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ABSTRACT: A new long-lived, visible-light-absorbing homoleptic Cu(I) ¢

[l Metrics & More | @ Supporting Information

13 combined static spectroscopic data along with ultrafast TA experiments
14 revealed that the pseudo-Jahn—Teller distortion and intersystem crossing p 0 4 8 12 16
15 dynamics in the MLCT excited state displayed characteristics of being sterically | Rucchim® Time (us)

16 arrested throughout its evolution. Electrochemical and static PL data illustrate

17 that [Cu(dchtmp),]PFq is a potent photoreductant (—1.77 V vs Fc*/? in CH;CN) equal to or greater than all previously investigated
18 homoleptic Cu(I) diimine complexes. Although we successfully prepared the cyclopentyl analog dcptmp (2,9-dicyclopentyl-3,4,7,8-
19 tetramethyl-1,10-phenanthroline) using the same C—C radical coupling photochemistry as dchtmp, the corresponding Cu(I)
20 complex could not be isolated due to the steric hindrance presented at the metal center. Ultimately, the successful preparation of
21 [Cu(dchtmp),]* represents a major step forward for the design and discovery of novel earth-abundant photosensitizers made
22 possible through a newly conceived ligand synthetic strategy.

o

4 Nd
s metal-to-ligand charge transfer (MLCT) photosensitizer, [Cu(dchtmp),]PFq N 1t ——CH,CN;t=1.5ps
6 (dchtmp = 2,9-dicyclohexyl-3,4,7,8-tetramethyl-1,10-phenanthroline), has been th c —— THF; t=2.0 ps
7 synthesized, structurally characterized, and evaluated in terms of its molecular '§ 08 T CHClLiT=26ps
8 photophysics, electrochemistry, and electronic structure. Static and time- S,gm,,cam D,smmon Eos
9 resolved transient absorption (TA) and photoluminescence (PL) spectroscopy Cudmel” o Long-Lived MLCT
10 measured on the title compound in CH,Cl, (z = 2.6 us, ®p = 5.5%), CH;CN e So4t
11 (7= 1.5 s, ®p = 2.6%), and THF (7 = 2.0 us, @p = 3.7%) yielded impressive Y £
12 photophysical metrics even when dissolved in Lewis basic solvents. The %@5 z02r

o

2o

4

—_

23 Il INTRODUCTION

24 Visible-light activated chemistry using heavy metal photo-
25 sensitizers has realized numerous photoredox applications that

26 present numerous challenges in large-scale photocatalytic
.33 . . . .
exception,”” ultimately leading to short-lived excited s2

27 applications.' ™ One key aspect toward advancing this tion,
28 technology relies on the development of new charge transfer states.” Figure la presents a simplified energy level s3f

orbitals.”* This geometric relaxation wastes the potential 4s
energy stored in the excited state. Upon flattening, the metal 49
center becomes susceptible to nucleophilic attack from so
counterions and/or Lewis basic solvents, with one notable s:

29 photosensitizers, both metal-to-ligand and ligand-to-metal
30 charge transfer, MLCT and LMCT, respectively, featuring
31 first-row transition metals. Numerous molecules based on first-
32 row transition metals traditionally suffer from significant
33 excited state quenchlng due to energetically-accessible ligand
34 field states.”™” Copper(I) bis(diimine) chromophores featuring
35 3d'° electron configurations completely eliminate ligand-field
36 state influence in excited state decay. However, as a
37 consequence of the MLCT nature of their excited states,
38 Cu(I) diimine-based photosensitizers suffer from deactivating
39 pseudo-Jahn—Teller (PJT) distortions resulting from transient
40 production of the Cu(II) 3d’ electron configuration.

41 The effects of the PJT distortions on the photophysical
42 behavior of Cu(I) bis(phenanthrolines) have been extensively
43 studied since the 1970s.'°7*" Once excited into the singlet
44 metal-to-ligand charge transfer ('MLCT) excited state, which
45 effectively oxidizes Cu(I) to Cu(II), which is a d’
46 configuration, the diimine ligands engage in a flattening
47 distortion due to the unequal occupation of degenerate d
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diagram depicting the relative time constants for these s4
aforementioned processes.””**~*' Theoretical calculations ss
from Nozaki and co-workers*” originally deduced that the s
time constant of intersystem crossing for Cu(I) bis(diimines) s7
with excited state distortion should lengthen while the radiative ss
rate constant decreases, as was later experimentally demon- so
strated by Tahara and co-workers.*? 60

The PJT distortions characteristic in the MLCT excited 61
states of Cu(I) bis(diimines) can be markedly reduced through &2
structural engineering by incorporating bulky 2,9-alkyl 63
substituents on the phenanthroline ligands, thereby extending 64
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Figure 1. (a) Qualitative energy level diagram of the photophysical processes in Cu(I) bis(diimines) including the PJT distortion and intersystem
crossing (ISC) time scales resulting in the molecule returning to the ground state either through radiative or nonradiative decay. (b) Illustration of
the extent of the PJT distortion in [Cu(dmp),]" (left) and [Cu(dsbtmp),]* (right).

6s the excited state lifetimes.'”?**"***~% McMillin and co- Chart 1. Molecular Structures of dchtmp, dcptmp,

66 workers more recently discovered that 3,8-methylation of [Cu(dchtmp),]*, and the Hypothetical [Cu(dchtmp),]*
67 phenanthroline further extends the Cu(I) MLCT excited state

68 lifetime through cooperative steric enhancement of the 2,9- 7N\ 7\ 7\

69 substituents, resulting in less excited state distortion and more =N N= =N N=

70 complete shielding of the copper center from the surrounding
71 environment.”” Our laboratory has previously leveraged
72 branched alkyl substituents paired with McMillin’s 3,8-
73 methylation strategy resulting in microsecond Cu(I) MLCT
74 lifetimes and high quantum yield photoluminescence at
75 RT."7>° A depiction of how the PJT distortion is restricted
76 using our structural design is presented in Figure 1b, which
77 directly compares a traditional Cu(I) MLCT photosensitizer
78 [Cu(dmp),]PF4 (dmp = 2,9-dimethyl-1,10-phenanthroline) to
79 the one conceived in our laboratory, [Cu(dsbtmp),]PFq

80 (dsbtmp = 2,9-di(sec-butyl)-3,4,7,8-tetramethyl-1,10-phenan- N N\ ) aW

81 throline).

82 The broadly accepted synthetic methodology for installing [Cu(dchtmp),]* [Cu(dcptmp),]*

83 alkyl substituents on the 2- and 9-positions of 1,10-

84 phenanthroline uses traditional alkyl/aryllithium reagents as

8s originally pioneered by Sauvage et al.'”?"*>*>* 3! Limita- B EXPERIMENTAL SECTION 11
86 tions to this two-electron route become obviated as many General Procedures. All reagents were purchased from Sigma- 112
87 desirable synthons are not readily available or easily prepared. Aldrich, Alfa Aesar, or TCI and were used without further 113

purification. Spectroscopy samples were prepared using spectrophoto- 114
metric grade solvents. The [Ir(ppy),(dtbbpy)]PF, photocatalyst was 115
synthesized using an established literature procedure.’® All 116
spectrophotometric samples were deaerated using the freeze— 117
pump—thaw technique, prepared in an inert N,-filled gas glovebox, 118

88 A facile photocatalytic radical pathway was recently developed
89 by Glorius and co-workers to synthesize numerous hetero-
90 cycles, including 2,9-di(cyclohexyl)-3,4,7,8-tetramethyl-1,10-
91 phenanthroline (dchtmp).”” In our hands, this diimine ligand

92 was synthetically inaccessible using the Sauvage strategy, and or purged with N, gas. 'H and 3C NMR measurements were 119
93 the Glorius approach represents a pathway to a new class of executed on a Bruker Avance 400 or 700 MHz spectrometer. All 120
94 Cu(I) bis(diimine) photosensitizers featuring 2,9-cycloalkyl NMR spectra were processed using the MNova 10.0 software 121
95 substituents (Chart 1). [Cu(dchtmp)z]PF ¢ is the first member package. Mass spectrometry was performed by the Michigan State 122
96 of this class. We successfully synthesized 2,9—di(cyclopenty1)— Unive?sity Mass Spectrometry C.?ore,' East Lansing, MI. Elemental 123
97 3,4,7,8-tetramethyl-1,10-phenanthroline (dcptmp) through the analysis was performed by Atlant.lc lerolab, Inc,, Nf)rcross, GA. All 124

) - - : NMR and mass spectra are provided in the Supporting Information 125
98 same photochemical radical coupling chemistry. However, the (Figures S1-$10) 6
99 corresponding Cu(T) complex [Cu(deptmp),]PF; did not Electronic absorption spectra were measured using a Cary 60 UV/ 127
100 form as a stable product, a fact that provides interesting vis spectrophotometer or a Shimadzu UV-3600 spectrometer. Static 128
101 insights into the limits of steric influence that can be exerted at photoluminescence (PL) spectra were collected with a FLS980 129
102 the 2,9 positions of phenanthroline. [Cu(dchtmp),]PF fluorometer (Edinburgh Instruments) equipped with a 450 W Xe arc 130
103 possesses an excited state lifetime (z = 2.6 us), photo- lamp and a R2658P PMT detector (Hamamatsu); measurements 131
104 luminescence quantum yield (® = 5.5%), and redox properties were corrected for detector response. Quantum yield measurements 132
10s similar to those of the champion [Cu(dsbtmp)z]PF6,48 thus were recorded using a FSS fluorometer (Edinburgh Instruments) 133

equipped with an integrating light sphere (absolute). All spectral PL 134
and absorption measurements were performed using optically dilute 135
samples (OD = 0.1-0.2) at the excitation wavelength (450 nm). 136

Syntheses. 2,9-Dicyclopentyl-3,4,7,8-tetramethyl-1,10-phenan- 137

106 demonstrating that the more compact cycloalkyl group
107 provides similar inhibition of the PJT distortion, imparting
108 similarly beneficial photophysical properties with respect to

109 using branched alkyl groups without introducing chiral centers throline (dcptmp). The preparation was adapted from Glorius and 138
110 into the ligand framework. co-workers.”” 3,4,7,8-Tetramethylphenanthroline (71 mg, 0.300 139
B https://doi.org/10.1021/acs.inorgchem.1c01242
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mmol, 1.0 equiv), 1-cyclopentyl-2,4,6-triphenylpyridinium tetrafluor-
oborate (417 mg, 0.900 mmol, 3.0 equiv), [Ir(ppy),(dtbbpy)]PF,
(6.9 mg, 2.5 mol %), and N,N-dimethylacetamide (1.5 mL) were
added to a 10 mL microwave reaction vessel. The solution was
sparged with N, gas for 20 min, then irradiated with a 456 nm
PR160L Kessil lamp held 2—4 cm from the reaction vessel with
continuous sparging maintained for 48 h (Figure SI11). After
irradiation, triethylamine (0.3 mL) was added to the vessel and
vigorously stirred for 20 min. The resulting solution was diluted with
ethyl acetate (30 mL) and washed with deionized water (1 X 25 mL)
and brine (3 X 25 mL). The organic layer was dried with MgSO, and
vacuum filtered to remove the solid. Solvent was removed and the
crude product was dried onto silica via rotary evaporation and purified
on silica using a CombiFlash NextGen 300+ automated flash
chromatography system from Teledyne ISCO (eluent 3:1 petroleum
ether/ethyl acetate; R; = 0.6) and was isolated as a white solid (28.0
mg, 0.075 mmol, 24% yield). 'H NMR (400 MHz; CDCly; Figure
S5): 6 7.91 (s, 2H); 3.72—3.63 (m; 2H); 2.66 (s, 6H); 2.50 (s, 6H);
2.39-2.25 (m, 4H); 2.21-2.07 (m, 4H); 2.06—1.92 (m, 4H); 1.82—
1.68 (m, 4H). *C NMR (100 MHz; CDCly; Figure S6): § 162.27;
142.36; 139.42; 127.29; 124.54; 120.02; 44.15; 30.80; 25.20; 14.47;
13.87.

[Cu(dchtmp),]PF;. In a round-bottom flask, dchtmp (82.1 mg, 0.21
mmol, 2.1 equiv) was dissolved in dichloromethane (10 mL) and
sparged with N, gas. The solution was cannula transferred into a
Schlenk flask containing tetrakis(acetonitrile)copper(I)-
hexafluorophosphate®® (36.9 mg, 0.099 mmol, 1.0 equiv) under a
nitrogen atmosphere, the resulting solution changing immediately to
dark orange. Diethyl ether was added to the solution to precipitate an
orange solid, and the solution was placed in a freezer overnight to
induce further precipitation. The product (51.4 mg, 0.051 mmol, 1%
yield) was collected via vacuum filtration, washed with diethyl ether,
and dried in a vacuum oven. 'H NMR (400 MHz; CDCly; Figure S7):
5 8.21 (s, 4H); 3.42 (t, 4H); 2.79 (s, 12H); 2.60 (s, 12H); 2.79 (s,
12H); 1.81—-1.70 (m, 8H); 1.39—1.34 (m, 8H); 1.25—1.19 (m, 8H);
1.13—1.07 (m, 4H); 0.81 (broad s, 4H); —0.25 (broad s, 4H). *C
NMR (175 MHz; CDCly; Figure S8): § 162.13; 145.40; 141.78;
131.79; 126.82; 122.46; 429.72; 26.31; 25.47; 17.18; 15.61. MS-TOF
(CH,OH) m/z: 863.5029 [M—PF,]*. Calcd. (CggH,,CuN,):
863.5053 (Figure S10). Elemental analysis calculated for
CysH,,CuN,F(P-0.1H,0-02CH,Cl: C, 65.19; H; 7.05; N, 5.41.
Experimental: C, 64.96; H; 6.99; N, 5.42.

Nanosecond Transient Absorption and Time-Resolved
Photoluminescence Spectroscopy. Nanosecond transient absorp-
tion (TA) and PL measurements were acquired using a LP920 laser
flash photolysis system from Edinburgh Instruments. A Vibrant 355
Nd:YAG/OPO system (OPOTEK) was used as the pulsed laser
excitation source with a pulse energy of 1.6 mJ/pulse at 450 nm. An
iStar ICCD camera (Andor Technology) was used to collect transient
absorption spectra, and a R2658P PMT detector (Hamamatsu) was
used to collect kinetic absorption and kinetic emission data,
controlled by the LP920 software (Edinburgh Instruments). Samples
were degassed using three freeze—pump—thaw cycles in 1 c¢m path
length quartz optical cells. Samples were prepared with optical
densities between 0.3 and 0.5 at the excitation wavelength (450 nm).
Variable temperature emission decays were obtained with a CoolSpek
UV Cryostat (Unisoku Scientific Instruments). The same was
measured in a 1 cm quartz cuvette with an optical density of 0.15
using THF as the solvent. Measurements were taken between —100
and 60 °C after 10 min at each temperature to allow the solution to
equilibrate. Kinetic traces were fit with single exponential functions
using OriginPro 2020b software.

Photosensitization. Solutions containing 0.077 mM [Cu-
(dchtmp),]PFs were prepared for photosensitization with 9,10-
diphenylanthracene (DPA) as the acceptor. Static PL spectra were
collected with a FLS980 fluorometer (Edinburgh Instruments)
equipped with a 450 W Xe arc lamp under 488 nm excitation. A
Vibrant 355 Nd:YAG/OPO system (OPOTEK) was used as the
pulsed laser excitation source with a pulse energy of 1.8 mJ/pulse at
488 nm. A R2658P PMT detector (Hamamatsu) was used to collect

kinetic emission data, controlled by the LP920 software (Edinburgh
Instruments). Kinetic traces were fit with single exponential functions,
and the dynamic Stern—Volmer plot was fit with a linear regression
curve using OriginPro 2020b.

Ultrafast Transient Absorption Spectroscopy. Ultrafast
transient absorption measurements were performed at the NCSU
Imaging and Kinetics Spectroscopy Laboratory using a Helios
transient absorption spectrometer from Ultrafast Systems. A 1 kHz
Ti:sapphire Coherent Libra regenerative amplifier (4 mJ/pulse, 105 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 a parametric amplifier (Coherent OPerA
Solo) to generate 425 nm light for excitation. Transient absorption
measurements were performed between 350 and 750 nm using a CaF,
crystal to generate the white-light continuum. The pump beam (~700
um) was overlapped with the probe beam through a 2 mm cuvette
while being stirred. Optical densities for samples were maintained
between 0.2 and 0.3 at the 425 nm excitation wavelength. The ground
state absorption spectra were taken before and after the TA
experiments, ensuring that there was no photodegradation. Transient
difference spectra and single wavelength kinetics were processed using
OriginPro 2020b software.

Electrochemistry. Electrochemical measurements were per-
formed in an inert glovebox atmosphere (MBraun) using 0.1 M
TBAH in acetonitrile as the supporting electrolyte; CH;CN used in
experiments was dried and degassed in an MBraun SPS solvent
purification system. Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) experiments were performed using a three-
electrode arrangement featuring a platinum disk working electrode
(1.6 mm), a platinum wire counter electrode, and an Ag/AgNO;
reference electrode. A ferrocenium/ferrocene (Fc*/®) internal stand-
ard was used as a reference in all electrochemical potential
measurements. All voltammograms were recorded with a Bioanalytical
Systems (BASi) Epsilon potentiostat and processed with OriginPro
2020b software.

Computational Methods. Density functional theory (DFT) and
time-dependent density functional theory (TD-DFT) calculations
were performed using the Gaussian 16 software package® in concert
with the computational resources available at the North Carolina
State University High Performance Computing Center. Ground state
and triplet state structural optimizations were calculated at the
(U)B3LYP+D3//6-311G* level of theory for hydrogen, carbon, and
nitrogen atoms.”* "> An SDD basis set was applied to the copper
atom accompanied by an effective core potential.®” The polarizability
continuum model (PCM) was applied to all molecules using
dichloromethane as the solvent environment.®' Frequency calcu-
lations were performed to ensure that the geometries were at an
energy minimum, and no imaginary frequencies were found. Dihedral
angles were measured from the interior carbons of both Ii%ands. All
optimized structures were visualized using GaussView 6.0.°

B RESULTS AND DISCUSSION

Electronic Structure Calculations. DFT-optimized
ground (S,) and lowest triplet excited state (T,) structures
of the stable Cu(I) complexes [Cu(dmp),]*, [Cu(dsbtmp),]*,
and [Cu(dchtmp),]* as well as the hypothetical [Cu(hmp),]*
(hmp = 2,3,4,7,8,9-hexamethyl-1,10-phenanthroline) are pre-
sented in Chart 2. In the ground state, the dihedral angle
between the two diimine ligands in each molecule was
calculated as 89.3°, 87.1°, 87.1°, and 87.5° for [Cu(dmp),]*,
[Cu(hmp),]*, [Cu(dsbtmp),]*, and [Cu(dchtmp),]*, respec-
tively. The ground state dihedral angles appear to have
minimal differences with respect to one another, with
[Cu(dsbtmp),]* and [Cu(dchtmp),]* having nearly equal
but slightly offset dihedral angles likely due to the differences
in the steric bulk in their respective 2,9-positions. The T,
dihedral angles were calculated to be 60.6°, 59.4°, 77.0°, and
77.0° for [Cu(dmp),]*, [Cu(hmp),]*, [Cu(dsbtmp),]*, and
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Inorg. Chem. XXXX, XXX, XXX—XXX

228
229
230
231
232

251
252
253
254
255
256
257
258
259

260


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01242/suppl_file/ic1c01242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01242/suppl_file/ic1c01242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01242/suppl_file/ic1c01242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01242/suppl_file/ic1c01242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01242/suppl_file/ic1c01242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01242/suppl_file/ic1c01242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01242/suppl_file/ic1c01242_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01242?rel=cite-as&ref=PDF&jav=AM

Inorganic Chemistry

pubs.acs.org/IC

Featured Article

Chart 2. DFT-Optimized Ground State and Lowest Energy
Triplet Structures of [Cu(dmp),]*, [Cu(hmp),]*,
[Cu(dsbtmp),]*, and [Cu(dchtmp),]" Optimized at the
(U)B3LYP+D3//6-311G*/SDD Level of Theory in a
Dichloromethane Solvent Continuum

A
Z
| N :
N

dchtmp

277 [Cu(dchtmp),]*, respectively. The dihedral angles calculated
278 for [Cu(dsbtmp),]* and [Cu(dchtmp),]* are nearly identical
279 yet remain significantly larger than that of [Cu(dmp),]*, which
280 lacks the 3,8-dimethyl substituents, and [Cu(hmp),]* featuring
281 2,9-dimethyl substituents. The singlet—triplet dihedral angle
282 difference suggests the extent of the PJT distortion in the
283 lowest energy triplet excited state. The largest differences were
284 calculated in [Cu(dmp),]* (28.7°) and [Cu(hmp),]* (27.7°).
285 [Cu(dsbtmp),]* and [Cu(dchtmp),]* share similar dihedral
286 angle differences (10.1° and 10.5°), suggesting that the PJT
287 distortion is anticipated to be significantly suppressed in
288 [Cu(dchtmp),]*.%

280 Syntheses. The dchtmp ligand was prepared as described
290 by Glorious and co-workers through deaminative visible-light
201 mediated generation of alkyl radicals from the corresponding

Katritzky salt.”” The same reaction pathway (Scheme 1) also 29251
proved successful in forming the dcptmp ligand. In the latter 293
case, the Katritzky salt precursor was readily prepared from 294
commercially available 2,4,6-triphenylpyrylium tetrafluorobo- 295
rate and cyclopentylamine. The isolated product was 296
subsequently reacted with 3,4,7,8-tetramethyl-1,10-phenan- 297
throline and the [Ir(ppy),(dtbbpy)]PF photocatalyst under 298
intense blue excitation (4., = 456 nm) over the course of 2 299
days under a N, atmosphere, producing dcptmp. This reaction 300
represents a useful alternative to those incorporating 3o
alkyllithium reagents, as originally pioneered by Sauvage and 302
co-workers,”" especially in cases where the corresponding 303
cycloalkyllithium is not easily formed. The dchtmp and 304
deptmp ligands were isolated in sufficient yield to proceed to 30s
the final step to prepare the respective Cu(I) MLCT 306
photosensitizers. 307

The title complex, [Cu(dchtmp),]PF,, was prepared 30s
according to previous literature procedures used for related 309
bis(diimine) Cu(I) complexes.64 In contrast to the previously 310
synthesized [Cu(dsbtmp),]PF¢ chromophore, the newly 311
conceived [Cu(dchtmp),]PFs molecule lacks ligand-based 312
chiral centers and thus avoids the creation of diasteromers.*® 313
Interestingly, the synthesis of [Cu(dcptmp),]PF; was un- 314
successful, despite repeated attempts using a variety of reaction 315
conditions. "H NMR analysis indicated that the recovered solid 316
from these reactions was the uncoordinated dcptmp ligand. 317
Geometry optimization calculations performed on the hypo- 318
thetical molecule [Cu(dcptmp),]* were used to help ration- 319
alize why it was unable to be isolated. The optimized molecular 320
geometry shows that the 2,9-cyclopentyl moieties adopt a half- 321
chair conformation, disrupting the chelation of the second 322
deptmp ligand, forcing it out-of-plane, leading to irregular 323
dihedral angles as indicated in Figure 2. Similar behavior has 324 2
also been previously reported for [Cu(dtbp),]* (dtbp = 2,9- 325
di(tert-butyl)-1,10-phenanthroline).”® The failure of this 326
particular coordination reaction illustrates that the conforma- 327
tion(s) adopted by the cycloalkane substituents appended at 328
the 2,9 positions of phenanthroline are crucial for yielding the 329
desired homoleptic Cu(I) complex. 330

Electrochemistry. Electrochemical data for [Cu- 331
(dchtmp),]PFy are given in Table 1, referenced to the Ec’? 3320
redox couple, along with comparable data previously reported 333
for [Cu(dsbtmp),]|PFs. [Cu(dchtmp),]PF; was subjected to 334
both cyclic and differential pulse voltammetry (Figures S12 335
and S13) in order to evaluate the ground-state redox 336
potentials. A reversible one-electron Cu'! oxidation of 337
[Cu(dchtmp),]PF, was detected at 0.43 V vs Fc"/°. Two 338
reversible reduction waves were measured at —2.38 and —2.60 339

Scheme 1. (i) 2,4,6-Triphenylpyrylium Tetrafluoroborate, EtOH (85°C, 4 h); (ii) 3,4,7,8-Tetramethyl-1,10-phenanthroline,
[Ir(ppy),(dtbbpy) ] (PF¢), N,N-Dimethylacetamide (A., = 456 nm, 48 h); (iii) [Cu(CH,CN),]PF,, CH,Cl, (rt)

ch-pyr (70%)
cp-pyr (43%)

| PFe
7NN
N N=

R -/ R
7 N/ N\ iii Cu/
R S
R R R R
-N N=
dchtmp (49%) Y VYA

deptmp (24%) [Cu(dchtmp),]PFg (51%)

[Cu(dcptmp),]PFg (unstable)
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Figure 2. Images of the DFT-optimized ground-state molecular
structure of [Cu(dcptmp),]* optimized at the B3LYP/6-311G* level
of theory in a dichloromethane solvent continuum. Ligands appear
out-of-plane with respect to the Cu(I) center, suggesting instability of
the proposed molecule.

Table 1. Electrochemical Data Measured for
[Cu(dsbtmp),]PF4 and [Cu(dchtmp),]PF¢ in 0.1 M TBAH
in CH,CN“”

E.eq Eqo Ig & Eg*

E,(V) (V) (V) (v w)?

[Cu(dsbtmp),]PE” 0428  —2.38 2.20 -1.77 —-0.18
-2.59

[Cu(dchtmp),]PF,  0.43 -2.38 2.20 -1.77 —0.18
—-2.60

“Potentials are measured by CV and DPV in CH;CN solutions with
0.1 M TBAH as the supporting electrolyte vs Ag/AgNO;. Measure-
ments are reported relative to Fc*/® standard. “From ref 48. “E,,
estimated by tangent line drawn on blue edge of the PL emission
spectrum in CH;CN (Figures S14 and S15). 9g,* = E,, — Ey and
Eed* = Ered + EOO'

T

340 V, each representing the reduction of the phenanthroline
341 ligands to their respective radical anion species. The E,, energy
342 of both species was approximated with a tangent line drawn on
343 the blue edge of the PL emission spectra in CH;CN, where the
344 x intercept is Ey, (Figures S14 and S15). The estimated excited
345 state reduction potential of the Cu™* couple in [Cu-
346 (dchtmp),]PFy is —1.77 V (vs Fc™/?), suggesting that this
347 Cu(I) photosensitizer is a potentially potent photoreductant
348 that exceeds the excited state potential of the benchmark
349 MLCT chromophore [Ru(bpy);]** (—1.21 V in CH;CN vs
350 Ec*/%) along with many other earth-abundant MLCT
351 photoreductants.”® The electrochemical properties reported
352 here echo those of the previously reported [Cu(dsbtmp),]PF,
353 complex.

354  Static Absorption and PL Measurements. The
355 electronic absorption and PL spectra of [Cu(dchtmp),]PFq
356 measured in CH,Cl, are presented in Figure 3. The two most
357 intense absorption features appear at 280 and 455 nm. The

former is assigned to the m—n™* transitions localized in the 3s8
diimine ligand,67 while the latter is assigned to the MLCT 3s9
transitions (Figure 3a).°® The spectral profile of the low energy 360
MLCT absorption band provides evidence for the ground state 361
geometry of the complex in solution.®’ Notably, both MLCT 362
and z—7* transitions of the title compound mirror those of 363
[Cu(dsbtmp),]PFg both structurally and energetically.48 If the 364
ground-state geometry of the Cu(I) photosensitizer deviates 365
away from a pseudotetrahedral D,y structure toward a more 366
distorted D, symmetry, a red shoulder will become apparent 367
on the MLCT band as the lowest energy charge transfer 368
transition becomes allowed in this geometry."”” With the 369
presence of only a weak tail on the red edge of the MLCT 370
band, the data suggest [Cu(dchtmp),]PF, tends toward an 371
optimal pseudotetrahedral geometry, much like [Cu- 372
(dsbtmp),]PF,, rather than exhibiting a more distorted/ 373
flattened D, geometry.” 374

The PL maximum of [Cu(dchtmp),]PFs in deaerated 37s
CH,Cl, is 631 nm (Figure 3b). This PL band is broad and 376
featureless, in accordance with phosphorescence originating 377
from the MLCT excited state.”* The quantum yield and PL 378
lifetime are reported in Table 2, along with those previously 379 2
reported for [Cu(dsbtmp),]PF,. [Cu(dchtmp),]PF, has a 2.6 380
us excited state lifetime and a 5.5% quantum yield in deaerated 381
CH,Cl,, both quantitatively comparable to the 2.8 us lifetime 352
and 6.3% quantum yield of [Cu(dsbtmp),]PF.** CH,CN and 383
THE were utilized to evaluate the photophysical characteristics 384
of the title chromophore in more polar, Lewis basic solvents. 3ss
The PL maxima of [Cu(dchtmp),]PF in THF and CH;CN 3s6
red-shift to 639 and 650 nm, respectively. This is again nearly 387
identical behavior to that previously observed for [Cu- 3ss
(dsbtmp),]PF. Across all solvents, [Cu(dchtmp),]|PF, ex- 389
hibits excited-state lifetimes in the microsecond time regime 390
(Table 2 and Figure S16). The presence of a long-lived 391
excited-state in CH;CN points to the suppression of exciplex 392
formation with the Lewis basic coordinating solvent, not 393
surprising given the collective data presented above. In 394
comparison to [Cu(dsbtmp),]PFq, the radiative and non- 395
radiative rates of decay obtained for [Cu(dchtmp),]PF, in 396
CH,Cl,, THF, and CH;CN are nearly identical (Table 2), 397
indicating strong parallels between their respective non- 398
radiative deactivation pathways. We therefore conclude that 399
the 2,9-cyclohexyl substituents successfully shield the Cu(I) 400
center from the solvent environment in both ground and 401
excited states of [Cu(dchtmp),]". 402

Dynamic PL quenching of [Cu(dchtmp),]PF4 in the 403
presence of 9,10-diphenylanthracene (DPA) measured in 404
CH,Cl, is presented in Figure S17. Selective 488 nm pulsed 405
excitation of [Cu(dchtmp),]PF as a function of increasing 406
DPA concentration resulted in a linear Stern—Volmer plot 407
(Figure S18) from the resultant lifetime data, eq 1: 408

14 R [Q
T v (1) 400

where Kgy is the Stern—Volmer constant and k; is the 410
bimolecular quenching constant, 7, and 7 are the PL lifetimes 411
in the absence or presence of DPA, and [Q] is the molar 412
concentration of DPA. The Kgy and k, values were determined 413
to be 735 M™' and 2.82 X 10° M~ 57/, respectively (Figure 414
S18), for the triplet—triplet energy transfer process occurring 41s
between the energized Cu(I) photosensitizers and ground state 416
DPA molecules. 417
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Figure 3. (a) Ground-state absorption spectrum of [Cu(dchtmp),]PF, (green) and [Cu(dchtmp),]PF¢** (black) measured in CH,Cl,. Inset figure
of the low-intensity tail of the MLCT band. (b) Normalized PL spectra of [Cu(dchtmp),]PF,; measured in deaerated CH,Cl, (green), THF (blue),

and CH;CN (red) (4., = 450 nm).

Table 2. Comparison of the Photophysical Properties of [Cu(dchtmp),]PF¢ and [Cu(dsbtmp),]PF"

solvent Agm (nm) CDEmb (%) Tpr, (us) k, (x10* s71) k. (x10° s71)
[Cu(dchtmp),]PFy

CH,Cl, 631 5.5 + 04 26 + 0.1 2.1+ 02 36+03

THEF 639 3.7+ 03 2.0+ 0.1 19 +£02 49 £ 0.5

CH;CN 650 2.6 +03 1.5+ 01 1.7 £ 02 6.5 + 09
[Cu(dsbtmp),]PF¢"

CH,CL 631 63 + 04 2.8 2.3 3.4

THF 639 53 + 047 2.1 0.1 2.5 + 027 45 + 047

CH;CN 649 29+03 1.5 2.0 6.7

“Measured in deaerated solutions. “Absolute quantum yields. “From ref 48. dNewly reported values.

418 Variable Temperature Photoluminescence. The lowest
#19 energy 'MLCT state of Cu(I) diimines lies closely in energy to
420 the MLCT state, enabling thermally activated delayed
41 fluorescence (TADF) to be observed in these molecules at
422 room temperature.**’°™"* To determine the singlet—triplet
423 energy gap in [Cu(dchtmp),]PFy, the change in PL emission
424 decay rate was measured at temperatures ranging between
45 —100 and 60 °C in THF. As the temperature decreases, the
426 repopulation of the 'MLCT state becomes less favorable,
427 yielding a longer PL emission decay lifetime. The relationship
#28 between the observed PL emission decay rates (k) and
429 temperature (T) can be modeled using eq 2,”* where k, and k;
430 are the triplet and singlet PL emission decay rates, respectively,
431 AE is the energy gap of the singlet—triplet MLCT states, and
432 ky is the Boltzmann constant.

—_

o

—

3k, + k exp( - kA—i)
kobs = -

AE
3 + ex (——)
433 P kT 2)

43¢ Using this treatment, a singlet—triplet energy gap of 1190 +
43590 cm™' was found for [Cu(dchtmp),]* (Figures S19 and
436 S20), consistent with that measured in previously investigated
437 homoleptic Cu(I) bis(diimines).'***5%7573

433 Nanosecond Transient Absorption Spectroscopy. The
439 transient absorption difference spectra of [Cu(dchtmp),]PFq
440 measured in deaerated CH,Cl, following 450 nm laser pulses
441 (1.6 mJ/pulse, S—7 ns fwhm) taken across various time delays
442 is presented in Figure 4. The MLCT ground state bleach is
443 centered at 450 nm, but the difference spectrum is dominated

~

o

—_

W N
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Figure 4. Transient absorption difference spectra of [Cu(dchtmp),]-
PF4 in deaerated CH,ClI, following 450 nm pulsed laser excitation
(1.6 mJ/pulse, S—7 fwhm) measured as a function of delay time.

by a blue excited state absorption at 350 nm and an intense 444
double-top feature located at 530 and 570 nm resembling the 445
electronic spectrum of the phenanthroline radical anion.” 446
Both spectroscopic signatures are visualized throughout the 447
transient absorption difference spectra of numerous related 448
bis(homoleptic) Cu(I) phenanthrolines.””******** Transient 449
absorption kinetics were adequately modeled using single 4s0
exponential decays with lifetimes matching those measured 451
using photoluminescence intensity decay data (Figure S21 and 4s2
Table 2). 453
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Figure 5. (a) Ultrafast transient absorption difference spectrum of [Cu(dchtmp),]PF4 in CH,Cl, excited by 425 nm pump beam (1.0 xJ/pulse).
(b) Kinetic data of Figure Sa fit to a single exponential growth at 487 nm (7 = 4.2 ps) and a single exponential decay at 601 nm (7 = 4.4 ps).

454 Ultrafast Transient Absorption Spectroscopy. The
4ss ultrafast excited-state absorption difference spectra of [Cu-
456 (dchtmp),]PF; measured in CH,Cl, following 425 nm
457 excitation (1.0 uJ/pulse, 100 fs fwhm) are presented in Figure
458 Sa. The difference spectra exhibit a ground-state MLCT bleach
459 centered at 450 nm sandwiched between two positive excited
460 state features. The UV transient absorption feature has a peak
461 maximum at 360 nm, and the visible feature exhibits the same
462 double-top profile from the nanosecond experiments that
463 become more distinct after a 3.0 ps delay at 535 and 575 nm.
464 These spectral signatures readily enable confident assignment
465 of SMLCT formation.*”* These absorption features persist
466 throughout the available experimental delay window of 6 ns,
467 Figure 4, indicating that there is no further change in the
468 excited-state species once the lowest *MLCT state is produced.
469 Transient kinetic data taken from the red edge of the double-
470 top feature and the ground-state bleach were used to assess the
471 PJT distortion and ISC time constants. Single wavelength
472 kinetic data recorded at 487 and 601 nm were fit to a single
473 exponential decay and growth in Figure Sb, yielding time
474 constants of 4.2 and 4.4 ps, respectively. These time constants
475 are consistent with ISC from the singlet to triplet MLCT
476 manifold of other sterically inhibited homoleptic Cu(I)
477 diimine complexes.*”*"***%% Assignment of the PJT dis-
478 tortion was not possible here as single exponential functions
479 adequately modeled the ultrafast data. As a result, we speculate
480 that the PJT distortion may occur within the experimental IRF
481 ~ 150 fs or that the molecule does not significantly distort due
482 to the steric hindrance provided by the two cyclohexyl
483 groups.*’

(=

)

—

o

—_

434+ l CONCLUSIONS

485 A new homoleptic Cu(I) bis(phenanthroline) complex,
486 [Cu(dchtmp),]*, featuring 2,9-cycloalkyl substitutions was
487 prepared and photophysically characterized. We have demon-
488 strated that the photochemical ligand synthetic pathway
489 successful for dchtmp could be extended to other cycloalkyl
490 substituents exemplified in the dcptmp ligand. The failure of
491 dcptmp to bis-coordinate to the Cu(I) center was rationalized
492 in terms of the steric hindrance afforded by the half-chair
493 conformer that ultimately preventing the coordination of a
494 second ligand to form the desired homoleptic complex
495 [Cu(deptmp),]*. This particular result gleans insight into the
496 absolute limit of steric bulk possible afforded by the 2,9-

—_

cycloalkyl substituents on phenanthroline where preparation of 497
the bis(homoleptic) Cu(I) species becomes improbable. 408
[Cu(dchtmp),]* featured a 2.6 us excited state lifetime in 499
CH,Cl, and maintains long lifetimes even in Lewis basic soo
solvents such as CH;CN where 7 = 1.5 us. The combined so01
photophysical and electrochemical properties of the title so2
complex essentially echo those of [Cu(dsbtmp),]*.** Ultrafast so3
transient absorption spectroscopy revealed a single time so4
constant (7 = 4.4 ps) on ultrafast time regimes which was sos
assigned to the intersystem crossing event from the "MLCT so6
into the MLCT state. The lack of a second experimentally so7
resolvable ultrafast time constant suggests that either the PJT sos
distortion occurred faster than our experimental IRF (<150 fs) soo
or that the distortion was not significant enough to produce a s10
unique optical signature for which a time constant could be s11
assigned. Electrochemical studies in concert with static PL data 512
enabled estimation of the excited state reduction potential of 513
[Cu(dchtmp),]* (=1.77 V vs Fc*’? in CH,CN), representative si4
of a potent excited state reductant capable of driving sis
photochemical synthesis and poised for solar photochemistry sis

applications. 517
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