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ABSTRACT: The conversion of solar energy into chemical fuel

represents a capstone goal of the 21st century and has the potential to ]}'-’..J‘

supply terawatts of power in a globally distributed manner. However, the P)

disparate time scales of photodriven charge separation (~fs) and steps in &7—., 4 A
chemical reactions (~us) represent an inherent bottleneck in solar-to-fuels "L“ P Q \
technology. To address this discrepancy, we are developing earth-

abundant coordination complexes that undergo light-induced conforma- / CU(“)L’
tional rearrangements such that charge separation (CS) is hastened, while c"(')'-

charge recombination (CR) is slowed. To these ends, we report the

preparation and characterization of a new series of conformationally fluxional copper coordination complexes that contain a twisted
intramolecular charge transfer (TICT) fluorophore as part of their ligand scaffold. Structural and spectroscopic characterization of
the Cu(I) and Cu(II) complexes formed with these ligands in their ground states establish oxidation state-dependent conformational
dynamicity, while time-resolved emission and transient absorption spectroscopies define the photophysical parameters of photo-
induced excited states. Building on initial reports with a related set of molecules, the improved ligand design presented here greatly
simplifies the observed photophysics, effectively shutting down unwanted ligand-centered excited states previously observed. Time-
dependent density functional theory (TDDFT) analyses reveal an unusual metal-to-TICT electronic transition only reported once
before, and though the formation of a CS state is not observed directly through experiments, TDDFT geometry optimizations in the
excited states support the formation of transient Cu(II) CS species, lending credence to the potential success of our approach. These
studies establish a clear model for the excited state dynamics at play in proof-of-concept systems and clarify key design parameters
for future optimizations toward achieving long-lived CS via photoinduced conformational gating.

B INTRODUCTION Scheme 1. Strategy Employed to Affect Charge Separation

. . . through Conformational Control
Energy conversion processes in biology often rely on

conformational gating mechanisms,”” where in many cases, o e ation

such mechanisms enable control over the direction of electron e e ady N%

transfer events.”* Conformational gating operates by linking 7 | !

changes in macroscopic molecular structure to changes in N /CU’\L

subatomic electronic structure at an embedded cofactor. As we N 3

seek to reconstruct our energy infrastructure, a reimagining of N /2%
our strategies may benefit from the incorporation of such |
conformational gating mechanisms within synthetic and /% N( Cu1<0
artificial systems. Herein, we present one strategy to this N N t

slowW
/ High reorganization

energy for charge
recombination (CR)
extends the lifetime
of the CS state

end, where photo-induced conformational changes in a ligand
engender control over the electronic structure of a bound
Cu(Il/I) ion. Here, we take advantage of the differential
oxidation state-dependent coordination properties of Cu(I)
and Cu(II). Incorporating a structurally dynamic fluorophore
into the ligand architecture provides a means with which to Received: June 25, 2023
link photo-induced structural changes at the ligand to control Revised:  July 26, 2023
over the relative rates of charge separation (CS) and charge
recombination (CR) (Scheme 1).

We previously reported the preparation of conformationally
dynamic Cu(I),” and Cu(II) complexes.6 Incorporation of a
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twisted intramolecular charge transfer (TICT) fluorophore
into these dynamic ligands provided the first example of our
strategy to employ photo-induced ligand conformational
changes in driving fast CS and imposing a large reorganization
energy penalty on CR.” This strategy critically relies on the fact
that Cu(I) and Cu(1I) have different coordination properties;
the former tend to adopt linear, trigonal, or tetrahedral
geometries and bind to highly polarizable ligands, while the
latter are stabilized in tetragonal coordination geometries in
the presence of weakly polarizable ligands.” Initial attempts at
leveraging these properties to gate photo-induced CS revealed
that the desired photophysical processes were dwarfed by the
predominance of unwanted ligand-centered transitions.
Through ligand modification, we have now solved this
challenge and present a clear and cohesive model for the
photophysics of these systems as determined by both ground
and excited state spectroscopic and computational methods.

B METHODS

Materials. Acetonitrile (MeCN), methanol (MeOH),
pentane, dimethylformamide (DMF), and dichloromethane
(DCM), obtained from Fisher Scientific, were purified further
using a Jorg C. Meyer Solvent Purification System in which
hydrocarbon and ethereal solvents were sparged with nitrogen
before being deoxygenated and dried by passage through QS
and activated alumina columns, respectively. Anhydrous
dimethylacetamide (DMA) was obtained from Sigma-Aldrich
and stored over activated sieves. Halogenated solvents were
sparged with nitrogen and passed through two activated
alumina columns. Water was obtained from an 18 MQ Milli-Q_
purification system. CuCl,-2H,O was obtained from Fisher
Scientific, NH,PFs from Oakwood Chemicals, and all
deuterated solvents were from Cambridge Isotope Laboratory.
CuCl, obtained from Mallinckrodt, was stirred in acetic acid
and subsequently washed with ethanol and diethyl ether before
use. Ferrocene (Fc’) was purified by recrystallization from
hexanes and [Bu,N]PF, (Oakwood Chemicals) was recrystal-
lized three times from ethanol and dried under vacuum. Ligand
starting materials dpa* and dpa® were obtained as previously
described.””'® Here, the abbreviation dpa® stands for
dipicolylaniline with the indicated (H or OMe) R-group in
the ortho-position of the aniline moiety. The abbreviation
dpan® used throughout this report stands for versions of dpa®
that also contain para-CN functional groups.

Synthetic Methods. Unless otherwise noted, all manipu-
lations were carried out under N, using standard Schlenk line
and glovebox techniques.

CuCl(dpan®e). In a vial equipped with a stir bar in an
anaerobic glovebox, CuCl (0.033 g, 0.33 mmol) was dissolved
in MeCN (2 mL), to which a solution of dpan®™¢ (0.11 g, 0.33
mmol) in MeCN (5 mL) was then added, and the solution was
stirred for 16 h. Upon completion, the solvent was removed
under reduced pressure, and the solid product was further
purified by the addition of DCM followed by pentane (4X) to
obtain the pure product as a yellow solid (0.12 g, 87%). X-ray
diffraction (XRD) quality crystals were obtained from the
filtrate of the DCM/pentane solution at —36 °C. 'H NMR
(600 MHz, CD,CL,): & 3.83 (s, 3H), 4.45 (s, 4H), 7.07—7.08
(d, J = 6.0 Hz, 2H), 7.16—7.18 (d, ] = 6.0 Hz, 1H), 7.27-7.32
(m, 4H), 7.73—7.76 (t, ] = 9.0 Hz 2H), 8.72—8.73 (d, ] = 6.0
Hz, 2H). *C{'H} NMR (600 MHz, DMSO-d): § 157.0,
152.2, 149.9, 142.7, 138.5, 125.7, 124.5, 124.2, 120.0, 119.5,
115.5, 105.2, 57.6, 56.8. IR (neat): 2222, 1595, 1258, 1150,

1026, 769 cm™'. HRMS: ESI-positive ion mode m/z [M*]
calcd. for, 428.0465; found, 428.0459. Anal. Calcd (found) for
CyoH;5CICuN,0;-(H,0)o5 (%): C, 54.80 (55.03); H, 4.37
(4.20); N, 12.78 (12.69).

[CuCl(dpan®¢)]PF,. In air, dpan®© (0.04 g, 0.12 mmol)
was dissolved in MeOH (3 mL). A solution of CuCl,-2H,0
(0.02 g, 0.13 mmol) in water (3 mL) was added and the
reaction was allowed to stir for 4 h. NH,PF, (0.08 g, 0.49
mmol) in water (5 mL) was added to the reaction, and the
solution was allowed to stir for an additional 16 h. The
resulting precipitate was filtered, washed with water, and dried
under reduced pressure to yield a light blue solid (0.04 g,
56%). XRD quality crystals were obtained from vapor diffusion
of pentane into acetone at —20 °C. IR (neat): 2237, 1611,
1447, 1287, 1124, 1013, 828, 770 cm™'. HRMS: ESI-positive
ion mode m/z [M'] calcd. for, 428.0465; found, 428.0398.
Anal. Caled (found) for: C,oH;sCICuF{N,OP: C, 41.82
(41.48); H, 3.16 (3.07); N, 9.75 (9.59).

CuCl(dpan®). In a vial equipped with a stir bar in an
anaerobic glovebox, CuCl (0.033 g, 0.33 mmol) was dissolved
in MeCN (2 mL). A solution of dpan” (0.10 g, 0.33 mmol) in
MeCN (5 mL) was then added, and the solution was stirred
for 16 h. Upon completion, the solvent was removed under
reduced pressure, and the crude solid was purified by the
addition of DCM followed by pentane (4X) to obtain the pure
product as a pale-yellow solid (0.08 g, 64%). '"H NMR (600
MHz, DMSO-d,): § 491 (s, 4H), 6.74—6.75 (br, 2H), 7.44
(br, 2H), 7.50—7.51 (br, 2H), 7.58 (br, 2H) 7.96—7.97 (br,
2H), 8.60 (br, 2H). “C{'H} NMR (600 MHz, DMSO-d,): 6
157.6, 152.1, 150.2, 138.8, 133.7, 124.1, 123.5, 120.1, 114.6,
99,6, 58.3. IR (neat): 2214, 1599, 1519, 1398, 1176, 944, 817,
760 cm™. HRMS: ESI-positive ion mode m/z [M*] calcd. for,
398.0360; found, 398.0581. Anal. Calcd (found) for
C1oH;cCICuN,-H,0: C, 54.68 (54.87); H, 4.35 (3.95); N,
13.42 (13.17).

CuCly(dpan™). In air, dpan™ (0.08 g 0.26 mmol) was
dissolved in MeOH (1 mL). To this, a solution of CuCl,-2H,0
(0.05 g, 0.29 mmol) in H,0 (1 mL) was added dropwise. The
resulting dark green solution was stirred at room temperature
overnight. The product was isolated from these conditions as a
green crystalline solid by cooling to —20 °C for two days. IR
(neat): 2216, 1599, 1515, 1437, 1178, 820, 760 cm™'. HRMS:
ESI-positive ion mode m/z [M*] calcd. for, 433.0048; found,
433.010S. Anal. Caled (found) for: CgH;(C;,CuN,: C, 52.48
(52.19); H, 3.71 (3.47); N, 12.89 (12.54).

Physical Methods and Instrumentation. 'H and *C
NMR data were collected on Bruker spectrometers operating
600 MHz at ambient temperatures. Chemical shifts are
referenced to residual solvent peaks: CDCl; (6 7.26 ppm for
'H and § 77.16 for *C), CD,Cl, (§ 5.32 ppm for 'H and §
53.84 for *C), and (CD3),SO (8 2.50 ppm for 'H and § 39.52
for *C). Steady-state UV—visible absorption spectra were
obtained on an Agilent Technologies 8454 spectrophotometer
at ambient temperature. Perpendicular-mode X-band EPR
spectra were collected using a Bruker EMX spectrometer
equipped with an ER041XG microwave bridge using the
following spectrometer settings: attenuation = 20 dB, micro-
wave power = 2.0 mW, frequency = 9.35 GHz, modulation
amplitude = 4.0 G, gain = 30 dB, conversion time = 8.01 ms,
time constant = 5.12 ms, sweep width = 2500 G and resolution
= 5000 points. EPR spectra were modeled using EasySpin/
Matlab."" Fourier-transform infrared (FTIR) spectra were
recorded on the JASCO FTIR-6600 Spectrometer using a
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Diamond ATR. High-resolution mass spectra were obtained on
a Waters Synapt G2-Si electrospray ionization instrument at
the UIUC School of Chemical Sciences Mass Spectrometry
Laboratory. CHN elemental analysis was conducted on an
Exeter Analytical CE 440 instrument in the UIUC School of
Chemical Sciences Microanalysis Laboratory.

Steady-state emission spectra were obtained on the Horiba
FluoroMax Plus spectrophotometer at ambient temperature.
Fluorescence quantum yields were determined relative to 9,10-
diphenylanthracene (®p = 0.90 when excited between 275 and
405 nm and collected between 380 and 550 nm in
cyclohexane).'" Solutions of the sample (S) under study
were prepared with OD = 0.02, 0.04, 0.06, 0.08, and 0.1 in
DCM, while solutions of the reference (R) were prepared 100-
fold more dilute in cyclohexane due to its high ®g at the
excitation wavelength used. The fluorescence spectra of each S
and R were measured using the same slit widths and
instrument settings across the series. Integrated fluorescence
intensity was plotted vs absorbance to obtain the slope of the
line as the gradient in eq 1, where subscripts S and R indicate
sample or reference, and 7 is the refractive index of the solvent.

2
_® Gradientg [&)

s RGradientR N (1)

Electrochemical Methods. Electrochemical experiments
were performed on a Pine Wavedriver 10 potentiostat using a
3.0 mm glassy carbon working electrode, a platinum wire
auxiliary electrode, and a silver wire pseudo-reference
electrode. Data acquisition was carried out at ambient
temperature (20—24 °C) in a nitrogen-filled glovebox for
solution samples containing 1.0 mM of analyte and 100 mM of
[Bu,N][PF,] supporting electrolyte dissolved in dry, degassed
CH,Cl,. All potentials were referenced to [Cp,Fe]"° redox
couple by adding ferrocene as an internal standard at the end
of each experimental run.

Crystallographic Methods. XRD data for all complexes
were collected on single crystals mounted on a glass fiber using
Paratone oil. Data were acquired with a Bruker D8 Venture
kappa diffractometer equipped with a Photon II CPAD
detector. An Ius microfocus source provided the Mo K Ka
radiation (4 = 0.71073 A) that was monochromated with
multilayer mirrors. The collection, cell refinement, and
integration of intensity data were carried out using APEX3
software. Multiscan absorption corrections were performed
numerically with SADABS. Subsequent calculations were
carried out using the SHELXTL program suite.'*”'® The
structures were solved by direct methods and refined on F2 by
full-matrix least-squares techniques. Analytical scattering
factors for neutral atoms were used throughout the analyses.
Hydrogen atoms were generated in calculated positions and
refined using a riding model. ORTEP diagrams were generated
using ORTEP-3 for Windows.

Time-Resolved Spectroscopy. Transient spectroscopy
measurements were carried out using a laser system at Argonne
National Laboratory (Spectra Physics, Spitfire, 2 kHz, 3S fs,
800 nm). For transient absorption (TA) measurements, pump
and probe beams originated from the same 800 nm pulse. The
pump beam was generated using the fourth harmonic output of
an optical parametric amplifier (TOPAS, Light Conversion) to
create 315 nm photons. The pump is mechanically chopped to
1000 Hz and focused onto the sample plane with a quartz lens.
The pump beam size was 300 ym FWHM. Approximately, 5%

of the laser output was split off and focused into a translating
CaF, crystal to produce a white light supercontinuum. Before
generating the probe, the 800 nm beam is double passed into a
retroreflecting delay line. This enabled femtosecond stepping
and up to S ns of delay. After probe generation, the beam is
collimated and re-focused onto the sample using reflective
optics to limit group velocity dispersion. In the sample plane,
the probe beam size is ~50 ym FWHM diameter. The
transmitted beam is focused into a multimode optical fiber,
which couples into a grating spectrograph that disperses the
probe wavelengths and reads single laser shots on a CMOS
detector (Ultrafast Systems, Helios). Every pump-on (Ip) and
pump-off (I;) probe pulse was measured individually, allowing
a shot-to-shot calculation of the transient signal in AOD units:
AA(AE) = logo(Io/Ip). The experiments were performed in
transmission geometry with the sample contained in a 1 mm
quartz cuvette. TA measurements were performed on DCM
solutions of dpan®*/" ligands and Cu' complexes.

Time-resolved photoluminescence (TRPL) spectroscopy
was performed using a 35 fs, 2 kHz amplified Ti:sapphire
laser (Spectra Physics, Spitfire) that pumped an optical
parametric amplifier to produce 315 nm pump pulses in the
same manner as for TA. PL was collected with a quartz lens,
passed through a long-pass filter, dispersed in a 0.15 m
spectrograph, and detected with a single-photon sensitive
streak camera detector (Hamamatsu).

Samples for both TA and TRPL were prepared in DCM in
an inert atmosphere glovebox. Bulk solutions were prepared to
have equivalent optical densities between 0.2 and 0.5 at 4 =
315 nm. After both TA and TRPL measurements, samples
were assessed for decomposition via steady-state UV—vis
absorption spectroscopy. We observed <5% sample decom-
position for both Cu(I) complexes over this time, while ligand
decomposition was <10% under the same conditions, as
assessed by UV—vis absorption spectroscopy (Table S1). fs TA
spectra were corrected for group velocity dispersion using
Surface Xplorer software (Ultrafast Systems). TRPL kinetics
were fit to either a one- or two-component sum of exponentials
convoluted with a Gaussian instrument response function. TA
kinetics were fit to a three-component sum of exponentials
convoluted with a Gaussian instrument response function. The
decay kinetics obtained from fitting are provided in the SI

Computational Methods. Ground-state geometry opti-
mizations were performed at the wB97X-D3/def2-TZVP/
SMD(N,N-dimethylacetamide) level of theory using default
optimization criteria and TightSCF settings. All calculations
were performed using Orca.’” The ten lowest lying vertical
singlet and triplet excitation energies were calculated at the
optimized ground-state geometries using time-dependent
density functional theory (TDDFT) and the Tamm—Dancoff
approximation without the use of the resolution-of-the-identity
approximation or auxiliary basis sets. Excited state geometry
optimizations were then performed following the excitation
corresponding to the lowest energy singlet excitation (S,).
Natural transition orbitals (NTO) were computed to image
the transition of electron density between ground and various
excited states in all relevant geometries.

B RESULTS

Synthesis and Structural Characterization. Dipicolyl-
amine ligands functionalized with a TICT fluorophore were
prepared by a three-step synthetic protocol described in
Schemes S1 and S2. Reductive amination of the aryl amine

https://doi.org/10.1021/acs.jpca.3c04269
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starting material,””'" followed by formylation, and oxidative
cyanation, provided dpan®™ and dpan™ in 11 and 33% overall
yields, respectively. Crystal structures of both dpan®™® and
dpan™ ligands are presented in Figure S1.

Metalation with CuCl, produced [CuCl(dpan®™¢)]PF, and
CuCl,(dpan') according to Scheme 1. Consistent with our
previous findings,”” the presence of the ortho-OMe substituent
in dpan®™° results in ethereal ligation rather than ligation from
a second chloride ligand, as is observed for the metalated
product of dpan™ (Scheme 2). Dropwise addition of a solution

Scheme 2. Preparation of CuCl(dpan®™®), CuCl(dpan®),
[CuCl(dpan®™¢)]PF,, and CuCl,(dpan*)

N “1PFg
W
e
CuCly; b\o T
NH4PFg N Nz
N [~ Nd 2
H,0/MeOH C

N uo
I i 25°C, 20 h N
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R cucl R
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é N\ = /‘@
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d R  — SA 7
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49%

of NH,PF; in MeOH facilitates precipitation of [CuCl-
(dpan®¢)]PF, and subsequent vapor diffusion of pentane
into acetone at —20 °C provided blue crystals of sufficient
quality for XRD. The The preparation of crystalline CuCl-
(dpan®™¢) was accomplished by the addition of CuCl to
dpan®™° in MeCN. The solid-state structures of CuCl-
(dpan®*) and [CuCl(dpan®™¢)]PF, are shown in Figure 1.

5 N4

7
/

(a) N

I

%\,\Q/} B

Figure 1. Single-crystal XRD structures of CuCl(dpan®™°) (a), and
[CuCl(dpan®™©)]* (b) with thermal ellipsoids plotted at 50%. Colors
are: orange, green, red, blue, and black for Cu, Cl, O, N, and C,
respectively. Co-crystallized solvent molecules, counterions, and H
atoms are omitted for clarity.

Similar conditions were used to prepare single crystal samples
of CuCl,(dpan"), where dropwise addition of a solution of
CuCl, in water to dpan™ in MeOH and storage of the product
at —20 °C provided dark green crystals. X-ray quality yellow
crystals of CuCl(dpan®™¢) were prepared by resuspending
crude CuCl(dpan®™¢) in minimal DCM, followed by
precipitation with excess pentane and storage at —36 °C.
The solid-state structure of CuCly(dpan™) is provided in
Figure S2.

The XRD structures of CuCl(dpan®™¢) and [CuCl-
(dpan®™¢)]PF4 presented in Figure 1 highlight the stark
contrast between primary coordination spheres operative in
the Cu(I) and Cu(II) complexes of dpan®™¢. We note that two
very similar structures were obtained within the unit cell for
CuCl(dpan®™¢), which are presented in Figure S3 and Table
S2. Both are best described as having three-coordinate
distorted trigonal planar coordination geometries about the
Cu(l) ion and primarily differ in their Cu--N2 distance,
varying from 2.471(2) to 2.527(2) A (Table S2). The latter
structure is featured in Figure la. Figure 1b provides the XRD
structure of [CuCl(dpan®™°)]PF,, a five-coordinate complex
with a 7 parameter of 0.20,' indicative of a distorted square
pyramidal coordination geometry (75 range from O to 1 for
square pyramidal and trigonal bipyramidal geometries,
respectively). The coordinate bond lengths surrounding the
Cu(Il) ion are all similar to those reported for [CuCl-
(dpaa®¢)]BPh, (dpaa® ligands have an acyl rather than nitrile
electron-withdrawing group but are otherwise identical).” The
7 value for CuCl,(dpan™) not only reflects its trigonal
bipyramidal coordination geometry but also reveals a
significant lengthening of the Cu—N2 bond length from
2.068(4) A for the Cu(II) structure with dpan®™* to 2.292(2)
A for the Cu(1I) structure with dpan™ (Table 1). Effects of this

Table 1. Select Bond Lengths (A) in the XRD Structures of
CuCl(dpan®¢), [CuCl(dpan®™°)]*, and CuCl,(dpan™)

CuCl(dpan®™¢) [CuCl(dpan®™e)]* CuCl,(dpan®)

Cu—-N1 2.041(2) 1.980(4) 1.975(3)

Cu--N2 2.527(2) 2.068(4) 2.292(2)

Cu—N3 1.976(2) 2.007(7) 1.979(3)

Cu—Cl 2.253(1) 2.251(2) 2.2869(9)
2.3109(8)

Cu-O 3.012(2) 2.312(3) N/A

C=N 1.144(2) 1.136(1) 1.140(1)

75 N/A 0.20 043

tighter Cu—N2 bonding interaction are also observed in the
Cu—Cl bond lengths, where the Cu—Cl bond distance in
[CuCl(dpan®*)]PF; is shortened by 0.04 and 0.06 A relative
to the Cu—Cl lengths in CuCl,(dpan™) (Table 1). Structural
results from XRD corroborate with the solid-state IR spectra
shown in Figure S4 and Table S3. Metalation with Cu(I)
results in only minor perturbations to the nitrile stretching
frequencies of the uncoordinated ligands. These data provide
additional evidence that the Cu(I) ion interacts only minimally
with N2 in either ligand framework.

Structural results from the solid state also corroborate with
solution-state structural characterization performed by EPR
spectroscopy (Figure SS). Here, the solution spectrum of
[CuCl(dpan®¢)]PF; is simulated well with a single axially
symmetric species, consistent with the square pyramidal
coordination geometry that is experimentally observed
(Table S4). Similarly, the EPR spectrum of CuCl,(dpan™) is
simulated well with a single rhombic species (Table S5),
consistent with the experimentally observed trigonal bipyr-
amidal coordination geometry by XRD (Figure S2).

Electronic Structural Characterization. Ground-state
electronic structure investigations were initiated by cyclic
voltammetry (CV). The electrochemical properties of the
Cu(I) complexes under stud7y exhibit similar properties to
those previously investigated.” Tabulated peak potentials are
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provided in Table S6, with the corresponding CVs shown in
Figure S6. The CuCl(dpan®™) redox couple is relatively
reversible (ipa/iPC =13 and E, — E. = 122 mV, where E, — E_ =
146 mV for Fc*/°) and centered at —377 mV. The
CuCl(dpan™) redox couple is slightly less reversible (iy,/i,c =
1.4 and E, — E_ = 187 mV, where E, — E_ = 127 mV for Fc'/°)
and centered at —192 mV versus Fc*/® (Table S6). The
decreased reversibility indicated by these data was expected
from our understanding of the ground state conformational
fluxionality of the Cu(I) complexes under study.’

UV—vis absorbance and emission spectra of ligands and
Cu(I) complexes are shown in Figure 2, with those of the
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Figure 2. UV—vis absorption and emission spectra of CuCl(dpan®™*)

(black solid lines), dpan°™ (gray dashed lines), CuCl(dpan®) (dark
blue solidlines), and dpan” (light blue dashed lines) in DCM, with A,
= 310 and 295 nm for dpan®™* and dpan™ ligands and complexes,

respectively.

Cu(Ill) complexes provided in the Supporting Information.
Associated extinction coefficients, absorption and emission
maxima, and quantum yields are summarized in Table 2. To
enhance our understanding of these spectra, we performed
TDDFT calculations of the excited states of the complexes and
their ligands."” The highest oscillator strength transition in
both cases corresponded to the Sy state from the TDDFT
calculation. A natural transition orbital (NTO) analysis was
carried out on the highest oscillator strength transitions of the
complexes (S;) and the ligands (S,) in their optimized ground-
state geometries (Figure 3). Here, we find that the absorbance
spectra of dpan®™© and dpan™ are dominated by the expected
TICT transition, which has ny/z — 7* character (Figures S7
and S8, respectively). For dpanH, the LUMO exhibits an

Figure 3. NTOs corresponding to the primary absorption (S;)
derived from TDDFT for CuCl(dpan®*) (a) and CuCl(dpan™) (b).

Isosurfaces correspond to cutoffs of 0.02.

additional 7* character on the pyridyl arms of the ligand
framework (Figure S7). In both cases, the TICT transition
comprises >90% of the total oscillator strength. This result is
consistent with the presence of the dialkylaminobenzonitrile
fragment, which is structurally related to the best-studied
TICT chromophore, dimethylaminobenzonitrile (DMABN)."”
As expected from its likeness to DMABN, dpan" exhibits dual
emission via both TICT and initially formed locally excited
(LE) state radiative decay pathways (Figure 2). The addition
of the ortho-OMe substituent in dpan®™* results in diminished
LE emission and only TICT emission is observed in the steady
state (Figure 2, Table 2).
The absorption spectra of dpan™ and dpan®* are only
minimally affected by binding to Cu(I). They exhibit lower
extinction coefficients and a new shoulder feature/broadening
extending toward the visible range (Figure 2, Table 2). Due to
these minimal changes, we investigated the NTOs of the
dominant absorptions (S;) in these complexes (with 98 and
88% of the total oscillator strength for CuCl(dpan®™¢) and
CuCl(dpan™), respectively) finding that the NTOs consist of a
TICT state generated by way of a metal-to-ligand-charge
transfer (MLCT, Figure 3). To our knowledge, such an ML-
TICT transition has only been reported once before.”’
Notably, the NTOs of Figure 3 correspond to the largest
oscillators in the UV region (Figure 2). In contrast, the broad
shoulder features centered at ~375 nm correspond to MLCT

Me

Table 2. Steady-State Absorption and Emission Maxima, Extinction Coeflicients, Quantum Yields, and TRPL Lifetimes and

Relative Amplitudes”

i ke (10° kymer”, (10°
Amax (nm) & M'em™) g (nm)  Aper (nm) e (ps)  Ties” (ps)  Trier (ns)© s s
dpan®M¢ 310 19,320 405 0.038(1) 8(1) 60(20)  2.30(4)7 16.5(9) 4.18(7)
CuCl(dpan°™e) 313 11,840 405 0.005(1) 9(1) 80(20)  2.30(1) 2.3(3) 4.33(2)
dpan'! 292 29,630 351 406 0.0071(3) 19(1) 290(80)  0.970(2) 7.4(2) 10.24(2)
CuCl(dpan™) 292 25,010 344 400 0.0013(7) 18(1) 180(20)  0.94(1)¢ 1.4(1) 10.6(1)

“Solutions in DCM had matched O.D. at 1., = 315 nm.

bParenthesis are 16 from fits obtained according to eq 1. “Parenthesis are 1o from fits

obtained from averaging fits to data collected on three independently prepared samples. “These two data sets were only assessed in duplicate.
Kinetics asessments were performed by averaging photons detected over A4, = 350—370 nm for LE*, and A4, = 415—435 nm for TICT* and fitting
to a two- (LE) or one- (TICT) component sum of exponentials convoluted with a Gaussian instrument response function. “Radiative and
nonradiative rate constants k, and k,, obtained from imposing the simplification that 100% of @y, originates from the TICT* state, when in reality it

ranges from 91 to 96%.
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transitions in which the acceptor orbital is localized on the
pyridyl arms of the ligands. In our time-resolved spectroscopic
studies (vide infra), we excite at 315 nm, likely giving rise to
both types of transitions. However, we have previously shown
that control experiments with TICT-inactive CuCl(dpa®)
complexes (R = H and OMe) produce excited states that
exist only fleetingly and are ~10°-fold shorter lived than the
excited state lifetimes under investigation here arising from the
ML-TICT transition.”

Comparative emission spectra of ligands and complexes are
presented in Figure 2. dpan®™° exhibits only one emission
feature that is consistent in energy and lifetime (vide infra)
with emission from a TICT excited state, while dpan™ exhibits
dual emission, consistent with emission from both LE and
TICT states. The lower intensity of emission from the Cu(I)
complexes relative to their corresponding uncoordinated ligand
is reflected in the quantum yields (®y) listed in Table 2. @y
decreases ~7-fold for both complexes relative to their
uncoordinated ligands. In previous studies with dpaa® ligands
featuring an acyl electron-withdrawing group instead of a
nitrile, we observed a similar phenomenon with R = OMe.
However, for R = H, ®; was relatively unaffected by the
presence of Cu(I).” In those systems, dpaa® emits primarily
(~85%) from the LE state while dpaa®® emits primarily
(~95%) from the TICT state. Combined with the current
results, these cumulative data suggest that emission quenching
in the presence of Cu(l) is facilitated by TICT-active ligands.

Time-Resolved Photoluminescence (TRPL) Spectros-
copy. To gain insight into the excited state decay pathways
operative in these complexes, LE and TICT emission lifetimes
(tiz and Tpcr, respectively) of dpan®, dpan™, and their
corresponding Cu(I) complexes were measured by TRPL
spectroscopy. The results of these studies are summarized in
Table 2 and exemplary data are presented in Figures S9—S10.
All samples were excited at 315 nm, and photons counted over
a spectral range of 250—740 nm. Time ranges of 0—120 ps and
0—50 ns were selected to assess LE and TICT excited state
decay processes, respectively. Unlike what we observe in the
steady state, time resolution reveals that a discrete LE state
does exist for dpan®® and CuCl(dpan®°). The kinetics of
TICT decay were analyzed by averaging photons detected on
the S0 ns timescale over 415—435 nm and fitting to a
monoexponential decay. LE kinetics were assessed by
averaging photons detected on the 120 ps timescale over
350—370 nm and fitting to a biexponential decay. In all cases,
the relative amplitudes of these decay traces at ¢t = 0 reveal that
>85% of emission intensity originates from the TICT state
(Figures $9—S10).

Lifetimes of TICT emission range from ~1 to 2 ns across
this series, consistent with literature reports of nitrile-based
TICT fluorophores.”’ ~** Lifetimes of LE emission required a
biexponential fit to accurately encapsulate relaxation to the
ground state (7;;), and decay into the TICT state (7p,).
Consistent with the literature on DMABN, 7;5, arising from
decay to ground range from ~10 to 20 ps, while 7g, arising
from decay to the TICT state range from ~60 to 300 ps.
Combining the TICT lifetimes measured by TRPL spectros-
copy, and the @ measured in the steady state, we are able to
approximate radiative and nonradiative contributions to the
observed TICT lifetimes (k, and k,, in Table 2), where this
analysis requires that we assume (incorrectly) that 100% of @y
originates from a TICT state. This approximation inherently
incurs a 5—10% error based on an analysis of the relative

amplitudes of TICT and LE signals at the start of the S0 ns and
120 ps timescale measurements, respectively. Notwithstanding,
the approximation is useful in understanding the photophysical
processes at play in these dual emissive systems. We find that
k, are identical for each set of ligand/complex and that
differences in @ result purely from differences in k, (Table

2).7

TA Spectroscopy. To gain further insight into the excited
state processes at play we performed fs TA spectroscopy.
Spectral traces observed for dpan®™¢ and CuCl(dpan®™¢) are
provided in Figure 4, while the spectral traces observed for

(a)

350 400 450 ) 500 550
Wavelength (nm)

(b)

350 A 400 450 500 50
Wavelength (nm)

Figure 4. TA spectra collected at —1, S, 50, 100, 250, 500, and 3000
ps (dark to light) upon excitation of dpan®™* (a) and CuCl(dpan®™*)
(b) at 4., = 315 nm in DCM.

CuCl(dpan™) are provided in Figure S11. All three samples
exhibit similar excited state absorbance (ESA) features to that
of the well-studied TICT fluorophore, DMABN.”*~** On the
timescale of our experiments (to 3 ns) the spectra primarily
feature S, — S, transitions exhibiting a sharp feature centered
at ~350 nm and a broad feature spanning the region >400 nm.
At late time points, evidence for the expected T, — T,
transitions can be seen in the higher energy region (lightest
blue traces in Figure 4).”> The line shapes for ligand versus
metal complex differ slightly, but kinetics analyses (Figure S12)
reveal that similar processes are operative in the presence and
absence of metal. As shown in Table 3, fitting these data to a
triexponential function to encapsulate the LE decay to ground

Table 3. Excited State Lifetimes from TA Spectroscopy”

7 (PS) T (PS) 73 (ns)
dpan®™e 10(3) 90(20) 1.5(2)
CuCl(dpan®™) 11(5) 100(40) 2.0(3)
CuCl(dpan™) 8(2) 90(10) 24(3)

“Lifetimes were obtained by fitting spectral slices taken at S00 nm for
dpan®™¢, 490 nm for CuCl(dpan®™¢), and 475 nm for CuCl(dpan®)
to a sum of exponentials convoluted with a Gaussian instrument
response function. Parentheses represent 1o relative to the fit.
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state, LE decay to TICT, and TICT decay, produces lifetimes
that are consistent with our kinetics assessments by TRPL
spectroscopy. Nearly identical values were obtained by fitting
the TA decay across a range of wavelengths in the visible
region, suggesting that all three lifetimes arise from excited
states with spectral overlap (Figure S13). Gratifyingly, we
observe <5% sample degradation for both metal complexes (as
assessed by UV-—vis abs spectroscopy, Table S1) under
photochemical conditions (i.e., after ~3.3 X 10° laser shots
at 500 W power). This stability may result directly from the
ability of dpan® ligands to accommodate the conformational
changes inherent to Cu(II/1) redox chemistry.*

Excited State Geometry Optimization. Intrigued by our
NTO analyses that predict the generation of a TICT state via
MLCT, we performed excited state geometry optimizations to
compute a predicted molecular structure upon photoexcitation.
In performing excited state optimizations, we make the
assumption that the excitation to the highest absorbing state
of the complexes (S;) rapidly relaxes to the lowest lying excited
state (S;), and thus perform excited state geometry
optimizations using the S, states. The results of these
calculations are depicted in Figures S and S14, with select
bond distances and angles listed in Tables 4 and S7.

Table 4. Select Bond Lengths (A) and Angles (°) from
Ground and Excited State Geometry Optimizations”

Cu-N2 Cu-O N2:-Cu-Cl torsion angleb
CuCl(dpan®™¢) 2.554 2.961 139.2 54.4
[CuCl(dpan®™¢)]* 2.090 2.468 171.3 39.2
[CuCl(dpan®Me)]* 2.153 2.541 170.6 41.9

“wB97X-D3/def2-TZVP/SMD DFT and TDDFT geometry opti-
mizations of the Sy, S,*, and S, electronic states. Corresponding
geometries provided in Supporting Information. YDefined as the angle
formed between the Cu—N2 vector and the plane of the phenyl ring.

Experimentally, we observe that the coordination geometries
of Cu(I) and Cu(Il) within the dpan® ligand scaffold are
distinct from one another (Figure 1). This result is also
reproduced computationally. The geometry-optimized struc-
tures of CuCl(dpan®¢) and [CuCl(dpan®™¢)]* also support
that significant rearrangements take place upon oxidation of
the neutral Cu(I) complexes (bottom row in Figure S).
Performing geometry optimizations on the lowest energy (S,)
excited states, we found that they converge to a coordination
environment that is strikingly similar to the ground state
Cu(II) structures (top row in Figure 5). Of particular note are
the Cu—N2 bond distances, which serve as a key metric for the
detection of Cu(II) character and contract by ~0.4 A upon
oxidation (Tables 1 and 4). The similarities between
[CuCl(dpan®°)]* and [CuCl(dpan®™°)]* are not repro-
duced for [CuCl(dpan™)]* and [CuCl(dpan™)]* (Figure S14
and Table S7). These observations lend credence to our ligand
design strategy, wherein the ortho-OMe substituent serves as a
key component capable of locking in a transiently formed
Cu(II) species. The results presented here are also consistent
with our prediction that the photogenerated TICT state forms
by way of MLCT and provide precedence for our strategy of
using phototriggered structural rearrangements to engender
control over the formation and decay of a CS state.

% 3
ANy &

S,

h}fék
g o5

Figure 5. Ground (S, and S,") and excited (S,) state geometry
optimized structures of [CuCl(dpan®™¢)]*/%* highlighting the
similarities between the Cu(Il) coordination environment (S,") and
that formed in the excited state (S,).

B DISCUSSION AND CONCLUSIONS

Ground state structural and solution characterization of
CuCl(dpan®¢) supports that we have successfully prepared
a coordination complex capable of stabilizing Cu(I) and
Cu(Il) in distinct coordination geometries and environments.
Investigating the UV—vis absorption and emission properties
of the dpan®™ ligand and its complex with Cu(I) reveals that
an unusual MLCT-generated TICT state comprises the
primary (98%) oscillator in the Cu(I) complex. Surprisingly,
we do not see the redshift in the absorption spectra of these
complexes that would normally be expected for an MLCT
transition. A previously published report from Meneghetti et al.
reveals a similar phenomenon in a series of ferrocene-
functionalized acceptor molecules that also have orthogonal
HOMO and LUMO orbitals, suggesting that this aspect may
be relevant.”’

Emission from the Cu(I) complexes under study is
quenched relative to emission from the ligands alone.
Combined with analyses from TRPL spectroscopy, we are
able to attribute the decreased @y of the complexes relative to
their uncoordinated ligands to decreases in k,. In our previous
work, we observed a similar phenomenon in the case of the
TICT-active dpaaOMe ligand and complex. However, in those
studies, we did not observe quenching of dpaaH ligand
emission in the presence of Cu(I). The dpaa™ ligand is only
weakly TICT emissive, while in the present study, dpan® is
strongly TICT emissive. Together, these findings indicate that
modulation of k, occurs via a metal-functionalized TICT
excited state. This result may have implications in the design of
new molecules and materials for which manipulation of k,
represents a key strategy toward achieving high luminosity.

The photophysics of dpaa® ligands and complexes explored
previously were dominated by undesirable ligand-centered
excited state transitions. The TA spectra exhibited intense
ESAs consistent with acyl-mediated 7 — 7* and ny, — #*
transitions, where vibrational coupling of the acyl group with
the aromatic ring allowed easy access to these unwanted
excited states.””””® We reasoned that by changing the acyl
group to a nitrile group, the associated vibrational states would
be energeticall_;r mismatched for efficient coupling to the
aromatic ring.” Gratifyingly, we found that this modification
greatly simplifies the TA spectra (Figure 4). We are now able
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to describe the photophysics in these systems with a simple
Jablonski diagram (Figure 6) relevant to many TICT

LE*
A

TLE2

TICT*
hv TLE1

TricT

\/

Figure 6. The Jablonski diagram established for TICT fluorophores is
in good agreement with our observations by TA and TRPL
spectroscopies in which three lifetimes are observed.

fluorophores in which excitation produces dual emissive states
(LE and TICT). We observe both of these states by TRPL and
can measure the conversion of LE to TICT, producing
lifetimes that are consistent with previous reports on related
DMABN molecules.”>*? 73

The energies of TICT emission remain essentially
unchanged upon complexation with Cu(I) (Table 2). This
observation is in line with the XRD data listed in Table 1; the
interaction between N2 and the Cu ion is weak. We have
previously shown that this weak interaction enables dynamicity
among this family of complexes in solution.”® Similarly here, i
the interactions between N2 and Cu(I) were strong, we might
expect to see more substantial shifts in TICT emission upon
metallation.>** Perhaps for these reasons, our analyses of the
TRPL data on these ligands and complexes reveal that the
lifetimes of LE and TICT emission, and the rates of conversion
of the former to the latter, agree well with those reported for
DMABN and related organic compounds.”****¢ According to
all of these findings, it was a surprise to us that excited state
geometry optimization of the two Cu(I) complexes support
the formation of a transient CS state. However, given the
unique structural signatures of the two oxidation states, our
computational results are clear. Contrasted with the equally
unambiguous spectroscopic results suggesting that the
presence of Cu(I) has little effect on the excited state lifetimes
of the ligand fluorophores, the findings reported here pose a
thought-provoking paradigm. Having recently determined the
inner sphere reorganization energies associated with the
Cu(II/I) self-exchange reactions among this family of
complexes in the dark,”’ we are poised to investigate the
effects of driving force modifications on CS lifetimes. Our work
is set for future studies.
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