with directions marked with arrows. (a) TA spectra obtained of CdSe containing surface-
anchored ACA, (b) control performed using CdSe under identical conditions without ACA present. The 
top panel displays the 400 – 800 nm spectral region while the bottom panel displays an expanded view of 
the 400 to 550 nm region. 
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Figure S7.11. (a) Overlaid 6.2 ns delay spectra from Figure S7.9a-b. The −2.5 ps delay spectrum 
(dashed black trace) from Figure S7.9b is also displayed to illustrate that the remaining signal present in 
the black trace near ~500 nm is due to laser scatter. The blue trace is from the control experiment 
performed without ACA present in the solution, i.e. observed signal is representative of the CdSe excited 
state. The positive signal observed ~430 nm in the black trace is characteristic of the T1 ⟶ Tn transition 
of ACA. (b) Overlaid −2.5 ps, 10 ps and 6.2 ns delay spectra of CdSe-OA/ACA, used to determine the 
TTET quantum efficiency. The 10 ps delay spectrum was used to ensure that annihilation did not 
contribute to the calculation.  

           
Figure S7.12. Ground state of CdSe monitored by kinetics at (a) 480 nm and (b) 510 nm illustrating 
quenching of CdSe in presence of surface anchored ACA.  
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Tables: 

Table S7.1. Parameters obtained from fitting kinetic traces displayed in Figure 7.2c, Figure 7.2d, and 
Figure S7.12. Data is from transient absorption kinetics of CdSe-OA nanocrystals with and without 
surface anchored ACA suspended in toluene (λex = 500 nm). Fitting procedures have been described 
above. 

λprobe  Samples τ  β ⟨τ⟩  ⟨k⟩  ⟨k⟩TTET 

441 nm CdSe/ACA 3.7 ± 0.9 ps 0.20 ± 0.02 463 ps 2.4 × 109 s−1 2.2 × 109 s−1 

480 nm 
CdSe 26 ± 8 ns 0.70 ± 0.04 33 ns 3.0 × 107 s−1 

2.3 × 109 s−1 
CdSe/ACA 4.9 ± 0.8 ps 0.21 ± 0.01 435 ps 2.3 × 109 s−1 

490 nm 
CdSe 35 ± 6 ns 0.86 ± 0.02 37.8 ns 2.6 × 107 s−1 

2.0 × 109 s−1 
CdSe/ACA 3.8 ± 0.5 ps 0.20 ± 0.01 480 ps 2.1 × 109 s−1 

510 nm 
CdSe 27 ± 7 ns 0.71 ± 0.02 33.4 ns 3.0 × 107 s−1 

2.8 × 109 s−1 
CdSe/ACA 2.5 ± 0.2 ps 0.19 ± 0.01 348 ps 2.9 × 109 s−1 
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CHAPTER 8 

 

Delayed Molecular Triplet Generation from Energized Lead Sulfide 

Quantum Dots 

The contents of this chapter have been previously published in Journal of Physical Chemistry Letters, 

2017, 8 (7), 1458 – 1463. DOI: 10.1021/acs.jpclett.7b00546 

8.1. Abstract.  

The generation and transfer of triplet excitons across the molecular-semiconductor interface 

represents an important technological breakthrough featuring numerous fundamental scientific 

questions. This contribution demonstrates curious delayed formation of TIPS-pentacene 

molecular triplet excitons bound on the surface of PbS nanocrystals mediated through the initial 

production of a proposed charge transfer intermediate following selective excitation of the PbS 

quantum dots. Ultrafast UV-vis and near-IR transient absorption spectroscopy was used to track 

the dynamics of the initial PbS exciton quenching as well as time scale of the formation of 

molecular triplet excited states that persisted for 10 ms on the PbS surface, enabling subsequent 

energy and electron transfer reactivity. These results provide the pivotal proof-of-concept that 

PbS nanocrystals absorbing near-IR radiation can ultimately generate molecular triplets on their 

surfaces through processes distinct from direct Dexter triplet energy transfer. More broadly, this 

work establishes that small metal chalcogenide semiconductor nanocrystals interfaced with 

molecular chromophores exhibit behavior reminiscent of supramolecular chemical systems, a 

potentially impactful concept for nanoscience.   

8.2. Introduction. 

The utilization of electron and energy transfer processes across the molecular-semiconductor 

nanocrystal interface has led to numerous fundamental breakthroughs with corresponding 

technological applications 1–3 in photovoltaics, 4, 5 light emitting diodes, 6, 7 solar photochemistry, 
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8–10 and biophotonics. 11–14 However, it is only recently that triplet exciton transfer at these 

interfaces has been considered to facilitate energy transduction in these materials. Two back-to-

back reports on thin-film organic-inorganic semiconductor nanocrystal interfaces in November 

of 2014 provided evidence that near unity efficiency organic-to-inorganic semiconductor triplet-

triplet energy transfer (TTET) does indeed occur, enabling either photovoltaic operation or light 

emission from the inorganic nanocrystals. 15, 16 Last year, rapid and near quantitative TTET 

operating through a direct Dexter type exchange mechanism was demonstrated from CdSe 

nanocrystals to surface anchored anthracene molecules, ultimately transforming nanosecond 

lifetime semiconductor excitons into millisecond lifetime molecular triplet excitons. 17 There 

have also been numerous recent reports exploiting TTET processes at nanocrystalline metal 

chalcogenide semiconductor-molecular interfaces to facilitate photochemical upconversion 

phenomena. 18, 19 As these TTET processes continue to emerge and realize widespread 

adaptation 20, it becomes increasingly important to comprehend the specific mechanistic details 

of how these triplets are transferred at such interfaces. The triplet sensitization mechanism can 

potentially vary depending upon the relevant energetics of the constituent components and this 

will necessarily impact the selection of chromophores and semiconductor nanomaterials required 

for customized applications. Although direct Dexter energy transfer has been invoked as the 

mechanism across a range of molecular-inorganic semiconductor quantum dot hybrid materials, 

it has only been unequivocally demonstrated in a single report on CdSe. 17 Here we examined 

interfacial exciton transduction processes from energized PbS semiconductor nanocrystals that 

revealed an entirely unexpected result: the molecular triplet excited state was produced in a time-

delayed fashion inconsistent with direct Dexter triplet transfer. Based on a wide body of 

experimental evidence and thermodynamic considerations, we propose that triplet excitons 

generated from selective excitation of PbS nanocrystals are ultimately converted to molecular 

surface anchored TIPS-pentacene triplets through the generation of a charge transfer 

intermediate. This stepwise approach towards realizing molecular triplet production from 

quantum dots is curious and reminiscent of supramolecular chemical systems. This is a 

potentially impactful concept for nanoscience as it suggests supramolecular strategies for energy 

transduction could be applied to nanomaterial constructs allowing for designer photonic 

materials intended to harvest triplet excitons.  
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8.3. Results and Discussion. 

8.3.1. Near-IR Absorbing PbS-OA Quantum Dots for Triplet Exciton Harvesting.  

In the semiconductor-to-molecule triplet exciton transduction scheme featured in this 

contribution, oleic acid (OA) capped PbS nanocrystals (PbS-OA) suspended in toluene served as 

the photosensitizer. A carboxylic acid derivative of TIPS-pentacene, 6,13-

bis(triisopropylsilylethynyl)pentacene-2-carboxylic acid (TPn), 21 whose triplet state energy (0.24 – 

0.66 eV, see SI) 22 lies well below that of the PbS first exciton band energy, 23 was selected as the 

molecular acceptor. The carboxylate served as an anchoring group, allowing precise adsorption 

of TPn to the surface of the nanocrystal through ligand exchange with the native OA moieties. 

The preparation and characterization of these materials are detailed in the Supporting 

Information (SI). The PbS-OA nanocrystals possessed an average diameter of 3.5 ± 0.3 nm, 

with no observed change in size upon ligand exchange with the TPn acceptors, as measured by 

TEM (Figure S8.1). The ground state absorption spectra of the PbS-OA nanocrystals and the 

PbS-TPn material are shown in Figure 8.1; the spectrum of PbS-TPn was corrected for Rayleigh 

scattering in Figure S8.2 in order to accurately quantify the number of surface adsorbed 

chromophores. 24 We note that this correction did not quantitatively impact the PbS first (1S) 

exciton absorption band, which was centered near 1023 nm (1.2 eV) in the native PbS-OA 

nanocrystals. Following adsorption of the TPn to the nanocrystals surface and purification of 

the samples to remove free TPn species, a blue shift of the PbS first exciton band (0.04 eV) and 

concomitant red shift of the TPn absorption band (0.01 eV) was observed. This shift is 

attributed to strong nanocrystal-adsorbate interactions, facilitated by the fact that the electronic 

wave function extends beyond the nanocrystal surface in these strongly confined materials, and 

has been documented in the literature to take place upon adsorbate binding. 25 The average 

number of TPn acceptor molecules adsorbed on each nanocrystal surface was determined to be 

~40, by UV-vis spectroscopy. The quantum dot based photoluminescence in the near-IR 

centered at 1110 nm was quantitatively quenched as a result of the TPn surface anchoring 

implying an efficient excited state deactivation process (Figure S8.2).        



 

 

 

 226 

 

Figure 8.1. (Left) Schematic representation of the relevant energy levels in the PbS-TPn construct 
reported vs. vacuum and the structure of the TPn acceptor used in this study. (Right) Normalized 
electronic absorption of PbS-OA (blue line) and the Rayleigh scattering corrected PbS-TPn materials (red 
line).  

8.3.2. Ultrafast Transient Absorption Spectroscopy of PbS-OA Nanocrystals. 

Ultrafast transient absorption (TA) spectroscopy was employed to delineate the mechanism 

and associated kinetics for the excited state processes occurring in the PbS-TPn materials. TA 

experiments with PbS-OA suspended in toluene were also performed in the absence of TPn to 

facilitate discrimination of exciton relaxation dynamics inherent to the nanocrystals from those 

involved in the ultimate formation of surface anchored molecular triplets. Both the visible (ca. 

450 – 720 nm) and near-IR (ca. 850 – 1350 nm) spectral ranges were interrogated to correlate the 

ground state recovery of the PbS-OA signal in the near-IR to the growth of the triplet TPn 

(3TPn) absorption band expected near 530 nm. 26 Figure 8.2a-b presents TA difference spectra 

of a solution of PbS-OA nanocrystals suspended in toluene following 970 nm pulsed laser 

excitation (0.2 µJ/pulse, 100 fs fwhm) into the first exciton band. The PbS excited state 

possesses a broad absorption band spanning the visible and extending into the near-IR, with a 

characteristic negative feature corresponding to the ground state bleach of the 1S exciton band 

near 1000 nm. The recorded near-IR transient signals are in excellent agreement with reported 

TA difference spectra for PbS-OA nanocrystals of similar size. 27–33 While most of the PbS 

excited state persists for more than 2 ms, there is an initial symmetric decay of all TA signals 

along with the ground state bleach over the first 100 ps, consistent with multi-exciton 
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annihilation within the quantum dots, confirmed by laser pulse energy dependence experiments, 

Figure S8.3 and S8.4. The time constants obtained from multi-exponential fitting procedures 

(Table S8.1) span three general time regimes: τ1 = 1 – 10 ps, τ2 = 15 – 40 ps, τ3 = 1.0 – 3.0 ns. τ1 

and τ2 are in good agreement with those previously reported for tri-exciton and bi-exciton 

annihilation processes, respectively, in PbS nanocrystals of comparable size; 30 τ3 was required to 

achieve fitting over the entire time range of the experiment and likely corresponds to the 

microsecond time constant of the PbS excited state decay.  

 

Figure 8.2. TA difference spectra of PbS-OA nanocrystals suspended in toluene upon selective 
excitation of PbS using 970 nm (0.2 µJ/pulse) pulsed laser excitation (100 fs fwhm) in (a-b) the absence 
and (c-d) the presence of surface-anchored TPn. The solid black line in panel c is the arbitrarily 
normalized differential TA spectrum measured on the nsTA apparatus at 100 ns delay.  
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8.3.3. Long-range Dipole Coupling.  

In the PbS-TPn materials, 970 nm laser pulses (0.2 µJ/pulse, 100 fs fwhm) were used to 

selectively excite the PbS nanocrystals under conditions minimizing multi-exciton processes 

(Figures 8.2c-d, S8.5, S8.6). The observed apparent in-pulse “bleach” signals at 550, 600 and 

650 nm superimposed onto the broad PbS excited state signal are attributed to a dipole coupling 

interaction that induces an absorbance shift in the surface anchored molecules. The transiently 

produced dipole created in the excited PbS nanocrystals induces a change in the transition dipole 

moment of the chromophoric molecular adsorbates, resulting in negative polarity signals. These 

results are in excellent agreement with the 2nd derivative of the TPn ground state absorption 

spectrum, Figure S8.7. 34, 35 The corresponding signals diminish on the time scale of multi-

exciton annihilation and are present even at low pump fluence, consistent with the origin of the 

effect being due to the close coupling between the TPn adsorbate and the energized nanocrystal.  

To illustrate that the observed instantaneous absorption shift is a general phenomenon for 

molecular chromophores bound to PbS surfaces, control experiments were performed with a 

second molecular adsorbate, 3-perylenecarboxylic acid (PerCOOH). PerCOOH is not a suitable 

electron donor or acceptor (HOMO = 5.3 eV and LUMO = 2.5 eV vs. vacuum) 36 or triplet 

energy acceptor (ET = 1.55 eV) 37 when coupled to PbS nanocrystals of this size. Upon 

adsorbate binding, similar shifts in the ground state QD 1S exciton band and PerCOOH 

absorption bands were observed due to QD-adsorbate interactions (Figure S8.2d). The TA 

difference spectra of the PbS-PerCOOH materials obtained following 970 nm excitation was 

dominated by the broad PbS excited state absorption signal, with a marked depression in the 

transient signal near ~450 nm (Figure S8.7b-c). This feature was not present in the data 

obtained from the PbS-OA reference samples and is in good agreement with the lineshape of 

the 2nd derivative of the ground state absorption spectrum of the PbS-PerCOOH samples. These 

control experiments suggest that the spectral shifts observed in the surface-anchored 

chromophores upon selective excitation of the PbS are inherent to these materials and are 

independent of the delayed molecular triplet generation that is the focus of the current study.  
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8.3.4. Observed Stepwise Mechanism of Exciton Transduction in PbS-TPn.  

In the near-IR (Figure 8.2d), complete recovery of the PbS ground state 1S exciton bleach 

was observed within 100 ps along with a broad signal spanning the near-IR that persisted for the 

duration of the ultrafast experimental window (6.2 ns). This marked rate acceleration measured 

in comparison to the PbS-OA materials clearly indicates complete PbS excited state quenching 

on picosecond time scales. In the visible region (Figure 8.2c), rapid symmetric decay of the 

broad PbS excited state was also observed over the first 100 ps. This decay was followed by the 

growth of a band centered at 530 nm having a time constant of 6 ns and the appearance of an 

isosbestic point at 560 nm. The 6 ns transient growth near 530 nm subsequently evolved into a 

double-top feature resembling the 3TPn excited state absorption band observed previously. 26 

The PbS ground state bleach signal in the near-IR and the 3TPn* signal in the visible were 

measured using two distinct white light continua, detectors and optical alignments, thus the 

pump-probe overlap was not identical in the two measurements. This necessarily results in 

different concentrations of excited states generated in the two separate optical measurements, 

thus no quantitative analysis could be performed using the ΔA values measured in the two 

discrete spectral ranges enabling calculation of the overall efficiency of the molecular triplet 

generation. Triplet sensitization experiments using Zn(II) tetraphenylporphyrin produced an 

authentic T1 → Tn absorption spectrum for free 3TPn in toluene (Figure S8.8), slightly blue-

shifted from the analogous absorption transients observed in the PbS-TPn materials. Vacuum 

degassed PbS-TPn samples suspended in toluene were also investigated using nanosecond 

transient absorption spectroscopy. The nanosecond TA difference spectra (black line, Figure 

8.2c) matched literature reports of 3TPn and exhibited spectral features that are analogous to 

those obtained at long delay times in the ultrafast TA apparatus, further confirming the 

assignments of the 3TPn absorption band near 530 nm.  26 The transient decay kinetics for this 

absorption feature (Figure 8.3b) were adequately fit to a bi-exponential decay with τ1 = 930 ± 

13 ns and τ2 = 8.3 ± 0.2 µs, consistent with a molecular triplet excited state. Laser power 

dependence studies (Figures S8.5-S8.6) indicated that the PbS excited state decay in the PbS-

TPn materials was indeed excitation pulse energy dependent whereas the growth kinetics of 
3TPn at 530 nm was completely invariant to excitation intensity. The apparent step-wise nature 

of the symmetric decay of the PbS excited state over the first 100 ps and the growth of 3TPn on 
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nanosecond time scales (Figure 8.3a) implies a sequence of well-defined and temporally 

separated events. These observations are completely unique as they imply the delayed formation 

of a molecular triplet excited state on the surface of a semiconductor quantum dot. While it is 

clear that the initially prepared excited state resides on PbS and the final product is 3TPn, the 

disparities in the time scale for the ground state recovery of PbS (<100 ps) and the growth of 
3TPn (~6 ns) implies the presence of an intermediate. To glean insight into the nature of this 

species, further experiments were executed as detailed below. 

 
Figure 8.3. (a) Transient absorption kinetics of PbS-TPn nanocrystals suspended in toluene following 
970 nm pulsed laser excitation. Kinetics probed at 530 nm at various incident pump pulse powers (0.2 µJ, 
0.5 µJ, 1.0 µJ, and 2.0 µJ). (b) Nanosecond transient absorption decay kinetics of 3TPn recorded at 520 
nm. Black line represents the best fit obtained from modeling to a sum of two single exponential 
functions. 

8.3.5. Determination of Redox and Spin Specific Optical Signatures of TPn.  

Ultrafast TA experiments were performed using direct excitation of the surface-adsorbed TPn 

on the PbS nanocrystals using visible light, Figure 8.4. Following 650 nm excitation, which 

indiscriminately excites both PbS and TPn, strong transient absorption features were promptly 

observed near 480 and 1350 nm (Figure 8.4), characteristic of the singlet excited state of TPn 

(1TPn). Measurements performed on freely diffusing TPn in toluene confirmed these identical 

transient spectroscopic signatures (Figure S8.9), illustrating that the singlet absorption transients 

were invariant to surface anchoring on PbS. It can be readily concluded that no 1TPn was 
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produced under direct 970 nm excitation of PbS and therefore no singlet energy transfer 

processes could be operative under those excitation conditions. Additionally, 1TPn can readily 

inject electrons into the PbS conduction band (ΔG ~ −0.4 eV) which would yield a 

TPn+˙/PbS(e−) charge-separated state, analogous to how 1TPn electron injection has been 

shown to function in TiO2-based dye sensitized solar cells. At longer delay times in the PbS-TPn 

material following 650 nm excitation, intersystem crossing and/or singlet fission could 

potentially produce 3TPn in the sample and this signal was indeed observed; the difference 

spectrum also featured a double-top absorption band in the visible (ca. 530 nm) and a weakly 

absorbing broad transient feature spanning the near-IR spectral region. It should be noted that 

no 3TPn was detected through direct excitation of the TPn chromophores alone in toluene 

solution thus the presence of PbS was absolutely necessary to generate triplet excited states in 

these molecules. However, since 650 nm excitation produces both 1TPn as well as singlet/triplet 

excitons in PbS, the 3TPn observed in these experiments at long delay times can be derived 

either through the postulated intermediate as described above or from PbS-catalyzed intersystem 

crossing from the PbS-bound TPn singlet excited state. 

 
Figure 8.4. Sub-picosecond TA difference spectra of PbS-TPn in toluene upon 650 nm pulsed laser 
excitation (100 fs fwhm, 0.5 µJ) in the (a) visible and (b) near-IR spectral regions. Experimental delays 
spanning from 1.0 ps (teal) to 6.1 ns (navy), with directions marked by arrows.  
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Spectroelectrochemistry was employed in order to characterize any potential charge transfer 

intermediate(s) formed in the stepwise exciton transfer process observed in the PbS-TPn 

materials following 970 nm excitation. One-electron reduction and oxidation of TPn in THF 

was performed using controlled potential electrolysis at −1.7 V and +0.75 V vs Ag/AgNO3, 

respectively, Figure S8.10. The electrochemically generated TPn radical anion species (TPn⁻˙) 

featured pronounced spectral signatures in both the visible and near-IR (Figure S8.10a) that 

were not observed in any of the TA difference spectra, eliminating the possibility of a TPn 

radical anion containing electron transfer intermediate. This is consistent with the fact that 

electron transfer from the PbS conduction band to TPn is thermodynamically uphill and not 

possible to achieve with the PbS quantum dots utilized here. The difference spectrum of the 

electrochemically generated TPn radical cation species (TPn+˙) is dominated by bleaching signals 

across the visible in the regions that were spectroscopically interrogated using TA. As a result, 

these data should be considered inconclusive as any spectral signatures unique to the TPn+˙ 

species (Figure S8.10b) are simply too weak or outside of our available probing ranges to be 

cleanly discriminated in the current TA data. Similarly, TA experiments could not be performed 

at shorter wavelengths due to the strong absorbance cross sections of PbS below 450 nm. 

However, electron transfer from TPn to the PbS(h+) valence band in these materials does 

represent a viable quenching pathway following selective excitation of PbS. It is worth noting 

that electron transfer at the nanocrystal-molecular acceptor interface in PbS based materials is 

well documented. 27, 29, 32, 33, 38 The proposed charge-separated state would generate TPn+˙ and 

PbS(e−), completely in line with the early time TA experimental data where a complete recovery 

of the PbS ground state bleach signal is observed within 100 ps. Additionally, it has been 

previously shown that the one-electron reduced PbS species, PbS(e−), possesses characteristic 

absorptions in the mid-IR that are well outside of our current detection range for pump-probe 

experiments. 31–33 The fact that we do not observe any definitive transients throughout the visible 

and near-IR detection ranges is entirely consistent with the proposed TPn+˙/PbS(e−) charge 

transfer intermediate.    
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8.3.6. Proposed Mechanism for Molecular Triplet Generation. 

Based on the combined experimental and viable thermodynamic evidence we propose that the 

initial PbS-localized excitons are likely transferred from these quantum dots to surface anchored 

TPn moieties through the generation of a TPn+˙/PbS(e−) charge-separated state, ultimately 

generating the long-lived 3TPn/PbS triplet excited state. Figure 8.5 presents the energy level 

diagram depicting the processes ultimately leading to molecular triplet generation in the title 

material. This stepwise pathway represents a completely distinct mechanism for molecular triplet 

formation at the molecule-semiconductor nanocrystal interface with respect to direct Dexter 

transfer, as is typically assumed to be operative. The present work suggests that supramolecular 

strategies enabling directional energy flow are indeed viable in such nanomaterial-molecular 

constructs, illustrating the need for fundamental understanding of charge transfer and energy 

transduction at the interface of these integrated materials. Therefore, both triplet energies and 

redox potentials represent relevant criteria to be considered for designer photonic materials 

intending to harvest triplet excitons. Furthermore, these results provide the pivotal proof-of-

concept that PbS nanocrystals absorbing near-IR radiation can ultimately generate molecular 

triplets on their surfaces through processes distinct from direct Dexter triplet energy transfer. 

This interfacial energy transduction strategy further enables semiconductor nanocrystals to 

engage in long-range chemical and redox transformations relevant for fields as diverse as 

optoelectronics, solar energy conversion, and photobiology.    

 
Figure 8.5. Illustration of the proposed pathway for the generation of surface-bound 3TPn following 
selective excitation of PbS by near-IR (970 nm) pulsed light: charge separation at the QD-A interface 
generating TPn+˙/PbS(e−) followed by charge recombination to generate 3TPn/PbS and finally triplet 
relaxation to the ground state.  

(1) CS at the QD-A interface TPn+⋅/PbS(e-) (2) CR to generate 3TPn/PbS (3) Triplet relaxation to ground state
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32. Yang, Y.; Rodríguez-Co ́rdoba, W.; Lian, T. Ultrafast Charge Separation and 
Recombination Dynamics in Lead Sulfide Quantum Dot–Methylene Blue Complexes 
Probed by Electron and Hole Intraband Transitions. J. Am. Chem. Soc. 2011, 133, 9246-
9249. 

33. Yang, Y.; Lian, T. Multiple exciton dissociation and hot electron extraction by ultrafast 
interfacial electron transfer from PbS QDs. Coord. Chem. Rev. 2014, 263-264, 229-238. 

34. Ardo, S.; Sun, Y.; Castellano, F. N.; Meyer, G. J. Excited-State Electron Transfer from 
Ruthenium-Polypyridyl Compounds to Anatase TiO2 Nanocrystallites: Evidence for a 
Stark Effect. J. Phys. Chem. B 2010, 114, 14596-14604. 

35. Norris, D. J.; Sacra, A.; Murray, C. B.; Bawendi, M. G. Measurement of the size dependent 
hole spectrum in CdSe quantum dots. Phys. Rev. Lett. 1994, 72, 2612-2615. 

36. Yamaguchi, M.; Nagatomo, T. Processes for high efficiency of organic EL devices with 
dopants. Thin Solid Films 2000, 363, 21-24. 

37. Birks, J. B.; Slifkin, M. A. pi-Electronic Excitation and Ionization Energies of Condensed 
Ring Aromatic Hydrocarbons. Nature 1961, 191, 761-764. 

38. Zhu, H.; Yang, Y.; Wu, K.; Lian, T. Charge Transfer Dynamics from Photoexcited 
Semiconductor Quantum Dots. Annu. Rev. Phys. Chem. 2016, 67, 259-281. 

  



 

 

 

 238 

8.6. Supporting Information. 

8.6.1. Materials and Methods. 

Materials. Spectrophotometric grade toluene was purchased from Alfa Aesar and used 
without further purification. The carboxylic acid functionalized TIPS-pentacene derivative (TPn) 
was synthesized and characterized as previously published. 21 

PbS-OA Nanocrystal Synthesis. Synthesis of PbS nanocrystals was adapted from a 
procedure reported by Hines and Scholes. 39 A mixture of 2.06 mL oleic acid (OA) and 16 mL of 
1-octadecene (ODE) held in a 50 mL three-neck round bottom flask at room temperature was 
deaerated by bubbling with nitrogen for 30 min. PbO (0.36 g) was added to the mixture and 
heating to 150 °C (with stirring) under N2 flow for 30 minutes, producing a clear and colorless 
solution that was then cooled to 110 °C. Injection of 0.17 mL of hexamethyldisilathiane 
dissolved in 8 mL of deaerated ODE caused the solution to change from clear to brown within 
3 seconds. After 10 minutes, the flask was dipped in ice-cold water and the reaction was 
quenched by addition of acetone and hexanes (60 mL, 2:1 by volume). Centrifugation at 5800 
rpm for 10 min produced dark brown pellets that were dispersed in toluene, precipitated again 
with acetone and centrifuged. This process was repeated at least 4 times in order to remove any 
excess oleic acid and remaining 1-octadecene. The brown pellets were dried using a nitrogen 
flow, dispersed in a minimal amount of n-hexane, and placed in a refrigerator at 2°C overnight. 
The solution was filtered using a 0.2 µm PTFE syringe filter in order to remove unreacted lead 
oleate precursor. PbS nanoparticles were precipitated again with acetone, dried under nitrogen 
flow and dispersed in spectrophotometric grade toluene. The obtained stock solution of PbS-
OA was then stored in the dark at 2°C prior to experiments. This synthesis was performed by 
Dr. Cedric Mongin.  

Ligand Exchange with TPn. Ligand exchange was performed using previously synthesized 
PbS-OA in presence of TPn in toluene. TPn (variable amounts) was added to a concentrated 
solution of PbS-OA in toluene (OD(1S) = 2, 1 mL) and the resulting solution was maintained in 
the dark for 24 hours. Then, acetone (4 mL) was added to precipitate the PbS-OA/TPn 
nanocrystals; the mixture was centrifuged at 5800 rpm for 10 minutes, the supernatant was 
removed, and the residue was dispersed in toluene (0.3 mL). The PbS-OA/TPn nanocrystals 
were purified using a minimum of 3 repeated dispersion/precipitation/centrifugation cycles. 
Finally, PbS-OA/TPn nanocrystals were dispersed in toluene (1 mL), filtered through a 0.2 µm 
PTFE syringe filter and stored under nitrogen in the dark at 2°C. The average ratio of acceptor 
to nanocrystals was determined by UV-vis absorption spectroscopy (Figure 8.2, Figure S8.3). 

Steady-State Spectroscopy. Static absorption spectra were measured on Shimadzu UV-3600 
UV-vis-NIR spectrophotometer. Steady-state photoluminescence spectra were measured on 
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Edinburgh Instruments FLS920 fluorescence spectrometer equipped with both visible and near-
IR PMTs and used single photon counting detection. 900 nm excitation was achieved by a 450 
W Xe arc lamp equipped with a monochromator and appropriate long pass filters.       

Transmission Electron Microscopy (TEM). TEM experiments were carried out using a 
JEOL JEM 2010F. TEM samples were prepared by placing a drop of a dilute solution of PbS-
OA or PbS-TPn in toluene onto an ultrathin carbon film mounted on a holey carbon support 
film that was allowed to dry prior to imaging. Size distributions were determined by analyzing 
images using ImageJ software. TEM measurements were performed at the Analytical 
Instrumentation Facility (AIF) at North Carolina State University, which is supported by the 
State of North Carolina and the National Science Foundation (ECCS-1542015). The AIF is a 
member of the North Carolina Research Triangle Nanotechnology Network (RTNN), a site in 
the National Nanotechnology Coordinated Infrastructure (NNCI). 

Spectroelectrochemistry. Visible and NIR spectroelectrochemical experiments were 
performed in an inert atmosphere glovebox (MBraun). A 0.1 M solution of TBAPF6 in 
spectrophotometric grade DCM was used as the supporting electrolyte. The Ag/AgNO3 redox 
couple was used as an internal reference for all measurements, and potentials used are reported 
relative to Ag/AgNO3. Experiments were performed using a Honeycomb 
Spectroelectrochemical Cell Kit (Pine Research Instrumentation) in a dual-path length cell with a 
1 cm × 1 cm space on the top of the cell and a 1.7 mm × 1 cm path length space on the bottom. 
The top of the spectroelectrochemical cell housed the Ag/AgNO3 reference electrode and Pt 
wire counter electrode while the bottom held the Pt honeycomb working electrode. Electronic 
absorption spectra was taken prior to bulk electrolysis with overpotentials of 100 – 200 mV. The 
Ocean Optics UV-VIS-NIR Lightsource deuterium and halogen lamps were used to probe in 
the visible and near IR spectral regions, respectively. Spectra were collected every 500 
milliseconds for 10 minutes and recorded with Ocean Optics HR2000+.  

One-electron reduction and oxidation were performed through controlled potential 
electrolysis (CPE) at −1.7 V and +0.75 V vs Ag/AgNO3, respectively. The redox potentials for 
TPn were calculated from the reported HOMO and LUMO energies 21 and overpotentials of 
100 – 200 mV were used in the experiments to ensure near complete electrolysis. Greater 
overpotentials were used due to the shift in the redox potentials with different solvent. The data 
in the UV-vis and near-IR were measured using independent detectors and normalized and 
stitched together to facilitate comparisons. 

Nanosecond Transient Absorption Spectroscopy. Nanosecond transient absorption 
measurements were collected with a LP920 spectrometer (Edinburgh Instruments). An iStar 
ICCD camera (Andor Technology) was used to collect transient difference spectra.  The 
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excitation source was a tunable Vibrant 355 Nd:YAG/OPO system (OPOTEK) operating at 1 
Hz and 3 Hz for spectra and kinetics acquisitions, respectively. Appropriate long pass filters 
used to remove residual leaking signal. Samples were contained in custom 1 cm × 1 cm path 
length quartz cuvettes bearing a side arm round bottom flask, with optical densities ~0.05 at the 
excitation wavelength (970 nm, 2 mJ/pulse). A minimum of three freeze-pump-thaw degas 
cycles were implemented to deaerate the samples prior to measurements. The reported 
difference spectra and kinetics are representative of 250 averaged shots. Single wavelength 
kinetic traces were analyzed using Origin 2015. 

Ultrafast Transient Absorption Spectroscopy. Time-resolved transient absorption (TA) 
measurements were performed at the NCSU Imaging and Kinetic Spectroscopy Laboratory 
(IMAKS LAB) in the Department of Chemistry. Sub-picosecond transient absorption 
measurements were made using a Ti:sapphire laser system described previously. 40 Briefly, a 
portion of the output from a 1 kHz Ti:Sapphire Coherent Libra regenerative amplifier (4 mJ, 
100 fs (fwhm) at 800 nm) was split into the pump and probe beams. The pump beam was 
directed into an optical parametric amplifier (Coherent OPerA Solo) to generate tunable 
excitation while the probe beam was delayed in a 500 mm (6 ns instrument time window) optical 
delay stage. The two beams were focused and overlapped into a spot on the sample, with the 
relative polarizations of the pump and probe beams set at the magic angle. Samples were 
contained in 2 mm pathlength quartz cuvettes and each solution was stirred continuously 
throughout the course of the experiment to prevent local heating and sample decomposition. 
The sample solutions were prepared to possess optical densities < 0.1 at the excitation 
wavelength (970 nm). The ground state absorption spectra were taken before and after each 
experiment using an Agilent 8453 UV-visible spectrophotometer to ensure there was no sample 
decomposition. The transient spectra and kinetics were obtained using a commercially available 
transient absorption spectrometer (Helios, Ultrafast Systems), averaging at least three scans and 
using 2 – 3 s of averaging at every given delay. 

Sample Preparation. Samples were prepared by diluting a stock solution of PbS-OA/TPn 
(following ligand exchange procedure described above) with spectrophotometric grade toluene 
to reach the desired absorbance/concentration. All samples for nanosecond TA experiments 
were prepared in a specially designed 1 cm2 quartz optical cell, with optical densities of 0.05 at 
the excitation wavelength (970 nm), bearing a side arm round bottomed flask and were subjected 
to a minimum of three freeze–pump–thaw degas cycles prior to all measurements. Samples for 
ultrafast TA experiments were contained in 2 mm quartz cuvettes, with optical densities < 0.1 at 
the excitation wavelength (970 nm), and the solutions were stirred continuously throughout the 
duration of the experiment. 
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Rayleigh Scattering Correction. Due to a decrease in the solubility of the nanocrystals upon 
ligand exchange of the native OA ligands with TPn, increasing light scattering was observed in 
the PbS-TPn materials. The measured absorbance thus has contributions from both the 
absorbance of PbS-TPn (APbS-TPn) and the apparent absorbance resulting from particle scattering 
(Asca); i.e. Aobs = APnS-TPn + Asca. Using established correction procedures, 24 the scattering 
contribution (Asca) was estimated using the Rayleigh relationship, Asca(λ) = m λ−4 + b. Since the 
absorptions in the visible region of the PbS-TPn samples were expected to be a linear 
combination of the PbS-OA and TPn absorptions, The PbS-OA absorbance spectra was 
subtracted from the PbS-TPn spectrum. The parameters m and d were obtained using the data 
from 750 – 810 nm in this obtained “difference spectrum”, as this was the wavelength region 
with negligible TPn absorption and well separated from the PbS first exciton band absorption. 
The obtained scattering correction curve was then used to correct the original PbS-TPn sample 
absorption.  

TPn Triplet Yield from PbS. Attempts to estimate nanocrystal-to-accepter triplet exciton 
transfer yields were done using Eq. S8.1 with the parameter values evaluated using ultrafast TA 
data. The ΔA at the ground state bleach of PbS (990 nm) and the corresponding ground state 
molar extinction coefficient for the PbS-OA nanocrystals at the first exciton band, εPbS(Eg) = 
92,320 M−1cm−1, were used to estimate the concentration of excited states generated, [PbS*]. The 
extinction coefficient of the PbS materials was estimated to be 92,300 M−1cm−1 at 1023 nm using 
established empirical equations estimating extinction coefficients by the diameter of the 
nanoparticle using size fitting curves for a PbS nanoparticle with a 3.5 nm diameter (as measured 
by TEM). 41 TA data from experiments performed on the PbS-TPn materials measured under 
identical experimental conditions (excitation power and sample concentration) were used to 
determine the concentration of triplet TPn excited states generated, [3TPn*]. The concentration 
of 3TPn* formed was determined using the maximum ΔA at 530 nm (the ΔA value at the 6.2 ns, 
the latest delay measurable on the ultrafast apparatus, was used. This is still an underestimate 
since the triplet continues to grow on these timescales but we are limited by the length of our 
delay stage) and the corresponding triplet molar extinction coefficient of TPn at 530 nm, 
εT,TPn(530 nm) = 23,750 M−1cm−1. The triplet molar extinction coefficient of TPn was estimated 
by triplet sensitization experiments (energy transfer method) using Zn(II) tetraphenylporphyrin, 
εT,ZnTPP(470 nm) = 7.4 × 104 M−1 cm−1, 42 as the sensitizer. 43 Finally, the quantum yield for the 
triplet exciton transfer process was determined by comparison of the concentration of PbS 
excited states generated by the laser pulse in absence of acceptor and the concentration of TPn* 
generated from exciton transfer in the PbS-TPn materials. Attempts to determine the efficiency 
of nanoparticle-to-acceptor triplet exciton migration at the interface were not successful as the 
estimated quantum calculated quantum yields were all greater than 1, indicating this method is 
imprecise in determining quantum efficiencies. This is attributed to the fact that the PbS ground 
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state bleach signal in the near-IR and the 3TPn* signal in the visible are measured using two 
distinct white light continuums, detectors and optical alignments, thus the pump-probe overlap 
is not identical in the two measurements. This necessarily results in different concentrations of 
excited states generated in the two separate optical measurements, thus no quantitative analysis 
can be performed involving the ΔA intensities measured in the two discrete spectral ranges, 
needed for quantum yield calculations. Moreover, the nanosecond TA experimental apparatus 
cannot be used for these calculations as the PbS ground state recovers within 100 ps, much 
shorter than the instrument response function.  

Φ=
[ 3TPn*]
[PbS*]

=
ΔA3TPn*

ε
PbS*

ε 3TPn*ΔAPbS*
  (Eq. S8.1) 

TPn Triplet Energy. The triplet state energy of TIPS-pentacene (TPn) is under debate in the 
literature, with many groups reporting the triplet energy of unsubstituted pentacene as a model 
for TPn. Maliakal et. al. reported that the triplet energy of TIPS-pentacene was significantly 
lower than that of pentacene, due to the alkynyl functionalization at the 6 and 13 positions. 22 
Thus, we deemed that many of the literature references (which reported the triplet energies of 
unsubstituted pentacene) were insufficient for our functionalized TIPS-pentacene acceptor.  

The singlet-triplet gap in unsubstituted pentacene is estimated to be ΔES-T = 1.24 eV using ES 
= 2.1 eV and ET = 0.86 eV. As TIPS-pentacene is also an aromatic hydrocarbon with similar 
electronic structure, it stands to reason that the ST gap would be the same as in unsubstituted 
pentacene. So, using the reported ES energy of 1.9 eV, back of the envelope calculations would 
put the triplet near ET = 1.9 – 1.24 = 0.66 eV. Clearly, TIPS-pentacene would be necessarily 
lower than unsubstituted pentacene, unfortunately this is out of our phosphorescence detection 
range (beyond 1800 nm) so we were unable to directly measure the triplet energy of TIPS-
pentacene using phosphorescence.  Therefore, we deemed it appropriate to more accurately 
represent the triplet energy of our TPn molecule to fall somewhere in the range from 0.24 – 0.66 
eV.  
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8.6.2. Supplementary Figures and Tables. 

   

Figure S8.1. (a) Representative transmission electron micrograph (TEM) of PbS-OA nanocrystals, 
corresponding to an average nanocrystal size and standard deviation of 3.5 ± 0.3 nm for the PbS-OA 
samples. (b) Representative transmission electron micrograph (TEM) of PbS-TPn materials, 
corresponding to an average nanocrystal size and standard deviation of 3.5 ± 0.3 nm. Particle sizes were 
analyzed using ImageJ software.  
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  b 
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Figure S8.2. (a) Normalized electronic absorption spectrum of PbS-OA (blue line), PbS-TPn materials 
(red line) dispersed in toluene. The pronounced absorbance in the visible region is a resulting of light 
scattering, inherent to the large size of the PbS-TPn materials. The dashed red line shows the spectrum of 
PbS-TPn corrected for Rayleigh scattering. The dashed gray line displays the modeled scattering, 1/λ4 
according to Rayleigh scattering theory for light scattering, which was subtracted from the PbS-TPn (red 
line) spectrum. (b) Normalized absorption (solid) and emission (dashed) spectrum of TPn measured in 
toluene solution. (c) Photoluminescence spectra of PbS and PbS-TPn materials measured in toluene 
upon 900 nm excitation, illustrating quenching of PbS* by TPn. The divots at 1140 nm and 1200 nm are 
artifacts from toluene absorption. (d) Normalized electronic absorption spectrum of PbS-PerCOOH 
materials dispersed in toluene.  
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Figure S8.3. PbS-OA power dependence study illustrating multi-exciton annihilation. 
Subpicosecond TA difference spectra of PbS-OA nanocrystals suspended in toluene upon 970 nm pulsed 
laser excitation (100 fs fwhm) in the (a) visible and (b) near-IR spectral regions. Experimental delays 
spanning from 2.0 ps (red) to 6.1 ns (blue). These experiments were intended to investigate excitation 
power dependence using 0.1, 0.2, 0.5, 1.0 and 2.0 µJ pulses, as marked in the legend for each panel.  
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Figure S8.4. Transient absorption kinetics (λprobe = 550, 600, 650, 950, 1000, 1300 nm) of PbS-OA 
nanocrystals suspended in toluene at various pump pulse powers (λex = 970 nm): 0.1 µJ, 0.2 µJ, 0.5 µJ, 1.0 
µJ, and 2.0 µJ. Probe wavelength and pump pulse powers are indicated in the legend in each panel.   
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Figure S8.5. PbS-TPn power dependence study. Subpicosecond TA difference spectra of PbS-TPn 
nanocrystals suspended in toluene upon 970 nm pulsed laser excitation (100 fs fwhm) in the (a) visible 
and (b) near-IR spectral regions. Experimental delays spanning from 2.0 ps (red) to 6.1 ns (blue). These 
experiments were intended to investigate excitation power dependence using 0.2, 0.5, 1.0 and 2.0 µJ 
pulses, as marked in the legend for each panel.   
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Figure S8.6. Transient absorption kinetics (λprobe = 530, 600, 1000, 1200 nm) of PbS-TPn nanocrystals 
suspended in toluene at various pump pulse powers (λex = 970 nm): 0.2 µJ, 0.5 µJ, 1.0 µJ, and 2.0 µJ. 
Probe wavelength and pump pulse powers are indicated in the legend in each panel.  
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Figure S8.7. Spectral evidence for photo-induced stark effect. Transient absorption difference 
spectra of (a) PbS-TPn and (b) PbS-PerCOOH in toluene solutions. The solid black line displays the 
respective ground state absorption spectrum of the materials while the dashed black line displays the 
second derivative of the ground state spectrum—these spectra were arbitrarily normalized to fit in the 
displayed window for comparison. (c) Energy level diagram illustrating that the perylene molecular 
adsorbate cannot serve as an electron acceptor/donor. 
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Figure S8.8. Sensitized TPn T1 → Tn absorption. TPn T1 ⟶ Tn absorption spectra measured at 
indicated delay times following 650 nm excitation of triplet sensitizer, ZnTPP. Spectra obtained by 
nanosecond TA spectroscopy of TPn and Zn(TPP) in toluene solution. To facilitate comparison, the 
solid black line represents the arbitrarily normalized differential TA spectrum of the PbS-TPn materials 
measured on the nsTA apparatus at 100 ns delay following 970 nm excitation. 

 

  

Figure S8.9. Free TPn in Toluene solution. Subpicosecond TA difference spectra of TPn in toluene 
upon 650 nm pulsed laser excitation (100 fs fwhm, 0.5 µJ) in the (a) visible and (b) near-IR spectral 
regions. Experimental delays spanning from 1.0 ps (teal) to 6.1 ns (navy), with directions marked with 
arrows. The prompt sharp and intense feature centered near 490 nm and band near 1350 nm are 
characteristic of 1TPn. These transient signals were not observed upon direct excitation of PbS 
nanocrystals with surface anchored TPn, eliminating singlet energy transfer as a possible mechanism.  
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Figure S8.10. Spectroelectrochemical determination of expected electron transfer intermediate 
spectral signatures. Electrochemically generated difference spectra of the (a) radical anion and (b) 
radical cation of TPn. One-electron reduction and oxidation were performed through controlled potential 
electrolysis (CPE) at −1.7 V and +0.75 V vs Ag/AgNO3, respectively. Measurements were taken in 
tetrahydrofuran solutions in an inert atmosphere glovebox (N2).  
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Table S8.1. Parameters obtained from fitting kinetic traces (λprobe = 550, 600, 650, 950, 1000, 1300 nm) 
displayed in Figure S8.5 to a sum of exponential functions (one, two or three where appropriate). Data is 
from transient absorption kinetics of PbS-OA nanocrystals suspended in toluene (λex = 970 nm); see 
Figure S8.4.  

λprobe Pump Power τ 1 (ps) τ 2 (ps) τ 3 (ps) A1 (%/100) A2 (%/100) A3 (%/100) 

55
0 

nm
  

0.1 µJ - 35 ± 2 2290 ± 1440 - 0.73 ± 0.04 0.27 ± 0.04 

0.2 µJ 11 ± 11 33 ± 15 2750 ± 1170 0.24 ± 0.4 0.53 ± 0.4 0.23 ± 0.02 

0.5 µJ 9 ± 4 27 ± 4 2140 ± 420 0.24 ± 0.16 0.62 ± 0.16 0.139 ± 0.007 

1.0 µJ 7 ± 1 24 ± 2 1600 ± 320 0.25 ± 0.07 0.67 ± 0.07 0.08 ± 0.004 

2.0 µJ 3.3 ± 0.3 21.5 ± 0.6 1477 ± 240 0.26 ± 0.01 0.67 ± 0.01 0.059 ± 0.002 

60
0 

nm
  

0.1 µJ - 21 ± 6 361 ± 150 - 0.62 ± 0.08 0.38 ± 0.02 

0.2 µJ - 23 ± 2 1515 ± 530 - 0.80 ± 0.02 0.20 ± 0.02 

0.5 µJ 5 ± 3 24 ± 2 2920 ± 880 0.14 ± 0.06 0.72 ± 0.06 0.14 ± 0.01 

1.0 µJ 5.4 ± 2 23 ± 2 1810 ± 502 0.24 ± 0.06 0.68 ± 0.06 0.08 ± 0.006 

2.0 µJ 3.4 ± 0.2 20.9 ± 0.8 1428 ± 303 0.29 ± 0.02 0.65 ± 0.02 0.057 ± 0.004 

65
0 

nm
 

0.1 µJ - 45 ± 11 - - 1.0 - 

0.2 µJ - 36 ± 5 - - 1.0 - 

0.5 µJ - 21 ± 1 2670 ± 1555 - 0.86 ± 0.02 0.14 ± 0.02 

1.0 µJ 4.2 ± 2 22 ± 2 1590 ± 575 0.21 ± 0.06 0.70 ± 0.07 0.087 ± 0.009 

2.0 µJ 2.1 ± 0.3 19.9 ± 0.9 936 ± 265 0.32 ± 0.02 0.63 ± 0.02 0.056 ± 0.005 

95
0 

nm
 

0.1 µJ - 26 ± 3 945 ± 100 - 0.46 ± 0.02 0.54 ± 0.02 

0.2 µJ - 15 ± 1 1170 ± 120 - 0.55 ± 0.01 0.45 ± 0.01 

0.5 µJ 2.4 ± 0.6 22 ± 1 995 ± 97 0.19 ± 0.02 0.61 ± 0.02 0.208 ± 0.007 

1.0 µJ 4 ± 1 20.7 ± 0.9 1210 ± 100 0.15 ± 0.03 0.71 ± 0.03 0.143 ± 0.004 

2.0 µJ 8.3 ± 0.7 26 ± 2 1415 ± 100 0.45 ± 0.06 0.44 ± 0.06 0.117 ± 0.002 

10
00

 n
m

 

0.1 µJ - 21 ± 2 865 ± 83 - 0.52 ± 0.02 0.48 ± 0.02 

0.2 µJ 1.1 ± 0.3 22 ± 2 1452 ± 140 0.23 ± 0.04 0.45 ± 0.02 0.32 ± 0.02 

0.5 µJ 1.9 ± 0.4 23 ± 1 1040 ± 119 0.24 ± 0.02 0.60 ± 0.01 0.16 ± 0.01 

1.0 µJ 2.2 ± 0.3 21.0 ± 0.5 1190 ± 118 0.19 ± 0.01 0.70 ± 0.01 0.108 ± 0.003 

2.0 µJ 4.2 ± 0.3  22.8 ± 0.6 1280 ± 105 0.28 ± 0.02 0.63 ± 0.02 0.091 ± 0.002 

13
00

 n
m

  

0.1 µJ - 34 ± 10 785 ± 650 - 0.73 ± 0.09 0.27 ± 0.09 

0.2 µJ 7 ± 2 - 430 ± 150 0.65 ± 0.04 - 0.35 ± 0.04 

0.5 µJ 4.0 ± 0.9 29 ± 4 1750 ± 570 0.39 ± 0.05 0.48 ± 0.04 0.13 ± 0.01 

1.0 µJ 1.8 ± 0.2 19.3 ± 0.7 896 ± 175 0.33 ± 0.01 0.60 ± 0.01 0.070 ± 0.005 

2.0 µJ 1.8 ± 0.1  18.0 ± 0.6 1100 ± 225 0.42 ± 0.01 0.53 ± 0.01 0.05 ± 0.003 
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Table S8.2. Parameters obtained from fitting kinetic traces (λprobe = 530, 600, 1000, 1200 nm) displayed 
in Figure S8.7 to a sum of four exponentials. Data is from transient absorption kinetics of PbS-TPn 
nanocrystals suspended in toluene (λex = 970 nm); see Figure S8.6. 

λprobe 
Pump 
Power 

τ 1  

(ps) 

τ 2  

(ps) 

τ 3  

(ps) 

τ 4  

(ns) 

A1  
(%/100) 

A2  
(%/100) 

A3  
(%/100) 

A4  
(%/100) 

53
0 

nm
 0.2 µJ 0.5 ± 0.2 4.8 ± 0.8 31 ± 8 5.9 ± 0.3 0.22 ± 0.8 0.17 ± 0.02 0.05 ± 0.01 0.55 ± 0.06 

0.5 µJ 0.6 ± 0.1 5.8 ± 0.5 29 ± 7 6.4 ± 0.3 0.21 ± 0.03 0.22 ± 0.01 0.05 ± 0.13 0.53 ± 0.03 

1.0 µJ 0.82 ± 0.09 5.5 ± 0.5 25 ± 4 6.2 ± 0.2 0.22 ± 0.01 0.27 ± 0.01 0.07 ± 0.01 0.441 ± 0.010 

2.0 µJ 0.85 ± 0.07 5.1 ± 0.5 20 ± 3 6.3 ± 0.2 0.31 ± 0.01 0.29 ± 0.01 0.07 ± 0.02 0.27 ± 0.04 

60
0 

nm
 0.2 µJ 0.5 ± 0.1 6.5 ± 0.7 43 ± 7 5.6 ± 1.6 0.45 ± 0.07 0.30 ± 0.04 0.11 ± 0.02 0.13 ± 0.03 

0.5 µJ 0.50 ± 0.04 6.6 ± 0.5 42 ± 6 5.2 ± 1.2 0.43 ± 0.05 0.34 ± 0.04 0.10 ± 0.02 0.12 ± 0.02 

1.0 µJ 0.58 ± 0.09 5.9 ± 0.5 35 ± 6 6.0 ± 1.8 0.40 ± 0.04 0.38 ± 0.03 0.11 ± 0.02 0.11 ± 0.02 

2.0 µJ 0.69 ± 0.08 5.7 ± 0.6 26 ± 6 4.2 ± 1.0 0.45 ± 0.02 0.38 ± 0.03 0.09 ± 0.02 0.07 ± 0.009 

10
00

 n
m

 0.2 µJ - 4.6 ± 0.2 22 ± 0.9 0.15 ± 0.01 - 0.45 ± 0.15 0.46 ± 0.0.01 0.087 ± 0.008 

0.5 µJ 0.9 ± 0.2 5.8 ± 0.3 24 ± 1.2 0.17 ± 0.01 0.09 ± 0.01 0.46 ± 0.02 0.38 ± 0.02 0.068 ± 0.006 

1.0 µJ 2.5 ± 0.2 9.5 ± 0.7 35 ± 3 0.26 ± 0.04 0.22 ± 0.02 0.50 ± 0.02 0.25 ± 0.02 0.040 ± 0.005 

2.0 µJ 2.8 ± 0.2 9.7 ± 0.8 33 ± 3 0.25 ± 0.03 0.26 ± 0.03 0.48 ± 0.02 0.23 ± 0.02 0.032 ± 0.004 

12
00

 n
m

 0.2 µJ 0.6 ± 0.1 5.8 ± 0.7 41 ± 8 3.7 ± 3.2 0.42 ± 0.04 0.40 ± 0.03 0.15 ± 0.02 0.04 ± 0.01 

0.5 µJ 0.64 ± 0.05 6.5 ± 0.5 37 ± 5 4.7 ± 3.4 0.50 ± 0.01 0.37 ± 0.02 0.13 ± 0.02 0.03 ± 0.01 

1.0 µJ 0.58 ± 0.03 5.4 ± 0.4 29 ± 3 2.9 ± 1.1 0.530 ± 0.009 0.32 ± 0.01 0.13 ± 0.01 0.021 ± 0.003 

2.0 µJ 0.59 ± 0.03 4.8 ± 0.2 26 ± 2 2.0 ± 0.5 0.59 ± 0.01 0.29 ± 0.01 0.106 ± 0.007 0.013 ± 0.001 

 

 

 

 

 

 

 


