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ABSTRACT: A key challenge to the effective utilization of solar energy is to promote efficient photoinduced charge transfer, 
specifically avoiding unproductive, circuitous electron-transfer pathways and optimizing the kinetics of charge separation 
and recombination. We hypothesize that one way to address this challenge is to develop the fundamental understanding of 
how to initiate and control directional photoinduced charge transfer, particularly for earth-abundant first-row transition 
metal coordination complexes which typically suffer from relatively short excited-state lifetimes. Here we report a series of 
functionalized heteroleptic copper(I)bis(phenanthroline) complexes which have allowed us to investigate the directionality 
of intramolecular photoinduced metal-to-ligand charge transfer (MLCT) as a function of substituent Hammett parameter. 
Ultrafast transient absorption suggests a complicated interplay of MLCT localization and solvent interaction with the Cu(II) 
center of the MLCT state. This work provides a set of design principles for directional charge transfer in earth-abundant 
complexes and can be used to efficiently design pathways for connecting the molecular modules to catalysts or electrodes, 
and integration into systems for light-driven catalysis. 

Introduction
Understanding where photogenerated electronic excited 
states localize and how long they persist is of fundamental, 
critical importance for the effective and efficient 
conversion of diffuse solar energy to that stored as 
electricity and chemical fuels,1 as well as developing 
advanced schemes for selective photoredox catalysis.2-3 
Transition metal coordination complexes present a 
particularly useful platform to advance this understanding 
as they span a rich diversity in molecular structure that 
enables a wide range of optical and electronic properties in 
their ground and excited states.4-6 Our group7-9 and 
others10-12 have focused specifically on earth-abundant 
copper(I)diimine complexes as molecular photosensitizers 
because of their promising photophysical properties and 
ability to participate in excited-state redox chemistry.13-17 
In particular, heteroleptic Cu(I)diimine complexes with 
their asymmetric coordination environment present an 
ideal platform to investigate directional, intramolecular 
photoinduced charge transfer. The heteroleptic 
phenanthroline (HETPHEN) approach developed by 
Schmittel and co-workers18-20 allows the synthesis of stable 
and analytically pure asymmetric 
Cu(I)bis(phenanthroline) complexes using two different 
phenanthroline ligands, avoiding complications arising 
from the relatively labile Cu(I)—N coordination.21 Further, 
the four-coordinate, ideally tetrahedral geometry of a 3d10 
Cu(I) center presents a linear arrangement of ligand 
substituents and removes the possibility of positional or 

stereoisomers common for octahedrally-coordinated 
complexes that can complicate spectroscopic analyses.11 
Our group and others have used the asymmetric 
coordination environment of the HETPHEN platform to 
investigate directional photoinduced charge-transfer 
pathways11, 22-26 and targeted surface immobilization 
schemes.27-28

Early systematic structure-activity investigations of 
homoleptic Cu(I)diimine complexes revealed that their 
coordination environment is quite flexible and susceptible 
to a large flattening distortion upon visible photoexcitation 
and metal-to-ligand charge-transfer (MLCT) in the formal 
Cu(II) oxidation state.12, 29-30 This excited-state 
reorganization is highly responsive to ligand structure and 
solvent environment, but can give rise to very short 
excited-state lifetimes.31 Therefore, much of the work to 
modulate the ground- and excited-state properties of 
Cu(I)bis(phen) complexes in particular has focused on 
investigating the impact of ligand steric effects, primarily 
at the 2,9-phenanthroline position adjacent to the 
coordinating nitrogen atoms.31-36 
In contrast to the extensive literature on the effect of 
ligand sterics on the ground- and excited-state properties 
of Cu(I)bis(phen) complexes, a glaring knowledge gap for 
these molecular photosensitizers is any systematic 
investigation of how electron-donating or -withdrawing 
substituents can be used to tune, and ultimately predict, 
their ground- and excited-state properties. Here we 
describe several new heteroleptic 
Cu(I)bis(phenanthroline) (CuHETPHEN) complexes 
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functionalized with electron-donating and -withdrawing 
groups with a wide range of Hammett constants (-0.37 < σp 
< 0.6), shown in Figure 1. In this study we have observed a 
linear relationship between the Cu(II/I) oxidation 
potential and σp of the ligand substituents, demonstrating 
a strategy to precisely tune the electrochemical properties 
of these complexes. The UV-Vis spectra for all complexes 
are closely reproduced by time-dependent density 
functional theory (TD-DFT) calculations that provide 
insight into how the 4,7-R-phen substitution directs the 
MLCT transition between the two different ligands. The 
excited-state kinetics of the series of complexes are 
dictated by solvent environment, like what is known for 
other Cu(I)bis(phen) complexes. However, we observe a 
non-linear response of the 3MLCT decay as a function of σp, 
which is different for non-coordinating and coordinating 
solvents. The results presented here demonstrate the 
implementation of electronic molecular structure factors 
in tandem with solvent environment to tune and predict 
the properties and excited-state dynamics of these earth-
abundant molecular photosensitizers. 

Figure 1. Chemical structure of CuHETPHEN complexes 
studied in this work, abbreviated as Cu-R, and σp values of the 
4,7-R-phenanthroline substituents.

Results and Discussion
Synthesis and molecular structure characterization
The HETPHEN synthesis approach developed by Schmittel 
and co-workers18-20 first introduces one equivalent of a 
phenanthroline ligand with extreme 2,9-steric bulk, 
typically 2,9-dimesityl-1,10-phenanthroline (mesphen), to 
a solution of Cu(I). A single Cu(I) center cannot bind 
another mesphen ligand and therefore addition of one 
equivalent of a second phen ligand yields an analytically 
pure and stable Cu(I)diimine complex with two different 
ligands, which is not possible without the steric bulk of 
mesphen because of the coordinative lability of 
Cu(I)diimine complexes. Using the HETPHEN approach, 
our group has reported several variations of steric bulk of 
both ligands, and benchmarked the ground- and excited-
state properties.8-9 
Seven stable CuHETPHEN complexes formulated as 
[Cu(mesphen)(4,7-R-phen)]PF6 (where 4,7-R-phen = 4,7-
R-1,10-phenanthroline, abbreviated as Cu-R), were 
obtained using the one-pot, two-step synthesis procedure 
originally described by Schmittel and co-workers.18-20, 37 
Except for Cu-H,8 these Cu-R complexes have not been 
previously reported, and detailed synthetic procedures 
and full structural characterization are described in the 
Supporting Information. All complexes were prepared in 

anhydrous de-aerated dichloromethane except Cu-OH, 
which was synthesized in anhydrous deaerated methanol 
because of the poor solubility of 4,7-OH-1,10-
phenanthroline in dichloromethane. The 1H NMR, 13C NMR, 
mass spectra, and elemental analysis are consistent with 
the molecular structures shown in Figure 1 and confirm 
no formation of the homoleptic analogs (Figures S3-S16). 
During the routine characterization of Cu-CHO, we 
observed that its 1H NMR spectrum in deuterated 
methanol demonstrates peak shifts and splitting that are 
inconsistent with the expected structure and the spectra in 
other solvents, and confirmed that the aldehyde is 
converted to a stable hemiacetal species in hydroxyl-
containing solvents. A full description of this process is 
outside the scope of the current study and will be the topic 
of an upcoming manuscript; no further studies of Cu-CHO 
were performed in hydroxyl-containing solvents. 

Single crystal X-ray structural characterization 
The heteroleptic coordination and geometry of the Cu-R 
complexes were confirmed by single crystal X-ray 
diffraction, with the exception of Cu-OH because its 
crystals degraded at the operating temperature of the 
diffractometer (Cu-H was reported previously by our 
group8). The single crystal X-ray structures of Cu-OCH3 
and Cu-PO3Et2, which contain representative electron-
donating and –withdrawing groups, are shown in Figure 2 
and all other Cu-R complexes are shown in Figures S17-
S23. The crystallographic data are summarized in Table 
S1 and selected interatomic bond lengths and angles are 
listed in Tables 1 and S2. Cu-Br and Cu-CHO crystallize in 
the space group P21/c, and Cu-OCH3, Cu-CH3 and Cu-
PO3Et2 crystallize in the space group P-1. The asymmetric 
unit for Cu-OCH3 and Cu-PO3Et2 is occupied by one Cu-R 
molecule, and that of Cu-Br and Cu-CHO is occupied by 
one Cu-R molecule and one molecule of dichloromethane 
solvent. The asymmetric unit of Cu-CH3 is occupied by two 
independent molecules.
Most of the studied complexes show the “pac-man” motif 
due to preferential π–π interaction between one mesityl 
group of mesphen and the B-ring of the secondary 
phenanthroline ligand which leads to considerable 
distortion from tetrahedral geometry at the Cu(I) center.38 
However, the bulky phosphonate esters on complex Cu-
PO3Et2 result in the phenanthroline positioned in the 
middle of the mesityl groups and form a “centered” motif. 
The coordination geometry of the Cu(I) center of the new 
Cu-R complexes was quantified using the geometry index 
parameter s4 which ranges from s4 = 1 for perfect 
tetrahedral coordination to s4 = 0 for square planar 
geometry.39 Analysis of the Cu-PO3Et2 crystal structure 
reveals a smaller distortion from tetrahedral geometry (s4 
= 0.734) in comparison to the other complexes reported 
here (s4 = 0.66-0.68) and previously described 
CuHETPHEN crystal structures.8-9 Major differences in 
ground-state structure such as this are typically thought to 
arise from variation in the steric bulk at the 2,9-
phenanthroline position but here we observe that the 
bulky phosphonate ester groups over 6 Å from the Cu(I) 
center also have a considerable impact on its geometry.
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Figure 2. Perspective view of a) Cu-OCH3 and c) Cu-PO3Et2 
(50% probability ellipsoids). Carbon, gray; nitrogen, blue; 
oxygen, red; phosphine, orange; copper, brown. The PF6

− 
counterion, solvent molecule, and hydrogen atoms are omitted 
for clarity. Space-filling diagrams of b) Cu-OCH3 and d) Cu-
PO3Et2, illustrating “pac-man” and “centered” interactions 
between hetero-ligands coordinated to Cu(I).

Table 1. Selected Bond Length, Bond Angles, and Geometry 
Index Parameter s4 for representative Cu-R.  

Complex Cu-OCH3 Cu-H Cu-PO3Et2

Selected bond lengths
Cu1–N1[a] 1.979(2) 2.068(5) 2.025(4)
Cu1–N2[a] 2.095(2) 2.046(7) 2.028(4)
Cu1–N3[b] 1.995(2) 2.027(6) 2.009(4)
Cu1–N4[b] 2.044(3) 2.060(7) 2.014(4)

Selected bond angles
N1–Cu1–N2 81.40(10) 81.2(2) 82.94(15)
N1–Cu1–N3 141.66(11) 113.9(2) 118.51(16)
N1–Cu1–N4 125.23(10) 119.7(3) 132.25(15)
N2–Cu1–N3 118.88(9) 126.4(3) 124.25(15)
N2–Cu1–N4 106.56(9) 136.5(2) 123.53(15)
N3–Cu1–N4 82.39(9) 82.2(2) 82.21(15)

s4 values 0.660 0.689 0.734

[a] N1 and N2 are the N atoms of the mesphen ligand. [b] N3 
and N4 are the N atoms of 4,7-R-phen.

Electrochemical analysis 
The electrochemical behavior of the Cu-R series was 
measured by cyclic voltammetry and square wave 
voltammetry in dichloromethane, methanol, acetone, and 
dimethylformamide (Figures 2a and S24-S29, 
summarized in Tables S3 and S4). The Cu(II/I) redox 
potential shifts anodically with increasing σp of the 
substituents on the secondary phen ligand, which aligns 
with our expectations that increasing the electron-
withdrawing ability of the substituents reduces the 
electron density of the Cu(I) center, creating a metal center 
which is more difficult to oxidize. Of the series, Cu-PO3Et2 

which contains the strongest electron withdrawing group 
(σp = 0.6) was oxidized at the highest potential (439 mV vs. 
Fc/Fc+ in dichloromethane) and complex Cu-OH with the 
strongest electron-donating group (σp = -0.37) was 
oxidized at the lowest potential (96 mV vs. Fc/Fc+ in 
dichloromethane). Most of the studied CuHETPHEN 
complexes are relatively well-behaved with reversible 
Cu(II/I) couples in the non-coordinating solvent 
dichloromethane, with the exception of Cu-PO3Et2 which 
displays a peak-to-peak ∆E of 105 mV. Not only do the 
phosphonate ester groups have the greatest electron 
withdrawing character, but they also enforce a more 
tetrahedral geometry at the Cu(I) center than the other 
complexes, as seen in the large s4 value calculated from the 
crystal structure. The preferred flattened geometry of the 
oxidized copper center is likely more difficult to achieve 
with the steric bulk of the phosphonate ester substituents. 
It is a well-documented trend that for homoleptic 
Cu(I)diimine complexes increasing the steric bulk at the 
2,9-phen position, adjacent to the Cu(I)-coordinating 
nitrogen atoms, dramatically increases the Cu(II/I) 
oxidation potential because of the increased resistance to 
the flattening distortion in the Cu(II) state.31 Here we 
propose that the bulky phosphonate ester groups in the 
second coordination sphere also promotes steric 
resistance to oxidation. As previously observed for 
CuHETPHEN complexes with 2,9-H substitution on the 
secondary phen ligand, the Cu(II/I) couples measured here 
show some non-ideal behavior in the coordinating solvents 
methanol, acetone, and DMF (Figures S24-S29).

Figure 3. (a) Comparison of the cyclic voltammograms of 1 mM 
Cu-OCH3, Cu-H, and Cu-PO3Et2 in dichloromethane containing 
0.1 M NBu4PF6 with a glassy carbon working electrode. Arrows 
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indicate scan direction. (b) DFT-calculated HOMO and LUMO 
orbitals for Cu-OCH3, Cu-H, and Cu-PO3Et2.

A prime motivation for preparing and investigating this 
series of Cu-R complexes was to understand the role of the 
electronic effect for predicting and directing their 
electronic and photophysical properties. As previously 
reported,40-43 the Hammett free-energy equation is widely 
used to establish relationships between the effect of 
substituents and ground state molecular properties, as 
shown in equation (1):

(1)𝐸1/2(𝐿) = 𝜌∑𝜎 + 𝐸1/2(𝐻)

where  and in our case,  is a constant ∑𝜎 = 2 × 𝜎𝑝 𝐸1/2(𝐻)
and ρ is a reaction-dependent constant. Therefore, a 
simplified equation to correlate the Cu(II/I) potential with 
the Hammett parameter of the 4,7-R-phen substitution is 
shown in equation (2):

(2)𝐸1/2(𝐿) ∝ 𝜎𝑝

Treatment of the Cu(II/I) couples obtained by cyclic 
voltammetry using this approach reveals a strong 
correlation between E and σp in dichloromethane, acetone, 
methanol, and DMF (Figure S27 and S29), and agrees with 
trends previously established for other coordination 
complexes.44 This demonstrates the effect of the electron-
donating or -withdrawing ability of the 4,7-R-phen 
substituents on the metal-centered oxidation potential of 
the Cu-R complexes, enabling a predictive framework for 
yet to be synthesized complexes.
The complete electrochemical potential window for the 
Cu-R complexes was measured in dichloromethane and 
dimethylformamide to test our hypothesis that the 
electron-donating or –withdrawing groups would impact 
the ligand reduction potential in addition to the Cu(II/I) 
oxidation (Figure S28). For Cu-R with electron-donating 
substitution (-0.37 < σp < 0), we observe that the first and 
only ligand reduction observed within the solvent 
potential window occurs between -2.1 – -2.2 V vs. Fc/Fc+, 
which we assign to the mesphen ligand as it aligns with the 
potential observed for the ligand alone in solution. For Cu-
R with electron-withdrawing substituents (0 < σp < 0.6) 
the observed reduction potential shifts to more positive 
values, ranging from -1.5 – -1.8 V vs. Fc/Fc+. Taking these 
observations together we conclude that the lowest energy 
ligand reduction is on the mesphen ligand for Cu-R with (-
0.37 < σp < 0) and on the 4,7-R-phen ligand for Cu-R with 
σp > 0. 
To further understand how the ligand substitution impacts 
molecular electronic structure, DFT calculations were 
performed using the B3LYP/LanL2DZ functional/basis-set. 
The HOMO of each Cu-R complex primarily arises from the 
3d orbital of the copper center with σ* character from the 
Cu-N antibonding orbitals and contributions from the N, 
the σ-donor orbitals of one ligand. Additionally, it also 
indicates an involvement of dπ-Lπ* interaction with the 
secondary ligand.. The LUMO are π* orbitals localized on 
the mesphen ligand for Cu-R with electron-donating 
groups, but π* orbitals localized on the 4,7-R-phen ligand 
for Cu-R with electron-withdrawing groups (Figure 3b 
and Figure S31). This supports the experimental cyclic 
voltammetry, and is a clear demonstration of the effect of 

the electron-withdrawing groups decreasing the energy of 
the phen ligand so that the LUMO is localized on the π* 
orbital in that ligand. 

UV-Vis absorbance spectra and TD-DFT calculations
The UV-Vis absorption spectra of Cu-R were measured in 
dichloromethane, methanol, and acetone at room 
temperature (Figures 4 and S30, summarized in Table 
S5). All Cu-R have identical 2,9-phenanthroline 
substitution, which is known to have considerable 
influence on the MLCT energy and intensity,7, 10 so here we 
can focus instead on the impact of the 4,7-R-phen 
substitution. The complexes with -0.37 < σp < 0.23 all 
exhibit a broad absorption band centered between 463 - 
472 nm with extinction coefficients in the 4000 < ε < 8000 
M-1cm-1 range, consistent with other CuHETPHEN 
complexes with similar 2,9-phenanthroline substitution.8-9 
Following from the Cu(I)diimine literature, we assign this 
band to MLCT from Cu(I) to the phenanthroline ligands.31 
The DFT calculations (Figures 3b and S31) indicate that 
MLCT occurs toward the mesphen ligand for Cu-H and 
those with electron donating groups, and the electron 
donors shift the MLCT transition to slightly higher energy. 
Conversely, Cu-PO3Et2 with the most strongly electron-
withdrawing substituents (σp = 0.6) has the lowest energy 
MLCT band of the series, with a ~30 nm red-shifted MLCT 
band compared to the other Cu-R. 
To better understand the observed Cu-R absorption 
spectra, we calculated the electronic spectra by TD-DFT 
analysis using the DFT optimized geometries (full details 
in the Supporting Information). We performed the 
calculations on isolated Cu-R cations with the polarizable 
continuum model to simulate solvent effects, and natural 
transition orbitals (NTOs) based on the TD-DFT 
calculations were generated to visualize the dominant 
transitions (oscillator strength f ≥ 0.02).45-46 The choice of 
computational parameters is supported by good 
agreement between the measured and computed spectra 
(Figures S32-S44). Bands located in the high-energy 
region (250 - 350 nm) are attributed to the π–π* electronic 
transitions of the phen ligands, and the spectral features in 
the low-energy region (400 - 550 nm) are assigned to 
MLCT. The long-wavelength shoulder between 520 – 650 
nm observed in the experimental spectra (Figure 4) is not 
captured at the level of TD-DFT calculations used here. 
However, this low energy shoulder for these complexes is 
well understood, and typically assigned to transitions to 
the S1 state  that are formally symmetry forbidden but gain 
intensity via distortions from tetrahedral geometry.7 
Comparison of the TD-DFT calculated MLCT band 
assignments and experimentally observed transitions for 
Cu-OCH3, Cu-H, and Cu-PO3Et2 are presented in Table 2, as 
representative Cu-R across this Hammett series. For Cu-
OCH3, the weak shoulder band at ∼400 nm arises from 
MLCT transition between dπ(Cu) → π*(phen-OCH3) but the 
dominant MLCT band at ∼451 nm is primarily dπ(Cu) → 
π*(mesphen) in character. The largest intensity MLCT 
band for Cu-H at 465 nm shows roughly equal character 
from charge transfer to both ligands, dπ(Cu) → π*(phen) 
and dπ(Cu) → π*(mesphen). And for Cu-PO3Et2 with the 
strongest electron-withdrawing groups in this series, the 
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dominant MLCT band at 482 nm is characterized by 
dπ(Cu) → π*(phen-PO3Et2). Comparing the TD-DFT 
calculations across the series demonstrates how MLCT 
moves from one ligand to the other directed by the 4,7-R-
phen substitution. 
Examination of the experimentally observed and 
calculated spectra demonstrate that the nature of the 
MLCT transition is fundamentally different between the 
Cu-R with electron-donating groups and those with 
electron-withdrawing groups. For Cu-R with electron-
donating groups (-0.37 < p < 0), the peak of the MLCT 
bands fall within a very narrow range. In this subset of Cu-
R, the experimental values only vary by 5 nm in all 
solvents investigated (Table S5) and the TD-DFT calculated 
values only differ by 1 nm (Tables S6, S7). This near 
equivalence in MLCT energy strongly suggests that MLCT 
is localized on the same ligand for each of these complexes, 
and the TD-DFT calculations point to the mesphen ligand. 
By contrast, the experimental and calculated range of 
MLCT maxima for Cu-R with 0 < p < 0.6 is approximately 
30 nm. This large difference in MLCT energy among the 
Cu-R with electron-withdrawing groups indicates that 
MLCT occurs on the ligand with different electronic 
structure induced by the 4,7-phen substituents. Comparing 
the two sets of Cu-R complexes supports the directionality 
of initial MLCT.

Figure 4. Comparison of the UV-Vis absorbance spectra of Cu-
OCH3, Cu-H, Cu-PO3Et2 in dichloromethane.

Table 2. Comparison of TD-DFT calculated absorption 
maxima (in nm) for with experimental results for Cu-OCH3, 
Cu-H, and Cu-PO3Et2 in dichloromethane, for major 
transitions related to MLCT. 

Expt Calc Transition f P

Cu-OCH3

403 400 dπ(Cu) → π*(phen-OCH3) 0.028 0.983
464 455 dπ(Cu) → π*(mesphen) 0.128 0.885

Cu-H
401 414 dπ(Cu) → π*(mesphen) 0.025 0.974
465 455 dπ(Cu) → π*(phen) 0.114 0.518
465 455 dπ(Cu) → π*(mesphen) 0.114 0.456

Cu-PO3Et2

427 414 dπ(Cu) → π*(mesphen) 0.034 0.836
495 482 dπ(Cu) → π*(phen-PO3Et2) 0.149 0.867

Transient absorption spectroscopy
Ultrafast transient absorption (TA) spectroscopy was used 
to quantify the excited-state kinetics of Cu-R in 
dichloromethane (Figure 5, S45-S52) and 
dimethylformamide (Figures S53-59). Following 415 nm 
excitation a ground state bleach centered at ~460 nm was 
immediately observed in conjunction with a broad excited-
state absorption centered at 560 nm for all Cu-R. The 
broad excited-state absorption feature transitions to a 
double headed feature that is assigned to the vibronic 
features of the phenanthroline radical anion in the 3MLCT 
state, shown for Cu-OCH3 in CH2Cl2 in Figure 5A and 
Figures S45-S59 for all other complexes. Comparing the 
transient spectra at one time delay across the Cu-R series 
reveals another piece of evidence to support the 
directionality of MLCT. Figure S60 shows that that the 
maximum of the excited state absorption feature for Cu-R 
with electron-donating groups (-0.37 < p < 0) fall within a 
very narrow range, between 573 – 576 nm, suggesting that 
the excited state for all these complexes has the same 
electronic structure and is localized on the mesphen ligand 
which is common to all the Cu-R. By contrast, the MLCT 
maximum intensity for Cu-R with electron-withdrawing 
groups (0 < p < 0.6) are substantially blue-shifted with 
respect to Cu-H (559 nm for Cu-Br and 553 nm for Cu-
PO3Et2), and span a wider range. This indicates that the 
MLCT state is localized on the secondary ligand that has a 
different electronic structure for each Cu-R, arising from 
the 4,7-phen substituents. Similar to our analysis of the 
steady-state absorption spectra, the trend in excited state 
absorption spectra point to a localized MLCT state that 
switches from the mesphen ligand for Cu-R with electron-
donating groups to the 4,7-R-phen ligand for Cu-R with 
electron-withdrawing groups.
The excited-state kinetics for all Cu-R were modeled using 
a tri-exponential decay function convolved with a Gaussian 
instrument response function via global kinetic analysis of 
several probe wavelengths (Figure 5B, summarized in 
Tables 3 and S7). Following from literature precedent,7, 47 
we assign the shortest time component to the Jahn-Teller 𝜏1
(flattening) distortion in the 1MLCT Cu(II) excited state, the 
second time component  to intersystem crossing (ISC) 𝜏2
from 1MLCT to 3MLCT, and the final decay component  to 𝜏3
3MLCT decay and ground-state recovery. In the initial 
unconstrained fits, the  values obtained for some Cu-R in 𝜏1
CH2Cl2 and all in DMF were much shorter than the ∼0.3 ps 
instrument response of our transient absorption set-up 
and are therefore reported as < 0.3 ps. In these cases we 
fixed the value for  to 0.3 ps as an upper limit of the 𝜏1
flattening distortion process and allowed  and  to fit 𝜏2 𝜏3
the data completely unconstrained.

Page 5 of 10

ACS Paragon Plus Environment

Submitted to Inorganic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 5. Ultrafast transient absorption spectroscopy of Cu-
OCH3 in CH2Cl2 following 415 nm excitation. a) Transient 
spectra with delay times noted in legend. b) Global fit of 
excited-state kinetics at five wavelengths corresponding to 
ground-state bleach and excited-state absorption. Data in 
square points, fits in corresponding lines.

The ultrafast kinetics for the Cu-R series as a function of 
solvent donating ability are aligned with previously 
described excited-state dynamics of Cu(I)diimine 
complexes. In general for Cu(I)bis(phen) complexes, the 
3MLCT decay  is highly solvent-dependent because 𝜏3
coordinating solvent molecules can interact with the Cu(II) 
center in the flattened MLCT geometry and accelerate 
3MLCT decay as compared to that in non-coordinating 
solvents.7 Therefore, as expected, the  values for Cu-R 𝜏3
that correspond to 3MLCT decay are between four and two 
hundred times shorter in coordinating DMF than in CH2Cl2.
Table 3. Summary of excited-state kinetics for Cu-R 
following 415 nm excitation in CH2Cl2 and DMF.

CH2Cl2 DMF
Cu-R

τ2 (ps) τ3 (ps) τ2 (ps) τ3 (ps)

Cu-OH 8.8 ± 0.2 1010 ± 10 6.5 ± 0.4 230 ± 4
Cu-OCH3 7.5 ± 0.2 1212 ± 10 4.8 ± 0.3 246 ± 2

Cu-CH3 9.9 ± 0.4 2020 ± 30 6.6 ± 0.3 215 ± 1

Cu-H 10.2 ± 
0.5 3490 ± 40 7.2 ± 0.3 146 ± 1

Cu-Br 10.4 ± 
0.2 3250 ± 50 3.0 ± 0.3 19.8 ± 

0.3

Cu-CHO 3.3 ± 0.2 200 ± 10 0.9 ± 0.3 12.4 ± 
0.3

Cu-
PO3Et2

7.8 ± 0.2 1410 ± 10 2.7 ± 0.3 18.4 ± 
0.3

In contrast to the expected solvent dependence for the 
kinetics of the Cu-R series, the 4,7-phen substituents 
produce a surprising, non-linear correlation of  in 𝜏3
response to σp, and this correlation is different in non-
coordinating CH2Cl2 than for coordinating DMF (Figure 6, 
blue and red data points, respectively). A non-linear 
response of activity (3MLCT lifetime) with σp typically 
indicates a change in mechanism. Furthermore, the two 
different non-linear responses of 3 with σp observed here 
is in stark contrast with a recent study on 
Re(I)(terpyridine)(CO)3 complexes whose 3MLCT lifetime 
is linear with the σp of ligand substitution across a similar 
range.48 However, for the Re(I) system, there is only one 
polypyridyl ligand where MLCT could localize, where for 
the Cu-R series there are two potential ligands for MLCT 
localization. Given the vast difference in excited-state 
decay mechanisms and kinetics of Cu(I)diimine complexes 
as a function of solvent,7 we will discuss the trends in 3 
with σp separately for CH2Cl2 and DMF. 
In CH2Cl2,  is longest for Cu-H and decreases roughly 𝜏3
linearly moving away from p = 0. We interpret the sharp 
change in slope at σp = 0, resembling a volcano-plot type 
response, as confirmation of the change in directionality of 
MLCT as we go from R = H to either electron-donating or -
withdrawing substituents. For all Cu-R the HOMO resides 
on the central copper atom, whereas the LUMO resides on 
the mesphen ligand for electron-donating phen 
substitution and on the 4,7-R-phen ligand for electron-
withdrawing phen substitution (supported by DFT and CV 
in Figures 2b, S28, S31). For each set of Cu-R (σp < 0 or σp 
> 0), the roughly linear response of with σp represents its 𝜏3
own linear free energy relationship for MLCT to a specific 
coordinating ligand. We note that the lifetime for Cu-CHO 
is an outlier in this series, but as discussed above, the 
aldehyde groups introduce unusual reactivity in other 
solvents and there may be other electronic structure 
factors (specifically, as observed in the dramatic red-shift 
of the MLCT band) leading to the extremely fast decay of 
this 3MLCT state. Nevertheless, the CH2Cl2 results 
demonstrate that we can use the ground state Hammett 
parameter to determine where the MLCT state is localized, 
and a simple linear relationship to predict the excited-state 
kinetics. 
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Figure 6. Plot of 3MLCT lifetime for Cu-R as a function of σP in 
CH2Cl2 (left y-axis, blue squares) and DMF (right y-axis, red 
circles) and lines represent fits to data. Dashed line at σp = 0 to 
aid discussion; linear fits to CH2Cl2 data obtained by setting 
intercept to 3 value for Cu-H.

By contrast, in the strongly donating solvent DMF,  is 𝜏3
longest and of similar magnitude for Cu-R with electron-
donating substituents (210 – 250 ps), decreases sharply 
for Cu-H, and decreases even further with electron-
withdrawing substituents, which are again of similar 
magnitude (10 – 20 ps). Given that the mesphen ligand is 
the constant for all of the Cu-R, and our experimental 
variable is the secondary phen ligand, this unusual 
response can be explained by the inductive effect of the R 
substituents that: 1) change the directionality of MLCT 
leading to localization of the LUMO and 2) stabilize (or de-
stabilize) the formal Cu(II) center in the MLCT state. For 
Cu-R with electron-donating substitution, where σp < 0, CV 
and DFT calculations indicate that the LUMO is localized on 
the mesphen ligand. In the formal Cu(II) MLCT state we 
propose that the electron-donating substituents have a 
stabilizing inductive effect on the metal-centered HOMO by 
pushing electron density across the complex to localize on 
mesphen, creating an effective oxidation state that is 
between Cu(II) and Cu(I). This “less oxidized” HOMO then 
is stabilized in the typically strongly donating DMF by 
promoting weaker direct metal–solvent interactions by 
both a less dramatic flattening distortion or a less 
electrophilic Cu(I)-like center. Both steric and electronic 
factors would decrease the effect of the donor solvent and 
result in a more stabilized 3MLCT state than for Cu-H, 
which we observe in the longer  values for Cu-R where 𝜏3
σp < 0.
The inductive effect, in reverse, also explains the sharp 
decrease in  for Cu-R with σp > 0 where the LUMO is 𝜏3
localized on the 4,7-R-phen ligand. We propose that the 
electron-withdrawing groups have a de-stabilizing effect 
on the metal-centered HOMO by pulling electron density 
away from the metal center and increasing the Cu(II) 
character. This highly electrophilic Cu(II) center then is 
susceptible to stronger interaction with DMF solvent 
molecules, leading to fast excited-state decay and the 
resulting short  values. A similar effect of electron-𝜏3

donating and –withdrawing substitution on the emission 
lifetime of functionalized Ru(II)bis(terpyridine) complexes 
was observed previously,44 although in those complexes 
there is typically little to no direct interaction of the 
solvent with the excited state. With this Cu-R series, we 
uncovered the complex interplay of solvent interactions, 
excited-state structural reorganization, and ligand 
electronic structure to enable predictable excited-state 
activity using ground-state parameters. 

Conclusions
In this work we used the HETPHEN approach to prepare 
seven heteroleptic Cu(I) photosensitizers and 
demonstrated the effect of the Hammett parameter of 
ligand substitution on their ground- and excited-state 
activity. The Cu(II/I) oxidation potential can be tuned over 
nearly 500 mV through the introduction of electron-
donating or –withdrawing substituents, and the metal-
centered couple follows a linear free energy relationship 
with σp of the ligand substituents. DFT and TD-DFT 
calculations were used to complement the experimental 
studies and illustrate that for complexes with electron-
donating groups (-0.37 < σp < 0), the major contribution to 
the MLCT transition comes from charge transfer from the 
Cu(I) 3d orbital to the mesphen blocking ligand, while 
electron-withdrawing groups (0 < σp < 0.6) direct the 
MLCT transition to the secondary phenanthroline ligand. 
Analysis of the ultrafast transient absorption spectroscopy 
of this series reveals unexpected, non-linear trends in the 
3MLCT lifetime with σp which is different in coordinating 
and non-coordinating solvents. We interpret this activity 
as a direct outcome of the directionality of MLCT and 
localization of the charge separated state on just one of the 
ligands. 
In the design of effective systems for harnessing and 
utilizing diffuse solar energy, it is imperative to 
understand where photoinduced charge-transfer states 
localize so that they can be extracted to provide electrons 
for productive redox chemistry. Recent elegant synthesis 
and spectroscopic studies have shown how to manipulate 
metal-to-ligand, ligand-to-metal, and ligand-centered 
charge-transfer states in coordination complexes based on 
first row transition metals to dramatically extend excited-
state lifetimes.49-55 The work presented here complements 
these studies by providing a foundational understanding of 
the directionality of MLCT states in earth-abundant 
molecular photosensitizers, potentially circumventing the 
need for extremely long-lived excited states because the 
photogenerated electrons are exactly where they need to 
be. Here we have shown that by adding common electron-
donating or –withdrawing phenanthroline ligands we can 
predictively direct the MLCT state to one ligand or another. 
In this way, this work will contribute to the design of 
photocatalytic systems with high quantum efficiency 
where every photon absorbed produces a localized charge-
transfer state of known thermodynamic properties and 
kinetic lifetimes that are predicted by the trends described 
here. Ongoing work in our group will utilize these design 
principles to integrate heteroleptic 
Cu(I)bis(phenanthroline) photosensitizers functionalized 
with substituents that promote localized MLCT states that 
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can be further carried on for use in multi-electron 
photoredox catalysis.  
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Synopsis: A Hammett series of heteroleptic Cu(I)bis(phenanthroline) complexes was investigated to determine the 
directionality and kinetics of metal-to-ligand charge transfer in response to ligand electronics and solvent environment. 
Experimental and computational analyses confirm that MLCT is localized on only one ligand, which is dictated by the 
electron-donating or –withdrawing character of the substituents. The inductive effect of the phenanthroline substituents 
influences solvent interactions in the MLCT state with dramatic implications for the excited state lifetime.  
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