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ABSTRACT: We report the synthesis and excited-state dynamics N, N S S,

for a series of homoleptic copper(I) trifluoromethylated phenanthro- ., / v o~

line complexes with two, three, and four trifluoromethyl functional /Cu+\ SN EC/ ! ~ ¢
groups. Our analysis of the steady-state absorbance and emission, N N T~Jisc 1~0 [isc
transient-absorption spectroscopy, and electronic-structure-theory

calculations results enable in-depth analysis of the pseudo-Jahn—

Teller distortion inhibition from increased steric hindrance of the

trifluoromethyl functional group relative to the prototypical dimethyl

phenanthroline complex. Surprisingly, our results demonstrate that So So\

the greatest degree of pseudo-Jahn—Teller distortion inhibition is  phen2-1Ry=HR,=H R, =1 050 ©<50° O ne 6<90°
achieved with trifluoromethylation of only the 2 and 9 positions by St e e i phen-2-1 phen-3-1

an unusual combination of steric hindrance and stabilization of a  phen-4-2 Ry=CFsR, = HR; = CF; phen-4-2

phen-4-2

nondistorted 'MLCT manifold observed by transient kinetic

lifetimes and optimized excited-state structures. The intersystem-crossing (ISC) lifetime for the 2,9-bis(trifluoromethyl)-1,10-
phenanthroline Cu(I) complex is 69 ps, while the triplet excited-state lifetime and emission quantum yield are 106 ns and 4 X 1073,
respectively. Further trifluoromethylation of the phenanthroline yields a greater o bond inductive withdrawing force on the
phenanthroline nitrogens, ultimately resulting in weaker coordination to the copper. Last, the surprising success of the 2,9-
bis(trifluoromethyl)-1,10-phenanthroline Cu(I) complex by adjusting both ligand sterics and electronic properties outlines a new
strategy for developing long-lived Cu(I) charge-transfer complexes.

B INTRODUCTION oxidation occurs on a subpicosecond time scale lowering the
interligand dihedral angle, which in turn relaxes the symmetry
of the complexes from pseudo T; to D,, creating more
nonradiative excited-state deactivation channels.'>™"”

A number of attempts have been made to lessen the degree

Polypyridyl Cu(I) complexes featuring low lying metal-to-
ligand charge transfer excited-states have drawn much
attention due to their similarity to well-studied Ru(II)

counterparts.'~’ Recent reports highlight the use of Cu(I) i o i
complexes in photoredox,’” OLEDs,” and dye-sensitized solar of the pseudo-Jahn—Teller distortion in the excited state by
cells."”* Moreover, unlike many photoactive first-row transition adding steric hindrance to the phenanthroline ligand. One
metals (Cr,” Fe,'”"" and Co'?), these Cu(I) complexes do not strategy was to derivatize the phenanthroline (phen) in the 2,9

suffer from lower-lying metal centered or d—d states, which act or 3,8 positions with bulkier functional groups. This strategy

to quench the charge-transfer excited state on a subpicosecond has been pursued by a number of researchers and has yielded
to picosecond time scale. However, initial experiments by much success in extendingz(‘ghgéMLCT lifetime from nano-
McMillin and co-workers demonstrated that the room- seconds to microseconds.” ™" In aggregate, all reports
temperature emission lifetime and quantum yield (QY) for demonstrated that inhibition of the pseudo-Jahn—Teller
Cu(I) polypyridine MLCT excited states are smaller than distortion yields a shift to higher energy of the emission
those for related ruthenium complexes, as well as extremely maxima, an increase in the emission QY, and an elongation of
sensitive to the solvent Lewis basicity.”'>'* These results have the excited-state lifetime measured by time-resolved emission
led to the conclusion that the Cu(I) MLCT excited state, and transient absorption spectroscopy. It should be noted that
consisting of a formally oxidized Cu(II) and reduced ligand 7

orbital, undergoes a pseudo-Jahn—Teller distortion resulting in Received: October 27, 2019

an exposed metal center enabling solvent coordination to Published: February 12, 2020

shorten the excited-state lifetime. More recent experiments and
calculations have demonstrated that the pseudo-Jahn—Teller
distortion originating from the Cu(I) d'° to Cu(Il) d°
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Scheme 1. Bond Line Structure(s) of [Cu(NN),]* (Left) Complexes Utilized in This Study”

phen-2-1

phen-4-2

“Here, NN is 2,9-dimethyl-1,10-phenanthroline, phen-2-1, phen-3-1, phen-4-1, and phen-4-2.

the largest changes in the inhibition of the pseudo-Jahn—Teller
distortion came from increasing the steric bulk of the 2,9
positions from methyl to 2,9-diyl(bis(methanylylidene) )bis(2-
methylaniline) or 2,9—di(sec-butyl)-3,4,7,S-tetramethyl.zz’25

An alternative strategy for the inhibition of the pseudo-
Jahn—Teller distortion is by substitution of the 2,9 methyl
groups with 2,9 trifluoromethyls (CF;).”” While inhibition of
the pseudo-Jahn—Teller distortion was not the original goal for
the trifluoromethylation of phen, it was noticed that the
interligand dihedral angle () in the ground state is 87° (close
to idealized 90°) compared to the 72—83° of the 2,9-dimethyl-
1,10-phenanthroline (dmp).”**” Further crystal structure
comparison of the Cu(I) 2,9-trifluoromethyl-1,10-phenanthro-
line (bfp or phen-2—1) complex with different anions
calculated a ground state @ spread from 86 to 90°.°° The
anion dependence of the [Cu'(NN),]* single crystal structure
has been observed for many Cu(I) complexes and is ascribed
to crystal stress. To complement the ground state change in 6,
the [Cu'(phen-2—1),]" complex also exhibits a blue shift in the
emission maxima, enhanced QY (almost 10 times), and
elongated emission lifetime relative to [Cu'(dmp),]*, similar to
the other [Cu'(NN),]* complexes with sterically bulkier phen.

These results of the [Cu'(phen-2—1),]" are expected as CF,
groups are bulkier than CHj; groups. It would be expected that
CF; groups would also lower the ligand LUMO energy,
resulting in a slightly lower energy MLCT maximum as
observed in trifluoromethylated polypyridyl ruthenium(II)
complexes.” Unfortunately, little excited state investigation
has been performed on the [Cu'(phen-2—1),]" beyond
ground-state electronic absorption, emission spectra, and
emission lifetimes. In addition, [Cu'(NN),]* complexes with
more than two CF; groups have not been synthesized or
studied prior to this work. While CF; substitutions at the 2,9-
position of phen represent an interesting opportunity to
increase steric bulk, the use of this steric bulk with more
electron withdrawing ligands has not been studied.

Herein, we report the synthesis and excited-state dynamics
for a series of trifluoromethylated copper(I) phenanthroline
complexes with two, three, and four CF; groups, in which all
phen ligands are substituted at the 2 and 9 positions with CF;
groups (Scheme 1). We report the excited-state evolution for
all complexes, examining the effect of the number and position
of CF; groups on the phen core on the excited state pseudo-
Jahn—Teller distortion using ultrafast pump—probe and
nanosecond flash photolysis transient absorption. We also
performed preliminary restricted and unrestricted DFT and
TDDEFET electronic structure calculations to optimize the
ground state (S,), lowest energy triplet (T,), and singlet (S;)
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excited states as well as the singlet state with the largest
transition oscillator strength from the ground state (S,). In
addition, since all of the trifluoromethylated ligands have
identical steric bulk at the 2 and 9 positions, it is possible to
make correlations between the number of electron with-
drawing groups and excited-state lifetimes and quantum yields.

B EXPERIMENTAL SECTION

Synthesis of 2,9-Bis(trichloromethyl)-1,10-phenanthroline.
On the basis of literature prep,”” neocuproine hemihydrate (500 mg,
2.30 mmol, 1 equiv) and N-chlorosuccinimide (4.61 g, 34.52 mmol,
15 equiv) were added to a 300 mL round-bottom flask. Chloroform
(150 mL) was added to the flask, and the reaction mixture was
refluxed for 6 h followed by cooling to room temperature. The solvent
was removed in vacuo, resulting in a yellow solid. Saturated sodium
carbonate (100 mL) and chloroform (40 mL) were then added. The
product was extracted into chloroform (2 X 20 mL). The organic
layer was then washed with DI water, 6 X 50 mL. The solvent was
again removed in vacuo, resulting in a yellow solid. The product was
then purified on silica (eluent 2:1 chloroform/hexanes).

Synthesis of phen-2—1. On the basis of a modified literature
prep,32 2,9-bis(trichloromethyl)-1,10-phenanthroline (150 mg, 0.36
mmol) was combined with antimony(III) fluoride (1.5 g, 8.4 mmol)
and ground with a mortar and pestle. The mixture was then added to
a 50 mL round-bottom flask and fitted with a reflux condenser under
Ny(y)- Heat was applied until a melt formed. The mixture was heated
for one more minute and allowed to cool to room temperature.
Sodium hydroxide (SM) was added to the flask and transferred to a
separatory funnel. Dichloromethane, 50 mL, was added and
transferred to a separatory funnel. The product was extracted with
dichloromethane (3 X 20 mL), dried on sodium sulfate, and passed
through silica gel. The solvent was removed in vacuo, resulting in a
white crystalline solid (39% yield). ""F NMR: 5 —69.9 (singlet, 6F).
'H NMR: § 8.5 (doublet, ] = 8 Hz, 2H); 8.0 (doublet, ] = 8 Hz, 2H);
8.0 (singlet, 2H).

Synthesis and Purification of phen-4-1, phen-4-2, and
phen-3—1. The compound phenanthroline monohydrate (251.5 mg,
1.27 mmol) was added to a glass ampule. CF;I gas (10 equiv) was
introduced and cooled to =78 °C, and the ampule was sealed under a
vacuum (107* Torr). The ampule was heated to 330 °C for 10 h and
subsequently cooled to room temperature. The ampule was opened,
and soluble trifluoromethylated phenanthroline derivatives were
extracted with dichloromethane. The dichloromethane solution was
washed with a 10% solution of sodium thiosulfate to remove iodine.

Primary separation of the phenanthroline(CF;), derivatives was
performed on a semipreparative Cosmosil Buckyprep HPLC column
with acetonitrile as the eluent (Figure S1). This separation afforded
five major fractions containing phen(CF;), derivatives. Of the five
fractions, two fractions were able to be separated into pure isomers of
tris- and tetra-substituted phenanthroline derivatives. Secondary
separation of fraction 2 (4.0—4.8 min) in MeOH at S mL/min led
to the isolation of phen-3—1 (0.7 mg, 0.002 mmol, 0.16% yield) at
16.5—17.5 min (Figure S2). Fraction 3 was sonicated in heptane, and
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Figure 1. (Top) "’F NMR spectra of phen-3—1 and [Cu(phen-3—1),]SO;CF;. (Bottom) 'H NMR spectra of phen-3—1 and [Cu(phen-3—

1),]SO,CF;.

insoluble materials were filtered off (approximately 2 mg, which did
not show observable NMR signals when dissolved in CDCl;). The
heptane soluble material (F3H) was then separated in a 25:75
toluene/heptane mixture. This significantly improved the separation
and yielded two major compounds, phen-4—2 (2.7 mg, 0.0060 mmol,
0.5% yield) and phen-4—1 (14.1 mg, 0.0311 mmol, 2.4% yield),
represented in the chromatogram as A (6.5—7.5 min) and B (7.5-8.2
min), respectively (Figure S3). The highest yielding isolable
compound from the mixture was phen-4—1.

phen-3—1. ’F NMR: § —63.5 (singlet, 3F); —70.3 (singlet, 3F);
—70.3 (singlet, 3F). '"H NMR: & 8.8 (doublet, ] = 9 Hz 1H); 8.6
(doublet, ] = 9 Hz 1H); 8.4 (singlet, 1H), 8.1 (multiplet, 2H).

phen-4—1. ’F NMR: § —63.4 (singlet, 3F); —63.7 (singlet, 3F)
—70.4 (singlet, 3F); —70.5 (singlet, 3F). "H NMR: 5 8.9 (doublet, ] =
9 Hz 1H); 8.7 (singlet, 1H); 8.4 (singlet, IH); 8.2 (doublet, ] = 9 Hz
1H).

phen-4—2. ’F NMR: § —63.8 (singlet, 6F); —70.3 (singlet, 6F).
"H NMR: § 8.5 (singlet, 2H); 8.4 (singlet, 2H).

Synthesis of [Cu(phen-4—1),]SO;CF;. A 0.041 M solution of
PHEN-4—1 in dichloromethane-d, (0.5 mL, 0.021 mmol) was added
to an air-free NMR tube with 0.9 mL of dichloromethane-d,. The '°F
NMR and the 'H NMR spectra of the ligand were recorded.
Copper(I) trifluoromethanesulfonate toluene complex (S5 mg, 0.106
mmol) was added to the NMR tube, and the NMR spectra were
recorded again. The mixture was filtered and dried in vacuo, yielding a
dark orange solid (7.5 mg, 0.0067 mmol, 65% yield). '°F NMR: §
—62.5 (singlet, 3F); —62.9 (singlet, 3F); —69.9 (singlet, 3F); —70.0
(singlet, 3F). '"H NMR: 6 9.3 (doublet, ] = 8 Hz 1H); 9.0 (singlet,
1H); 8.8 (singlet, 1H); 8.6 (doublet, ] = 9 Hz 1H). ESI+ MS (m/z):
967.08 (calcd mass: 966.97).

Synthesis of [Cu(phen-3—1),]SO;CF;. A 0.0275 M solution of
phen-3—1 in dichloromethane-d, (0.5 mL, 0.0138 mmol) was added
to an air-free NMR tube. Copper(I) trifluoromethanesulfonate
toluene complex (40 mg, 0.077 mmol) was added and placed on a
rotating motor to provide mixing. The mixture was filtered and dried
in vacuo, yielding a dark orange solid (4.8 mg, 0.0049 mmol, 71%
yield). ’F NMR: § —62.8 (singlet, 3F); —70.1 (singlet, 6F). 'H
NMR: 6 9.2 (doublet, ] =9 1H); 9.2 (doublet, ] = 9 1H); 8.9 (singlet,
1H), 8.5 (multiplet, 2H). ESI+ MS (m/z): 831.17 (calcd mass:
830.99).
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Synthesis of [Cu(phen-4—2),]SO;CF;. A 0.037 M solution of
phen-4—2 in dichloromethane-d, (0.1 mL, 3.7 gmol) was added to an
air-free NMR tube with 0.9 mL of dichloromethane-d,. Copper(I)
trifluoromethanesulfonate toluene complex (10 mg, 0.019 mmol) was
added to the NMR tube, and the NMR spectra were recorded again.
The mixture was filtered and dried in vacuo yielding a dark orange
solid (0.3 mg, 0.27 pmol, 15% yield). "’F NMR: 6 —62.9 (singlet, 6F),
—69.7 (singlet, 6F). '"H NMR: & 8.8 (singlet, 2H); 8.8 (singlet, 2H).
ESI+ MS (m/z): 966.90 (calcd mass: 966.97).

Synthesis of [Cu(phen-2—1),]SO;CF;. A 0.14 M solution of
phen-2—1 in dichloromethane-d, (0.1 mL, 0.014) was added to an
air-free NMR tube with 0.5 mL of dichloromethane-d,. The copper(I)
trifluoromethanesulfonate toluene complex (16 mg, 0.031 mmol) was
added and placed on a rotating motor to provide mixing. The mixture
was filtered and dried in vacuo yielding a dark orange solid (3.5 mg,
0.0041 mmol, 59% yield). ’F NMR: § —69.9 (singlet, 6F). '"H NMR:
5 9.0 (doublet, ] = 8 Hz, 2H); 8.4 (singlet, 2H); 8.4 (doublet, ] = 8
Hz, 2H). ESI+ MS (m/z): 695.25 (calc. mass: 695.02).

Instrumentation details and DFT methods (including benchmark
discussion) are found in the Supporting Information.

B RESULTS

Ligand and Complex Structures. The ligands shown in
Scheme 1 were synthesized in a single step reaction and were
isolated via HPLC, solubility differences, and crystallization
techniques. NMR spectra were collected for the ligands and for
the copper complexes, and mass spectra were collected for the
copper complexes (Figure 1 and S4—S28). There is a very
slight shift in the 'F NMR spectra from the phen-3—1 ligand
in comparison to the complex (Figure 1). A similar result is
observed for phen-4—1 and phen-4—2, and that of phen-2—1 is
shown in the SL In the case of phen-3—1, the CF; groups
substituted at the 2 and 9 positions (approximately —70 ppm)
become accidentally isochronous when the ligand is bound in
the Cu(I) complex. A much more noticeable shift is observed
in the "H NMR spectra comparing ligand and complex (Figure
1).

Single-crystal X-ray structures were obtained for [Cu(phen-
3—1),]SO;CF; and [Cu(phen-4—1),]SO;CF; as shown in
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Figure 2. High quality single crystals of [Cu(phen-4—
2),]SO;CF; were not obtained. The dihedral ligand angle

Figure 2. Single crystal XRD structures for [Cu(phen-3—1),]* (left)
and [Cu(phen-4—1),]" (right). Triflate anions not shown for clarity.
Thermal ellipsoids are plotted at a default 50% probability.

for [Cu(phen-3—1),]* is 86.1°. The dihedral ligand angle for
[Cu(phen-4—1),]* is 85.4°. The Cu—N bond lengths for
[Cu(phen-4—1),]* are 2.054, 2.048, 2.052, and 2.051 A. The
Cu—N bond lengths for [Cu(phen-3—1),]" are 2.037, 2.047,
2.038, 2.033 A.

Electronic Absorption and Emission Spectroscopy.
The absorption spectra of the trifluoromethyl phen [Cu-
(NN),]* complexes (Scheme 1) investigated here display
MLCT absorption maxima at 463, 464, 481, and 482 nm for
[Cu(phen-2-1),)%, [Cu(phen-3-1),]%, [Cu(phen-4-1),]",
and [Cu(phen-4—2),]", respectively (Figure 3A—C). A higher

33333
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Figure 3. (A) Normalized electronic absorption (black solid line),
emission (red), and excitation (black scatter line) spectra for
[Cu(phen-2—1),]OTf in 1,2-dichloroethane. (B) Normalized elec-
tronic absorption (solid black), emission (red), and excitation (scatter
black) spectra for [Cu(phen-3—1),]OTf in 1,2-dichloroethane. (C)
Normalized electronic absorption of [Cu(phen-4—1),]OTf (black)
and [Cu(phen-4—2),]OTf (red) in 1,2-dichloroethane. The dashed
green line is added to highlight differences in the absorption spectra.

energy MLCT transition is also observed at 341, 338, 339, and
351 nm for [Cu(phen-2—1),]*, [Cu(phen-3—1),]*, [Cu(phen-
4—1),]*, and [Cu(phen-4—2),]*, respectively (Figure 3A—C).
Last, a low energy tail is observed in each complex from 500 to
600 nm. The emission spectra for [Cu(phen-2—1),]* and
[Cu(phen-3—1),]" depict a broad featureless transition with
maxima near 685 and 718 nm, respectively, assignable to a
ligand-to-metal charge transfer (LMCT) transition. The
excitation profiles (dotted traces, Figure 3A,B) for [Cu-

2784

(phen-2—1),]* and [Cu(phen-3—1),]* complexes overlap well
with their corresponding absorption spectra, replicating all
spectral features. The [Cu(phen-4—1),]** and [Cu(phen-4—
2),]** show evidence of decomposition upon long-term
exposure to light and thus their emission spectra were not
collected (Figure $43).

Pump Probe Transient Absorption Spectroscopy. The
pump—probe transient spectra of [Cu(phen-2—1),]* and
[Cu(phen-3—1),]" are shown in Figure 4A and B, respectively.

25000 20000 16667 14286
0.001 A)' ' ' '
0.000{-%" !

-0.001-
-0.002-

_-0.003}

n 1 1

9,0.0043)
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Figure 4. Ultrafast pump probe transient absorption spectra for
[Cu(phen-2—1),]OTf (A) and [Cu(phen-3—1),]OTf (B) collected
in 1,2-dichloroethane. Insets: Enhanced 500 to 625 nm region for
[Cu(phen-2—1),]OTf and [Cu(phen-3—1),]OTf to highlight
spectral changes. The spectra are taken at 0.3 ps (black), 0.75 ps
(red), 2.5 ps (blue), 10 ps (green), SO ps (brown), and 100 ps
(orange).

The gross features of the [Cu(NN),]* complexes consist of
two photoinduced excited-state absorption (ESA) transitions
from ~350 to 400 nm and from ~500 to 750 nm, as well as a
negative peak ranging from 400 to 500 nm. The maxima of the
two ESAs appear at 365 and 371 nm as well as 532 and 535 nm
for Cu(phen-2—1),]* and [Cu(phen-3—1),]*, respectively.
The maxima of the negative signal of [Cu(phen-2—1),]* and
[Cu(phen-3—1),]* are observed at 469 and 463 nm,
respectively. Time-resolved resonance Raman measurements
have previously been assigned to the excited state “double-
peak” absorption from 500 to 625 nm to reduced phenanthro-
line (phen™) #* — z* ligand localized transition in
[Cu(NN),]* complexes.”> For this reason, the ESA region
from ~500 to 625 is enhanced to highlight important spectral
changes in the temporal response at these wavelengths (Figure
4, insets). The negative signal is assigned to the depletion or
bleach of the ground state (GSB). The long, low amplitude
featureless absorption from 625 to 750 nm has been assigned
to LMCT transition. Nanosecond flash photolysis transient
absorption spectra for the [Cu(phen-2—1),]* and [Cu(phen-
3—1),]* complexes are consistent with the final spectra from
the pump—probe transient absorption experiment, inferring
that no intermediate excited state exists between the two
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Table 1. Absorbance, Excited-State Absorbance, and Emission Global Fitting Lifetimes As Well As Emission Quantum Yield

[Cu(dmp),]* [Cu(phen-2—1),]"
Amax (nm) 457 463
7, (ps) 0.3 (fixed)”
7,(ps) 54 + 15 69+ 5
75(ns) 66.6 + 2.1 106 + 2
T,m(ns) 52.0 + 14 98 +2
P 3.5%x 107 4.0 x 1073

P

[Cu(phen-3—1),]*

[Cu(phen-4—1),]* [Cu(phen-4—2),]*

464 481 482
4

6.0 + 2.3 10.0 + 7.0 150 =+ 20

683 + 0.6 155 + 1.7°

82 + 27 179 + 2.2°

1.1 x 1073

“Note, 7, is fixed from single wavelength kinetic time constant to yield a more accurate fit of 7. bTime constant found in single wavelength kinetics.

experiments (Figures S33 and S36). The time constants from
the multiexponential fitting of the pump—probe transient
absorption and nanosecond flash photolysis experiments are
summarized in Table 1 with the data found in the Supporting
Information (Figures S32 to S37).

The pump—probe transient spectra of [Cu(phen-4—1),]*
and [Cu(phen-4—2),]* are shown in Figure SA and B,
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Figure S. Ultrafast pump—probe transient absorption spectra for
[Cu(phen-4—1),]OTf (A) and [Cu(phen-4—2),]OTf (B) collected
in 1,2-dichloroethane. Insets: Enhanced 500 to 625 nm region for
[Cu(phen-4—1),]OTf and [Cu(phen-4—2),]OTf to highlight
spectral changes. The spectra are obtained at pump—probe delays
of 0.3 ps (black), 0.75 ps (red), 2.5 ps (blue), 10 ps (green), SO ps
(brown), and 100 ps (orange).

respectively. The excited state features for [Cu(phen-4—1),]*
and [Cu(phen-4—2),]* are similar to [Cu(phen-2—1),]* and
[Cu(phen-3—1),]* for the most part consisting of two
photoinduced ESA transitions from ~350 to 400 nm as well
as from ~500 to 750 nm and a negative peak ranging from 400
to 500 nm. The assignment of the negative peak from 400 to
500 nm is to the GSB, the ESA from ~500 to 625 is the phen™
absorption, and 625 to 750 nm is the LMCT absorption. A
notable difference is observed for the [Cu(phen-4—1),]* and
[Cu(phen-4—2),]* compared with the [Cu(phen-2—1),]*, and
[Cu(phen-3—1),]" is a second negative absorption observed
between 530 and 550 nm. Due to the low amplitude of this
second negative absorption as well as the shaped phen™ ESA,
we ascribe the second negative absorption to the tail of the
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GSB overlapping with the reduced phen™ ESA. Time constants
from the multiexponential fitting of the pump—probe transient
absorption and nanosecond flash photolysis experiments are
summarized in Table 1 with the data found in the Supporting
Information (Figures S38 to S41).

In order to understand the results of the new complexes
reported here, we found it necessary to collect spectroscopic
data of the parent complex, [Cu(dmp),](PFy), for comparison.
The electronic absorption spectrum of [Cu(dmp),]* features a
broad transition with a maximum at 457 nm, a higher energy
shoulder near 375 nm, and a tail from 500 to 600 nm. The
emission spectrum displays a broad transition with a maximum
near 750 nm. The excitation spectrum of [Cu(dmp),]* reveals
a transition at 434 nm (blue-shifted relative to the absorption
maxima) with a continuous intensity into the ultraviolet region.
While many of the spectral features of the CF;-derivatized
complexes are similar to that of the parent complex (see Figure
3), there is a noticeable difference in the intensity of the
highest energy MLCT near 375 nm. Most notably, this
transition has a much-reduced intensity in the CF; complexes.
As we shall discuss later, the intensity of this peak is sensitive
to the extent of excited-state distortion in the excited state.
Pump—probe transient absorption spectra obtained at different
time delays for [Cu(dmp),]* (Figure 6B) also exhibit two ESA
transitions from 350 to 400 nm and from 500 to 750 nm and a
GSB ranging from 400 to 500 nm. The maxima of the two
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Figure 6. (A) Normalized electronic absorption (black solid line),
emission (red solid line), and excitation (black scatter line) spectra for
[Cu(dmp),](PF¢) in 1,2-dichloroethane. (B) Ultrafast pump probe
transient absorption spectra for [Cu(dmp),]PFy collected in 1,2-
dichloroethane. (C) Enhanced 500 to 625 nm region for [Cu-
(dmp),]PF¢ collected in 1,2-dichloroethane. The selected spectra are
taken at 0.3 ps (black), 0.75 ps (red), 2.5 ps (blue), 10 ps (green), SO
ps (brown), 100 ps (orange) time delays.
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Table 2. Calculated Absorbance and the Dihedral Angle between Ligand Planes (@) for Select Ground and Excited States of

[Cu(NN),]* Complexes

|:(:11(‘]J1“1I’)z]+ [Cu(phen—Z—l)?_]*
calculated A, (nm) 461 nm 465 nm
GS © 89.98° 90.00°
N 'MLCT 90.00° 90.00°
MLCT 63.92° 90.00°
SMLCT 62.93° 70.60°

[Cu(phen-3—1),]* [Cu(phen-4—1),]* [Cu(phen-4-2),]*

467 nm 480 nm 482 nm
89.84° 89.98° 89.98°
80.00° 89.97° 78.42°
78.29° 78.92° 80.27°
74.92° 75.35° 74.38°

ESAs occur at 370 and 520 nm. The two ESA peaks from 500
to 625 nm are enhanced to highlight important spectral
changes in the temporal response at these wavelengths (Figure
6C). Again, the lower energy ESA from ~625 to >750 nm is an
LMCT absorption. The flash photolysis transient absorption
spectra for [Cu(dmp),]* also show the same features as the
pump—probe spectra (Figure S30). Again, all time constants
from the multiexponential fitting of the pump—probe transient
absorption and nanosecond flash photolysis experiments are
summarized in Table 1 with the data found in the Supporting
Information (Figures S29 to S31). The steady-state absorption
and emission, as well as time-resolved transient absorption
experiments of [Cu(dmp),](PFy), are consistent with previous
reports.

DFT Calculations. Electronic-structure theory calculations
have been performed on all five complexes listed in Scheme 1
using restricted and unrestricted density functional theory
(DFT) in Gaussian 09 R.C.01.>* All DFT methodology and
benchmark discussion may be found in the Supporting
Information. Unlike previous DFT calculations of [Cu-
(dmp),]*, which calculate the optimized structures as well as
the potential energy surface as a function of 6, we have only
performed structural optimizations of all five complexes for the
ground state (S,), '"MLCT with the highest transition oscillator
strength from the ground state (S,), the lowest energy singlet
excited state (S;), and the lowest energy triplet excited state
(T,). Our intent is to correlate the 6 at each stationary point to
the observed transient absorption dynamics for a better insight
on the effect CF; has on the excited state dynamics. The
calculated absorption maxima and € for each optimized
structure are summarized in Table 2. We do recognize that
previous calculations of [Cu(dmp),]* have predicted that 8 for
S, and T, is ~70°, which is higher than our calculation of 62°,
though all of our calculated trends agree with previous
experiments.

B DISCUSSION

Synthesis and Structural Characterization. Trifluor-
omethyl phenanthroline derivatives were synthesized via a hot
radical method utilized by the authors.* This method is well-
known to produce a large number of compounds with a
different number of substitutions and different substitution
patterns, which in turn allows for the study of multiple
compounds without the need to develop extensive multistep
syntheses for each compound. We have previously shown that
it is possible to trifluoromethylate another heteropolycyclic
aromatic hydrocarbon, phenazine, with this method.*
Phenanthroline derivatives with three and four trifluoromethyl
substitutions were isolated from the reaction of CF;I(g) and
phenanthroline monohydrate in a sealed ampule. Isolation of
the above compounds was achieved through multiple steps of
HPLC. The isolation of derivatives with different numbers of
substitutions, as well as derivatives with the same number of

substitutions but different substitution patterns, allowed for a
systematic study of the metal—ligand interaction.

To overcome the poor ligand strength of the tetra-
substituted trifluoromethylated ligands, the copper(I) trifluor-
omethanesulfonate toluene complex was used as the copper(I)
starting material. It was hypothesized that by using copper(I)
trifluoromethanesulfonate toluene complex as the starting
material, the combination of a weak anion and the very weakly
coordinating toluene ligand would provide the right conditions
for ligand exchange with the trifluoromethylated phenanthro-
line ligands. This reaction was performed with phen-4—1,
phen-4—2, phen-3—1, and phen-2—1 to form the complexes
[Cu(phen-4—1),]SO;CF;,[Cu(phen-4—2),]SO;CF;, [Cu-
(phen-3—1),]SO;CF;, and [Cu(phen-2—1),]SO;CF;, respec-
tively.

The [Cu(phen-4—1),]" complex shown on the right in
Figure 7 shows significantly more space being occupied by the

Figure 7. Space filling models of [Cu(dmp),]* (left)*” and
[Cu(phen-4—1),]" (right). Note the viewing angle has been moved
to highlight the 2,9 substituents.

CF; groups in comparison to the CH; groups in the
[Cu(dmp),]* complex. This likely has a significant impact
on the pseudo-Jahn—Teller distortion that occurs in the
excited state.

When comparing the Cu(I) complex single-crystal struc-
tures, the ligand dihedral angles decrease as more CF; groups
are added. Kovalevsky et al. obtained crystal structures for
[Cu(phen-2—1),]SO;CF; in two different space groups.”® The
structure that has the space group P2,/c has a dihedral ligand
angle of 89.5°, while the C2/c structure has a dihedral angle of
88.5°. The dihedral ligand angles for [ Cu(phen-3—1),]SO,CF,
and [Cu(phen-4—1),]SO;CF; decrease to 86.1° and 85.4°,
respectively. It is likely that the 2,9-substituted CF; groups
interact with CF; groups in the 4, S, or 6 positions on the
opposite ligand, causing the decrease in dihedral angle in the
structure. While it is unlikely that this small change has such a
dramatic effect, the decrease in dihedral ligand angle does
correlate with the decreased excited-state lifetimes for the
trifluoromethylated compounds as shown below.

Steady-State Absorption and Emission. The steady-
state absorption and emission spectroscopy of [Cu(NN),]" are
well documented to comprise multiple MLCT transitions
ranging from 350 to 650 nm. The lowest energy MLCT
transitions occur between 500 and 650 nm and are less intense
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in comparison to the other CT transitions because they are
formally forbidden in a pseudo T, symmetry (where 6 ~ 90°).
These transitions are allowed in D, or lower symmetries (6 <
90°), with as little as 5° distortion from ideal T;. The primary
MLCT transitions are found from ~425 to 485 nm and are
thought to be more intense due to the vibronic coupling of low
energy Cu—N torsional modes to the electronic transition. The
primary MLCT transitions are not symmetry forbidden as low
energy transitions. Higher energy MLCT transitions are found
from ~350 to ~425 nm and are symmetry forbidden similar to
the low energy transitions in ideal T; geometry.”'> The higher
energy MLCT shoulder near 375 nm and low energy MLCT
tail are highly sensitive to the degree of distortion in the
Franck—Condon (FC) region, making them good spectral
areas for comparison. In particular, the sharpness of the two
primary MLCT transitions as seen in [Cu(phen-2—1),]%
[Cu(phen-3—1),]", and [Cu(phen-4—1),]* hint that minimal
distortion occurs in the FC state as no higher energy shoulder
is observed (Figure 3). This is unlike the [Cu(dmp),]" and
[Cu(phen-4—2),]* complexes which feature a visibly broader
and less resolved absorption spectrum. [Cu(dmp),]* has a
well-documented subpicosecond time constant for excited-
state distortion.

As discussed in the Introduction, the emission maximum
and QY are also important indicators of the excited-state
distortion. The emission maximum and QY for the
trifluoromethylated phen complexes for which emission
could be collected as well as the dmp analogue exhibit a
clear trend. Ordering the complexes starting with the highest
energy emission and QY produces a sequence of [Cu(phen-2—
1),]*, [Cu(phen-3—1),]*, and [Cu(dmp),]*. This emission
trend is surprising as one may imagine from previous literature
that the addition of a third CF; group ([Cu(phen-3—1),]*
complex) should exhibit a greater than or equal emission QY
and Stokes shift relative to the [Cu(phen-2—1),]* complex (a
ligand with two CF; groups).” Similarly, this same trend is
also observed when comparing the excitation profiles to the
absorption spectrum of [Cu(phen-2—1),]*, which overlap
perfectly. However, the absorption spectra and excitation
profile for [Cu(dmp),]* do not overlap, indicating a change in
structure from the Franck—Condon state (initial structure
open electronic absorption) and the emitting state. Thus, the
absorption, excitation, and emission spectra of the CF;
phenanthroline complexes indicate that these fluorinated
ligands lead to a smaller pseudo-Jahn—Teller distortion relative
to [Cu(dmp),]*.

Numerous time-resolved experiments (absorption and
emission), as well as DFT calculations, have been performed
on [Cu(dmp),]* and derivatives. The culmination of such
experiments have made possible the assignments above in the
Results section and outlined that the most prominent spectral
and dynamic indicator for excited-state pseudo-Jahn—Teller
distortion occurs in the GSB and phen™ regions."*'*'”** Our
discussion will focus heavily on the spectral shape and
dynamics of these regions. Kinetic analysis of phen™ ESA
and GSB spectral regions reveals the presence of three time
constants in [Cu(dmp),]*. A subpicosecond time constant, a
tens of picoseconds time constant, and a long nanosecond time
constant. The solvent dependence of the subpicosecond time
constant as well as computational modeling has led to the
assignment of an excited-state pseudo-Jahn—Teller distortion
from ~ T, to D, (coincident with internal conversion).'”
Coincident with the solvent dependence is an increase in the
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intensity of the phen™ region in the first 1 ps following
excitation, which further continues to blue shift, yielding a
“double-peak” transition at 524 and 563 nm (Figure 6C).
Likewise, the GSB dynamics depict an initial narrowing of the
GSB from 460 to 500 nm in the first 2.5 ps followed by a
subsequent blue shift. TDDFT calculations of singlet MLCT
energy as a function of 6 reveal that the energy of the third
singlet state (S, state with the highest transition oscillator
strength) increases as a function of 6.'® These calculations also
indicate that the excited-state distortion occurs during internal
conversion (IC) from the S; to S; (without a significant
population of the S,) with a time constant of ~300 fs.
Similarly, the longer picosecond time constant is attributed to
intersystem crossing (ISC) due to the lack of solvent
dependence, TCSPC kinetics, and computational results,
which reveal that the singlet—triplet energy gap increases as
0 decreased from 90°. Moreover, other TDDFT ground-state
projections of the singlet and triplet MLCT energy(s)
demonstrate that as 6 decreases from 90°, the ground state
energy increases and the lowest triplet energy decreases, which
together produces a large red shift in emission spectra."> All
GSB and ESA features do eventually return to 0 with a time
constant of 66.6 + 2.1 ns, which is assigned as the electron—
hole recombination to regenerate the ground state complex
(Figure S30).

On the basis of the steady-state absorption and emission
comparison of [Cu(dmp),]* with the CF; derivatives, we
anticipated a number of differences in the shape of excited
state spectra as well as dynamics. Indeed, a major difference is
observed in the early spectra and kinetics of CF; complexes.
The first resolved spectrum at 300 fs following excitation of
[Cu(phen-2—1),]* features a narrow single transition at 530
nm, while the [Cu(phen-3—1),]" already shows a nicely
resolved “double-peak.” Both of these first spectra are unlike
the broad ESA transition in [Cu(dmp),]* obtained at a similar
pump—probe delay. Moreover, the transient spectra of
[Cu(phen-2—1),]* and [Cu(phen-3—1),]" only show a
modest increase in intensity with a smooth transition to the
blue, producing multiple isosbestic points in the process
(Figure 4A,B, inset). Further kinetic analysis of the [Cu(phen-
2—1),]* and [Cu(phen-3—1),]* complexes do not reveal a
subpicosecond kinetic phase in the phen™ ESA region (Table
1). The picosecond kinetics fit well to a single exponential
process with time constants of 69 + S and 6.0 + 2.3 ps for
[Cu(phen-2—1),]" and [Cu(phen-3—1),]*, respectively. We
suspect that the “double-peak” spectral signature of the phen™
is maintained at longer pump—probe delays but that the laser
line obscures the higher energy peak. Likewise, the GSBs of
[Cu(phen-2—1),]" and [Cu(phen-3—1),]" from 400 to 500
nm also show differences in comparison to [Cu(dmp),]*. The
GSBs of [Cu(phen-2—1),]* and [Cu(phen-3—1),]* do not
exhibit narrowing or a shift in wavelength, whereas [Cu-
(dmp),]* shows both of these spectral changes. Furthermore,
unlike the phen™ ESA where [Cu(phen-2—1),]* and [Cu-
(phen-3—1),]" exhibit similar changes, the GSB of [Cu(phen-
2—1),]* and [Cu(phen-3—1),]* displays large differences in
the magnitude of the bleach recovery. The GSB of [Cu(phen-
2—1),]* is resolved by the first transient spectra at 300 fs and
exhibits a 48% recovery (at 462 nm) with a time constant of 69
+ S ps. The GSB of [Cu(phen-3—1),]* is also resolved by the
first transient spectra at 300 fs though unlike [Cu(dmp),]* and
[Cu(phen-2—1),]*, only a 5% recovery (462 nm) of the GSB
is observed with a time constant of 6.0 + 2.3 ps. The single
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wavelength kinetic time constants for the changes in the GSB
as well as the phen™ ESA are displayed in Table 1. These
differences in temporal and spectral response are undoubtedly
due to differences in structural relaxation following MLCT
excitation.

A more in-depth insight into these spectroscopic differences
in the GSB kinetics may be explained by the DFT optimized
structures. The excited state S, and S, optimization of
[Cu(phen-2—1),]* yields a 8 of 90°, thus predicting that the
distortion will occur during ISC (not during IC as seen in
other Cu(I) complexes), which occurs between the S; (6 =
90°) and T, (6 = 70.6°). While higher lying triplet states are
often involved during ISC, IC and vibrational redistribution in
the triplet manifold are rapid, resulting in a thermalized T,
excited state. In contrast, excited state optimization of
[Cu(phen-3—1),]* reveals that the distortion will begin from
the initially prepared Franck—Condon (6 = 90°) states with
most of this distortion occurring during adiabatic relaxation of
S, (0 = 80°) and then IC to S, (8 = 78.3°). A second smaller
distortion occurs during ISC for T, (0 = 74.9°). On the basis
of our earlier discussion of [Cu(dmp),]* dynamics and DFT
optimizations, we ascribe the single observed time constant in
both [Cu(phen-2—1),]* and [Cu(phen-3—1),]* to ISC. As
mentioned earlier, the pseudo-Jahn—Teller distortion in
[Cu(phen-2—1),]" is likely coincident with ISC as IC is
predicted to be sub IRF, while in [Cu(phen-3—1),]" the
distortion is coincident with IC, which occurs faster than our
instrument response (earlier than 300 fs). The nanosecond
flash photolysis of [Cu(phen-2—1),]* and [Cu(phen-3—1),]*
exhibits the same unexpected trend as the emission results.
Again, the [Cu(phen-2—1),]" has the longest observed lifetime
followed by [Cu(phen-3—1),]* and [Cu(dmp),]* (Table 1).
This trend is also contradictory to the calculated trend for 6
where the T, of [Cu(phen-3—1),]" is less distorted than
[Cu(phen-2—1),]*. The observed time-resolved dynamics and
emission trend is that the addition of trifluoromethyl groups
past two decreases the excited state lifetime. This suggests that
previously observed trends of increased excited-state lifetime
with increased steric bulk can be affected, and even reversed,
when electron-withdrawing substituents are used.

Our observations of [Cu(phen-2—1),]* and [Cu(phen-3—
1),]" are consistent with earlier reports of [Cu(phen-2—1),]*
where it was also noticed that the emission maxima and QY
correlate with results for structurally inhibited complexes while
the excited-state lifetime is much shorter.”* For example,
[Cu(dsbp),]* and [Cu(dsbtmp),]*, where dsbp and dsbtmp
are 2,9-di-sec-butyl-1,10-phenanthroline and 2,9-di-sec-butyl-
2,3,7,8-tetramethyl-1,10-phenanthroline, reported by Castella-
no and co-workers, exhibit emission maxima of 690 and 631
nm, respectively, and QYs of 4.5 X 107> and 6.3 X 1077
respectively.”® Transient absorption of these complexes yielded
three kinetic time constants of 0.1—0.4 ps (z,), 6—10 ps (7,),
and 380 ns (7;) for dsbp and 0.1-0.4 ps (7,), 2—4 ps (7,), and
2.8 us (t3) for dsbtmp complexes in dichloromethane.””*®
They did not report & for [Cu(dsbp),]*. Surprisingly, while the
emission maxima and quantum yield of [Cu(phen-2—1),]* and
[Cu(dsbp),]* are nearly identical, the excited-state kinetics are
substantially different. Recall that for [Cu(phen-2—1),]*, 7, is
69 ps and 7., is 98 ns. Thus, while 7, is longer (representing
ISC), the excited lifetime is not longer, suggesting that the
potential energy surfaces for the CF; phen complexes are
significantly different than the dialkylphenanthroline com-
plexes.
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Photodecomposition of the [Cu(phen-4—1),]" and [Cu-
(phen-4—2),]* complexes has excluded their inclusion in much
of the discussion. We propose that the decomposition is
caused primarily by the o bond inductive withdrawing nature
of CF; groups on the coordinating phen nitrogen p orbitals
making the phen-4—1 and phen-4—2 compounds worse
coordinating ligands. This weak coordination is further
evidenced by the longer Cu—N bond lengths of [Cu(phen-
4—1),]* compared to [Cu(phen-3—1),]". Furthermore, a
consequence of this weaker coordination is seen upon
photoexcitation where any low energy Cu—N torsional or
bond elongation is breaking the unreduced ligand bonds to
copper, resulting in bond dissociation. This observation is
consistent with trifluoromethylated bipyridine complexes of
ruthenium(II) where tetra-trifluoromethylated bipyridine
complexes could not be synthesized.”’ Due to the decom-
position of [Cu(phen-4—1),]" and [Cu(phen-4—2),]*, the
observed emission and excitation spectra of these complexes
strongly resemble those of the free ligands (Figures S40, S42,
and S44). The pump—probe transient absorption of both
[Cu(phen-4—1),]* and [Cu(phen-4—2),]" complexes is
reminiscent of [Cu(phen-2—1),]*. We note clean isosbestic
points at 507 and 573 nm for [Cu(phen-4—1),]* (Figure 5S4,
inset), while the [Cu(phen-4—2),]* complex (Figure SB,
inset) does not have any isosbestic points in the phen™ region.
As mentioned in the Results section, the strong ground-state
overlap with the ESA distorts the phen™ double peak. The
formation of the bleach at ~540 nm occurs concomitantly with
the blue shift in [Cu(phen-4—1),]" and [Cu(phen-4-2),]*
ESA. Surprisingly, the GSB region of [Cu(phen-4—1),]* and
[Cu(phen-4—2),]* does not exhibit any major spectral changes
on the picosecond time scale, hinting that all the spectral
differences originate from the ESA. The kinetic analysis of the
single time constant for [Cu(phen-4—1),]* is consistent with
[Cu(phen-3—1),]" and is assigned to ISC. Unlike all other CF,
complexes, the [Cu(phen-4—2),]* features important differ-
ences. As mentioned in the steady-state results section, the
electronic absorption of [Cu(phen-4—2),]" shares more
similarities with [Cu(dmp),]* than trifluoromethyl complexes.
The pump—probe transient absorption kinetics also have
observable differences. The single wavelength as well as global
fitting kinetic of [Cu(phen-2—1),]*, [Cu(phen-3—1),]*, and
[Cu(phen-4—1),]* all exhibit one time constant on the
ultrafast time scale, yet a second short time constant is only
observed in single wavelength fitting of [Cu(phen-4—2),]*
(Table 1). The ~4 ps time constant is observed in the excited-
state regions when fitting in single wavelengths, however, is not
necessary to acquire good early time agreement in the global
fitting analysis (Figure S41). The assignment of the ~4 ps time
constant is ISC with the 160 ps assigned as a bifurcation
leading to decomposition. Again, only a single nanosecond
flash photolysis and time correlated single wavelength kinetics
could be obtained for the [Cu(phen-4—1),]* (Figure S39) and
no flash photolysis data for [Cu(phen-4—2),]*. The observed
lifetime for [Cu(phen-4—1),]* is 17 ns, which is shorter than
the excited state lifetime of the other copper complexes (>66
ns; Table 1). This result is unexpected as the decreased
excited-state distortion observed in the ground state absorption
and DFT excited state optimized structures would suggest a
long-lived excited-state lifetime of the copper complex. The
observation of the shorter lifetime is attributed to an observed
rate of the photodecomposition reaction in the [Cu(phen-4—
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1),]" complex being much faster than the relaxation of *"MLCT
to the ground state.

B CONCLUSION

We have reported the synthesis and characterization of
trifluoromethyl copper(I) phenanthroline complexes. In
aggregate, the sum total of the steady state spectra, time-
resolved experimentation, and DFT calculations all point to
inhibition of excited state pseudo-Jahn—Teller distortion from
the substitution of the 2,9 methyl groups for the trifluor-
omethyl groups. Our finding resembles previous observations
of copper(I) complexes with enhanced bulk in the 2,9 phen
positions with the caveat that the trifluoromethylation changes
the potential energy surface to favor 8 ~ 90°. If
trifluoromethylation simply enhanced the steric bulk restricting
pseudo-Jahn—Teller distortion, then we would expect similar
emission maxima, emission QY, and ns flash photolysis
lifetimes for all complexes which are not experimentally
observed. The observed time-resolved dynamics and emission
trend that the addition of trifluoromethyl groups past two
decreases the excited-state lifetime is contrary to the traditional
understanding of [Cu(NN),]* complexes. Static single
reference optimizations of select excited state structures further
corroborate these observations. In aggregate, these results
outline the need for further high level dynamic theory
computations and experimental vibrational investigation into
copper(I) complexes where the 2,9 phen position constituents
alter both the sterics and electronics of the excited state.
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