
1 Energy Migration Processes in Re(I) MLCT Complexes Featuring a
2 Chromophoric Ancillary Ligand
3 Kaylee A. Wells, James E. Yarnell, Jonathan R. Palmer, Tia S. Lee, Christopher M. Papa,
4 and Felix N. Castellano*

Cite This: https://dx.doi.org/10.1021/acs.inorgchem.0c00644 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

5 ABSTRACT: We present the synthesis, structural characterization,
6 electronic structure calculations, and ultrafast and supra-nanosecond
7 photophysical properties of a series of five Re(I) bichromophores
8 exhibiting metal to ligand charge transfer (MLCT) excited states
9 based on the general formula fac-[Re(N∧N)(CO)3(PNI-py)]PF6,
10 where PNI-py is 4-piperidinyl-1,8-naphthalimidepyridine and N∧N
11 is a diimine ligand (Re1−5), along with their corresponding model
12 chromophores where 4-ethylpyridine was substituted for PNI-py
13 (Mod1−5). The diimine ligands used include 1,10-phenanthroline
14 (phen, 1), 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (bcp, 2),
15 4,4′-di-tert-butyl-2,2′-bipyridine (dtbb, 3), 4,4′-diethyl ester-2,2′-
16 bipyridine (deeb, 4), and 2,2′-biquinoline (biq, 5). In these metal−organic bichromophores, structural modification of the diimine
17 ligand resulted in substantial changes to the observed energy transfer efficiencies between the two chromophores as a result of the
18 variation in 3MLCT excited-state energies. The photophysical properties and energetic pathways of the model chromophores were
19 investigated in parallel to accurately track the changes that arose from introduction of the organic chromophore pendant on the
20 ancillary ligand. All relevant photophysical and energy transfer processes were probed and characterized using time-resolved
21 photoluminescence spectroscopy, ultrafast and nanosecond transient absorption spectroscopy, and time-dependent density
22 functional theory calculations. Of the five bichromophores in this study, four (Re1−4) exhibited a thermal equilibrium between the
23

3PNI-py and the triplet 3MLCT excited state, drastically extending the lifetimes of the parent model chromophores.

24 ■ INTRODUCTION

25 Rhenium(I) carbonyl diimine (Re-CDI) complexes of the
26 generic form fac-[Re(N∧N)(CO)3(L)]

+ (where N∧N is a
27 bidentate diimine ligand and L is a neutral ligand or anion)
28 have been of interest to researchers since the first publication
29 by Wrighton and co-workers in the 1970s due to their diverse
30 photophysical behavior.1 These molecules are thermally and
31 photochemically stable, exhibit expansive photophysical
32 tunability, and are relatively easy to synthesize.2 Since
33 Wrighton and co-workers first reported a comprehensive
34 investigation into Re(I)-CDI complexes, these molecules have
35 become pivotal to the study of excited-state electron transfer
36 (ET) and energy transfer (EnT) processes. Applications that
37 utilize such excited-state chemistry include photochemical
38 molecular devices, solar energy conversion, photovoltaics,
39 chemical sensing, photoredox catalysis, and biotechnology
40 applications such as DNA intercalation, along with many
41 others.3−11

42 The myriad applications of Re-CDI complexes directly
43 results from their low-energy, visible absorption bands and
44 their long-lived, solvent-sensitive, lowest energy triplet metal to
45 ligand charge transfer (MLCT) excited states that are strongly
46 photoluminescent.2,3,5,8 The structure of these molecules

47enables facile synthetic manipulation of the diimine or ancillary
48ligands, resulting in deterministic changes to the triplet MLCT
49photoluminescence (PL). Variation of the ancillary ligand
50modulates the energy levels of the Re(I) dπ orbitals and
51therefore the HOMO energies.1,12,13 In contrast, modification
52of the diimine ligand affects the first reduction potential of the
53Re-CDI, altering the charge transfer energy via changes in the
54LUMO energy. When the HOMO and LUMO gap is changed
55through ligand modification, the MLCT energy correspond-
56ingly changes.1,12,13 Moreover, extension of the π conjugation
57or addition of an organic chromophore to either the diimine
58ligand or ancillary ligand generates ligand-centered (LC)
59excited states in these molecules. Strategic adjustments in the
60ligand moieties can increase the visible absorption cross
61sections and may rigidify the molecular framework to decrease
62nonradiative decay in the resultant metal complexes which
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63 improves their effectiveness toward ET and EnT processes.
64 Previously, reversible energy transfer at room temperature has
65 been reported when energetically proximate inorganic and
66 organic chromophores were fused together in the same MLCT
67 complex.14 These polychromophoric systems can be designed
68 to access synergetic properties of the composite chromo-
69 phores, including lifetime extension, which is imperative to
70 many applications for a number of research groups,14−25

71 including our own.26−31

72 We have extensively investigated the intriguing photo-
73 physical properties that arise after linking 4-piperidinylnaph-
74 thalimide (PNI) and other naphthalimide (NI) derivatives to
75 transition-metal complexes.4,32−34 In 2011, Yarnell and co-
76 workers demonstrated that, when PNI was covalently linked to
77 the 5-position of 1,10-phenanthroline on a Re-CDI, the
78 molecule exhibited “ping-pong” energy transfer between the

f1 79 MLCT and PNI excited states (Figure 1). In that study, time-

80 resolved PL and transient absorption (TA) spectroscopy from
81 the subpicosecond to the microsecond time domain were
82 utilized to monitor the excited-state dynamics of the complex.
83 These spectroscopic measurements revealed energy transfer
84 from 1PNI to the 1MLCT excited state through Förster
85 resonance energy transfer (FRET) featuring a time constant of
86 43 ps, ultimately yielding the 3MLCT excited state.
87 Furthermore, the 3MLCT state participated in back energy
88 transfer (reverse triplet−triplet energy transfer, rTTET) to the
89 triplet manifold of the PNI subunit within 20 ns through a
90 Dexter-like process. Due to the energetic proximity (ΔE =

911680 cm−1) and the rapid rate of energy transfer occurring
92between the two triplet excited states, the thermal equilibrium
93process extended the excited-state lifetime of the parent Re-
94CDI from 197 ns to 651 μs.4

95Although this initial study established the precedence for
96lifetime extension and increased visible absorption cross
97sections resulting from the fusion of inorganic and organic
98chromophores, there were a few remaining questions that
99could not be addressed. If low fluorescence quantum yield
100organic chromophores were used instead of the highly emissive
101PNI chromophore, could singlet energy transfer still occur?
102Additionally, what energy gap between the 3MLCT and 3LC
103excited states is sufficient for rTTET to occur effectively at
104room temperature? To address these concerns, we studied the
105effects of five weakly emissive NIs on the rate of FRET from
106NI to Re-CDI while investigating the effects of varying the
107energy levels of the NI fragment on the resulting thermal
108equilibrium between the NI and Re-CDI subunits. In these
109instances, four of the five bichromophores studied still
110exhibited “ping-pong” energy transfer behavior.31

111While we have examined the influence of NI donor ligands
112on the resultant energy transfer processes, the influence of the
113MLCT energetics on these processes has never been
114addressed. In particular, what happens when the MLCT
115energy levels are altered without changing those of the ligand-
116centered excited state? To significantly modify the energy
117levels of the MLCT excited states in Re-CDI complexes, the
118diimine ligand must be changed; therefore, the previous
119approach where the NI subunit was covalently linked to the
120backbone of 1,10-phenanthroline can no longer be used.
121Instead the PNI chromophore for the current series was
122appended onto the Re(I) core through the 4-position of the
123ancillary pyridine ligand, freeing up the diimine ligand for
124systematic alteration. Here, five newly conceived Re(I)
125bichromophores, fac-[Re(phen)(CO)3(PNI-py)](PF6) (phen
126= 1,10-phenanthroline, 1), fac-[Re(bcp)(CO)3(PNI-py)](PF6)
127(bcp = 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline, 2), fac-
128[Re(dtbb)(CO)3(PNI-py)](PF6) (dtbb = 4,4′-di-tert-butyl-
1292,2′-bipyridine, 3), fac-[Re(deeb)(CO)3(PNI-py)](PF6)
130(deeb = 4,4′-diethyl ester-2,2′-bipyridine, 4), and fac-[Re-
131(biq)(CO)3(PNI-py)](PF6) (biq = 2,2′-biquinoline, 5) (Re1−
1325, respectively) along with five Re(I) model MLCT
133chromophores, fac-[Re(N∧N)(CO)3(4-etpy)](PF6) (where
134N∧N = phen, bcp, dtbb, deeb, biq and 4-etpy is 4-
135 f2ethylpyridine), (Mod1−5, respectively; Figure 2) were
136synthesized and investigated using steady-state and time-

Figure 1. Qualitative energy level diagram describing the “ping-pong”
energy transfer process between the Re(I) MLCT and PNI excited
states.4

Figure 2. Re(I) chromophores and Re(I)-PNI bichromophores investigated in this study.
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137 resolved PL and electronic spectroscopy as well as computa-
138 tional modeling to determine the effects of varying the MLCT
139 energy levels on the energy transfer processes in the Re(I)
140 bichromophores. It is interesting to note that, in addition to
141 determining what energy gaps are necessary to enable the
142 various energy transfer processes in Re1−5, the proposed
143 architecture of these bichromophores enables examination of
144 the effect of the physical separation between the two
145 constituents on the rate of respective photophysical processes
146 and whether these processes can be partially or completely
147 attenuated in the spatial separation achieved across these
148 conserved molecular geometries.

149 ■ EXPERIMENTAL SECTION
150 Reagents and Chemicals. All syntheses were performed under
151 an inert, dry nitrogen atmosphere using standard techniques. All
152 reagents were purchased from Sigma-Aldrich or Alfa Aesar and used
153 as received. Spectroscopic samples were prepared using spectroscopic-
154 grade tetrahydrofuran and were degassed using the freeze−pump−
155 thaw technique for at least four cycles. The diimine ligand deeb was
156 synthesized according to literature procedures and used without any
157 additional purification.35 Complete synthesis and structural character-
158 ization details for all molecules investigated here are provided as
159 Supporting Information.
160 General Techniques. 1H NMR spectra were recorded with a
161 Varian Innova 400 instrument operating at a working frequency of
162 400 MHz. Electronic absorption spectra were measured with a
163 Shimadzu UV-3600 and Cary 60 UV/vis spectrophotometer. Steady-
164 state photoluminescence spectra were measured on an Edinburgh FLS
165 980 or an Edinburgh FS920 fluorimeter. Quantum yield measure-
166 ments were performed using degassed samples with [Ru(bpy)3]-
167 (PF6)2 in acetonitrile as a standard (λem 621 nm, Φp = 0.095)36 for
168 both the PNI-py and model complexes. The PNI-py complexes
169 (Re1−5) were referenced to an additional standard, PNI in toluene
170 (λem 498 nm, Φf = 0.91).37 Attenuated total reflectance Fourier-
171 transform infrared (ATR-FTIR) spectroscopy on solid samples was
172 conducted using a Bruker Alpha Platinum ATR instrument. High-
173 resolution electrospray mass spectrometry was carried out by the
174 Michigan State University Mass Spectrometry Core, East Lansing, MI.
175 Elemental analyses were determined by Atlantic Microlab, Inc.,
176 Norcross, GA.
177 Electrochemistry. Differential-pulse voltammetry (DPV) meas-
178 urements were performed using a CH Instruments Model 600E series
179 potentiostat. The measurements were carried out under an inert and
180 dry atmosphere of nitrogen in a glovebox (MBraun). Reduction
181 potentials were recorded in tetrahydrofuran containing 0.1 M
182 tetrabutylammonium hexafluorophosphate (TBAPF6) as the support-
183 ing electrolyte. A platinum disk was used as the working electrode
184 (1.6 mm), a platinum wire as the counter electrode, and Ag/AgNO3
185 as the reference electrode.
186 Femtosecond Transient Absorption Spectroscopy. The
187 transient absorption measurements were performed at the NCSU
188 Imaging and Kinetic Spectroscopy (IMAKS) Laboratory using a
189 mode-locked Ti:sapphire laser (Coherent Libra) as described
190 previously.38 The pump beam was directed into a parametric amplifier
191 (Coherent OPerA Solo) to generate the 400 nm excitation. The
192 probe beam was focused onto a calcium fluoride crystal to generate a
193 white light continuum between 350 and 775 nm. The pump beam
194 (∼700 μm) was focused and overlapped with the probe beam through
195 a 2 mm path length cuvette to allow for a stir bar to be used. The
196 ground-state absorption spectra were taken before and after each
197 experiment to ensure there was no sample photodegradation during
198 the experiment. The transient kinetic data at specific wavelengths was
199 evaluated using the fitting routines available in OriginPro 2018b (v
200 9.55).
201 Nanosecond Transient Absorption Spectroscopy. Nano-
202 second transient absorption measurements were collected with a
203 LP920 laser flash photolysis system from Edinburgh Instruments. A

204Vibrant 355 Nd:YAG/OPO system (OPOTEK) was used for pulsed
205laser excitation for single wavelength kinetics. A Continuum Minilite
206Nd:YAG laser with 355 nm excitation was used to obtain the transient
207absorption difference spectra. To collect the transient absorption
208difference spectra in the visible portion of the spectrum, an iStar
209ICCD camera (Andor Technology) controlled by the LP920 software
210program was used. Samples were degassed using the freeze−pump−
211thaw technique for at least four cycles in a 10 mm path length quartz
212optical cell. Samples were prepared to have optical densities between
2130.2 and 0.8 at the excitation wavelength (λex 355 nm for difference
214spectra and λex 410 nm for single-wavelength kinetics). All flash-
215photolysis experiments were performed at room temperature unless
216otherwise noted. The reported difference spectra and kinetic data are
217the average of 100 laser pulses. The ground-state electronic
218absorption spectra were recorded before and after each experiment
219to ensure no sample photodegradation. The transient kinetic data
220were evaluated using the fitting routines available in Origin Student
2212018b (v. 9.55).
222Time-Resolved Photoluminescence (TR-PL) Intensity Decay
223Measurements. Single-wavelength photoluminescence emission
224intensity decays for the model complexes (Mod1−5) and Re5 were
225acquired with an LP920 laser flash photolysis system (Edinburgh
226Instruments) using the Vibrant 355 Nd:YAG/OPO system
227(OPOTEK) as the excitation source (λex 410 nm). Photo-
228luminescence decays were collected at their respective emission
229maxima. Time-gated emission spectra were collected using the same
230apparatus, except the 355 nm Minilite Nd:YAG laser was used for the
231excitation source instead. Emission spectra were collected using an
232iStar ICCD camera (Andor Technology), controlled by the LP920
233software program. The reported time-gated emission spectra are the
234average of 100 laser pulses. For Re1−4, the single-wavelength
235emission intensity decays could not be obtained using the LP920 laser
236flash photolysis system or a nitrogen-pumped broad-band dye laser
237(2−3 nm fwhm) from PTI (GL-3300 N2 laser, GL-301 dye laser),
238using an apparatus that has been previously described.26 Due to the
239significant amount of unquenched fluorescence from the PNI-py
240ligand, reliable decays of the phosphorescence could not be recorded
241even when the red edge of the MLCT emission band was probed and
242are therefore not reported in this study.
243Density Functional Theory (DFT) Calculations. The calcu-
244lations utilized in this work were performed using the Gaussian 16
245software package (Revision A.03)39 and the computational resources
246of the North Carolina State University High Performance Computing
247Center. Ground-state and lowest energy triplet-state geometry
248optimizations were performed using the M06 functional,40 along
249with the Def2-SVP basis set of the Alrichs group as implemented in
250Gaussian 16 for all nonmetal atoms.41 The Stuttgart−Dresden
251effective core potentials (ECP) were used to replace the core
252electrons in rhenium for all calculations.42 An f-polarization function
253was also added to the rhenium.43 The polarizable continuum model
254(PCM) was used to simulate the tetrahydrofuran solvent environment
255for all calculations except the ground state geometry optimizations, in
256which the optimization was performed under vacuum followed by a
257single-point energy calculation with the PCM correction.44 Frequency
258calculations were performed on all optimized structures, and no
259imaginary frequencies were found. An ultrafine grid was used in all
260calculations. The molecular orbitals involved in the low-lying singlet
261transitions as well as the triplet spin density surfaces were generated
262using GaussView 6.0.45

263Time-Dependent DFT (TD-DFT) Calculations. Time-depend-
264ent calculations were performed on each respective optimized ground-
265state geometry using the Gaussian 16 software package (Revision
266A.03)39,46−48 and the computation resources of the North Carolina
267State University High Performance Computing Center. The
268calculations were performed using the same level of theory as in the
269DFT calculations described above. The polarizable continuum model
270(PCM) correction was used to simulate the tetrahydrofuran solvent
271environment for all calculations.44 The energy and oscillator strength
272were computed for each of the 50 lowest singlet excitations. The UV/
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273 vis spectra were generated from the singlet excitations using
274 GaussView 6.0.45

275 ■ RESULTS AND DISCUSSION

276 Synthesis. The PNI-py ligand and fac-[Re(N∧N)-
277 (CO)3(PNI-py)](PF6) (Re1−5) and fac-[Re(N∧N)(CO)3(4-
278 etpy)](PF6) (Mod1−5) (where N∧N = phen (1), bcp (2),
279 dtbb (3), deeb (4), biq (5)) were synthesized as outlined in

s1 280 Scheme 1 using modified procedures available from the
281 literature.49,50 The PNI-py ligand was prepared by refluxing
282 4-nitro-1,8-naphthalic anhydride with an excess of 4-amino-
283 pyridine in toluene containing triethylamine for 3 days at 120
284 °C to generate the 4-pyridyl-4-nitro-1,8-naphthalimide (NNI-
285 py) intermediate. The isolated NNI-py species was then
286 refluxed with an excess of piperidine in DMF for 2 h at 170 °C

287to obtain the pure final product, PNI-py, in 84% yield. The
288Re(I) complexes were prepared by departing from the
289analogous Re(N∧N)(CO)3Cl

51 precursor that was treated
290with 1.02 equiv of AgBF4 for 3 h in acetonitrile at 85 °C
291shielded from light. The reaction solution was filtered through
292Celite and the residue washed with acetonitrile. The
293acetonitrile filtrate was removed via rotary evaporation, and
294the ancillary ligand of choice was added in a 1.2 equiv amount
295(PNI-py) or in large excess (4-etpy) and refluxed for 24 h at 85
296°C in chloroform. Once isolated, the final product underwent a
297metathesis precipitation reaction to exchange the BF4

− anion
298for the BF6

− anion using NH4PF6 (concentrated NH4PF6
299solution added to a 1/1 methanol/acetone mixture). The
300isolated molecules were then recrystallized as necessary in
301dichloromethane and hexanes to obtain each product in

Scheme 1. Synthesis of PNI-py, the Re1−5 Bichromophores, and the Mod1−5 Model Chromophores49,50

Figure 3. Representative schematic diagram of the HOMO, LUMO, and LUMO+1 of the model complexes (Mod3 above) and rhenium
bichromophores (Re3 below).
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302 acceptable yield. The final products (Re1−5 and Mod1−5)
303 were characterized using 1H NMR spectroscopy, high-
304 resolution electrospray mass spectrometry, elemental analysis,
305 ATR-FTIR, and electrochemistry (Mod1−5 only) (Figures
306 S3−S23 and Table S1). These molecules are all thermally and
307 photochemically stable in a range of organic solvents and in the
308 solid state.
309 Electronic Structure Calculations. Density function
310 theory (DFT) calculations at the M06//Def2-SVP/SDD
311 level of theory in THF (PCM) were performed on all
312 molecules in this study to obtain the geometry-optimized
313 ground state (S0) (Table S2). For Mod1−5, the HOMO
314 consisted of primarily d orbitals and the LUMO consisted of
315 primarily diimine π* antibonding orbitals (Figure S24). Re1−
316 5 have a HOMO that consists of a π-bonding interaction on
317 the PNI-py ligand in which the electron density resides over
318 the naphthalimide and piperidine units. The LUMO consists of
319 diimine π* antibonding orbitals, and the LUMO+1 (LUMO+2
320 for Re1) consists of a π* antibonding interaction localized on
321 the PNI-py ligand, where the electron density migrates away
322 from the piperidine and localizes more extensively on the
323 naphthalimide subunit (Figures S25 and S26). Time-depend-
324 ent DFT (TD-DFT) calculations at the same level of theory
325 were performed to demonstrate which electronic transitions
326 occurred upon ∼400 nm excitation (Table S3). All model
327 complexes exhibited intense MLCT (dπ(Re) → π*(N∧N))
328 transitions resulting from HOMO to LUMO excitation except
329 for Mod5, in which the most intense transition was HOMO-1
330 to LUMO. The electron density in the HOMO resides
331 primarily on the t2g orbitals of the Re(I) center with little
332 contribution from the pyridine ring and the electron density
333 resides on the diimine ligand in the LUMO in Mod1−5

f3 334 (Figure 3). The HOMOs of Re1−5 feature electron density
335 centralized on the naphthalimide moiety in a bonding
336 interaction. The LUMOs are centralized on the Re(I) dπ
337 orbitals and the respective diimine ligand. The LUMO+1 is
338 centralized on the naphthalimide in an antibonding interaction
339 except for Re1, where the LUMO+1 has electron density on
340 the π*(phen) and LUMO+2 is similar to the LUMO+1 of
341 Re2−5. The HOMOs located on the PNI-py ligand have
342 identical energies in Re1−5 (−6.55 ± 0.01 eV), while the
343 corresponding LUMO+1 (LUMO+2 in Re1) energies are also
344 the same (−2.74 ± 0.01 eV). The energies of the LUMOs
345 (electron density on the diimine ligand) in Mod1−5 are
346 comparable to the energies of the LUMOs (electron density of
347 the diimine ligand) calculated in Re1−5 (Table S4). These
348 combined data illustrate that the MLCT transition (dπ(Re) →
349 π*(N∧N)) energy remains the same irrespective of the nature
350 of the ancillary ligand, indicating that there is no major change
351 in the electronic transitions between Mod1−5 and Re1−5.
352 Triplet spin density calculations also aided in the determi-
353 nation of the lowest excited state configuration in all molecules
354 (Figure S27). In Mod1−5, the triplet spin character was
355 indicative of a 3MLCT* (dπ(Re) → π*(N∧N)) excited state,
356 as the spin density was distributed over the Re atom and
357 diimine ligands. For Re1−3, the triplet spin density rested
358 entirely within the PNI-py ligand, Re4 had triplet spin density
359 on the Re atom and the deeb and PNI-py ligand fragments,
360 and Re5 had triplet spin resembling that of Mod5, in which it
361 resides on the Re atom and biq ligand.
362 Static Absorption and Photoluminescence Spectros-
363 copy. The PNI-py chromophore used in this study is similar
364 to another naphthalimide, PNI-tol, which has been extensively

365studied, where they differ only in the substituent on the imide
366nitrogen (pyridine and toluene, respectively).4,15,28,32,33,37 The
367combination of the absorption spectra of the Re(I) MLCT
368model chromophores (Mod1−5) in concert with PNI-py
369effectively reproduces the authentic electronic spectra of the
370Re(I) bichromophores Re1−5 (Figure S28). This indicates
371that the addition of the PNI subunit to the pyridine bound to
372the Re(I) CDI core does not significantly alter the electronics
373of the resultant complexes. During preliminary photo-
374luminescence studies, it was evident that the free PNI-py
375ligand interacted with the THF solvent, requiring us to identify
376an alternative model chromophore for the free ligand.
377Therefore, PNI was used as a free ligand surrogate due to
378their similar photophysical characteristics.37,52

379The UV−vis absorption spectra were collected in aerated
380THF, and the corresponding photoluminescence spectra were
381measured in deaerated THF. The steady-state absorption and
382photoluminescence spectra for Mod1−5 and Re1−5 are
383 f4f5t1presented in Figures 4 and 5, respectively. Additional

384 t1spectroscopic results are summarized in Table 1. The lowest
385energy absorption bands of Mod1−5 (Figure 4a) are assigned
386to MLCT transitions, analogous to related molecules.12,13,53−55

387The higher energy absorption bands (>350 nm) of Mod1−5
388and Re1−5 are assigned to the π → π* transitions localized in
389the respective diimine ligand. The photoluminescence
390emission bands measured in Mod1−5 (Figure 5a) are assigned
391to 3MLCT-based PL due to their overall broad and featureless
392shape, large Stokes shift, and excited-state lifetimes (discussed
393below), all being characteristic of 3MLCT phosphorescence
394(Figure 5a). Additionally, molecules of similar structure have
395also been assigned as to having 3MLCT photolumines-
396cence.12,13,53,54 However, the unusual photoluminescence,

Figure 4. (A) Electronic absorption spectra of Mod1−5 recorded in
THF. (B) Electronic absorption spectra of Re1−5 and PNI-py
recorded in THF.
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397 where the observed emission bands are coincident with
398 Mod1−3, warranted further investigation as to whether the
399 lowest excited state ofMod1−3 is indeed of 3MLCT character.
400 Since the excited-state lifetime and nanosecond transient

401absorption spectra (discussed below) of Mod3 were consistent
402with the photophysical properties expected from an MLCT
403transition, further investigation was needed for Mod1 and
404Mod2. Electronic structure calculations suggested (discussed
405above) that the absorption transition arises from primarily
406dπ(Re) and π*(phen/bcp) orbitals. Triplet spin density
407modeling of Mod1 and Mod2 predicts that the spin density
408resides on the dπ(Re) and the π* orbitals of the diimine ligand
409present, suggesting that the transition is almost exclusively
410MLCT in nature. Moreover, there is literature precedence
411concerning the mixing of MLCT and LC transitions in Re-CDI
412molecules.56−60 Furthermore, recent studies from our group on
413a similar Re-CDI containing 1,10-phenanthroline (phen) have
414shown that, when a stronger field ligand was incorporated as
415the ancillary ligand, the π* orbitals of the phen moiety readily
416mixed with the dπ(Re) state. This mixing results in the lowest
417excited state being composed of LC and MLCT character,
418which markedly increased the excited state lifetime.5 In a
419related study, we constructed a Re-CDI with phen and
420dimethylaminopyridine (dmap). This molecule possessed
421significant MLCT character in its lowest excited state12 and
422was effectively used as a model for the bichromophores in that
423study despite there being some 3LC contributions.31 There-
424fore, we decided to use Mod1 and Mod2 as MLCT model
425molecules for comparison to their respective bichromophores,
426despite these complexes presenting a negligible amount of LC
427character, in subsequent sections of this paper, as the lowest
428excited states of Mod1 and Mod2 display predominantly
429MLCT character. The emission bands of Mod4 and Mod5 are
430red-shifted with respect to Mod3 (Figure 5a), consistent with
431the bathochromic shift observed in their respective electronic
432absorption spectra in Figure 4a.
433The lowest energy absorption band of Re1−5 is primarily
434composed of the intraligand CT band from PNI-py (Figure
4354b). The addition of the PNI-py chromophore does not
436completely obscure the MLCT transition observed in the
437model complexes and instead adds to the molar absorptivity of
438that wavelength region. Due to the overlap of the PNI-py
439localized absorptions with those of the MLCT transitions,
440excitation of the low-energy band does not selectively excite
441the PNI-py ligand exclusively; however, PNI-py absorbs the
442majority of the excitation light due to its significantly higher
443molar extinction coefficient in comparison to that of the
444MLCT transitions (Table 1).
445In the photoluminescence spectra of Re1−5 (Figure 5b), it
446is evident that the prevailing emission originates largely from
447the PNI moiety, analogous to the characteristic fluorescence
448observed in PNI itself, which is the black line displayed in
449Figure 5b. Therefore, the emission spectra measured in Re1−5
450(Figure 5b) is assigned as singlet 1PNI fluorescence.
451Incidentally, these experimental observations are largely a
452consequence of the nature of the experiment, wherein low-
453energy excitation primarily promotes the 1PNI-py ligand-
454centered excited state. Since there is incomplete energy
455transfer (discussed immediately below) occurring between
456the PNI-py ligand and the Re-CDI unit (Table 1) and only the
457brightest and fastest emission events are easily measured in
458static photoluminescence spectroscopy, all other lower-yielding
459light emission processes are effectively masked. However, some
460of the fluorescence of the PNI ligand is quenched (Table 1),
461suggesting that energy transfer is occurring via the FRET
462mechanism. The efficiency of the energy transfer processes
463occurring through FRET was calculated using eq 1, where

Figure 5. Static photoluminescence spectra of (A) Mod1−5 and (B)
Re1−5 and PNI measured in deaerated THF on excitation at 408 nm.

Table 1. Steady-State Photophysical Data of Mod1−5, PNI-
py, PNI, and Re1−5

λabs max, nm
(ε, M−1 cm−1)a λem max, nm Φem

d EnT, %e 3Eem, cm
−1f

Mod1 364 (3950) 567 0.24 19500
Mod2 377 (5000) 567 0.27 20000
Mod3 339 (5000) 569 0.093 19900
Mod4 385 (5000) 650 0.013 16200
Mod5 407 (4200) 689 0.0024 14900
PNI 403 (11500)b 516c 0.80c 16200g

Re1 407 (12500) 533 0.13 84
Re2 400 (15900) 536 0.091 89
Re3 407 (13200) 533 0.18 78
Re4 406 (15400) 525 0.049 94
Re5 403 (15200) 516 0.061 92

aPeak maximum given is of the lowest energy band (shoulder for
Mod1−5). bPeak maximum and molar extinction coefficient used are
for PNI-py. cFluorescence data are for PNI. dQuantum yields of
Mod1−5 and PNI was measured using [Ru(bpy)3](PF6)2 as the
standard.62 Quantum yields of Re1−5 were measured using
[Ru(bpy)3](PF6)2 as the standard as well as PNI in toluene.37,62

Samples for quantum yield studies were prepared at 0.1 OD at 408
nm (excitation) and were deaerated using the freeze−pump−thaw
method with a 10% error. eEnT efficiency was calculated using eq 1.
fTriplet energies were estimated from the emission profiles ofMod1−
5 and taking the tangent on the high-energy side of the band. gThe
triplet energy of PNI-py was obtained from sensitizing the triplet
excited state by using 10% ethyl iodide as an additive and obtaining
the phosphorescence spectrum of PNI-py at 77 K in a 2-MeTHF
glass.
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464 QYReX and QYPNI denote the quantum yields measured for the
465 PNI-py fluorescence emanating from Re1−5 and PNI,
466 respectively.61

EnT 1
QY

QY
ReX

PNI

= −
467 (1)

468 The most efficient Förster energy transfer was measured in
469 Re4 at 94% and all of the Re1−5 bichromophores featured
470 FRET values >78% (Table 1). The residual fluorescence from
471 the PNI-py subunit in Re4 was sufficient to conceal all other
472 emission events from the MLCT (dπ(Re) → π*(N∧N))
473 excited state that was observed in Mod1−5 (Figure 5a). In
474 Re(PNI-phen)(CO)3Cl, where the PNI subunit was covalently
475 linked to the diimine subunit, the FRET efficiency was greater
476 than 99% and photoluminescence was observed from both the
477

1PNI and 3MLCT excited states in static PL experiments.4

478 Clearly, the relocation of the PNI subunit to the tail end of the
479 ancillary pyridine ligand in the present investigation signifi-
480 cantly impacted the efficiency of the distance-dependent FRET
481 processes in Re1−5.
482 Using the photoluminescence emission spectra of Mod1−5,
483 the energies of the corresponding triplet excited states can be
484 readily estimated. As expected, the three complexes that
485 coincide, Mod1−3, have nearly identical triplet energies
486 (∼20000 cm−1) and the two red-shifted molecules, Mod4
487 (16200 cm−1) and Mod5 (14900 cm−1), have significantly
488 lower energies. The triplet energy of PNI-py (16200 cm−1) was
489 obtained from triplet sensitization of the free ligand at 77 K
490 using 10% ethyl iodide in 2-MeTHF (Figure S29). A summary
491 of the triplet-state energies of Mod1−5 and PNI-py are
492 collected in Table 1. The triplet states in the Mod1−5 are
493 assumed to correspond to the triplet energies of the 3MLCT
494 ((dπ(Re) → π*(N∧N)) excited state levels in Re1−5. The
495 triplet energy of PNI-py recorded at 77 K in the presence of
496 ethyl iodide is assumed to appropriately estimate the triplet
497 energy of the PNI subunit. Given this combined experimental
498 information, we can readily approximate the energy gap
499 between the two chromophoric units in the Re1−5 title
500 molecules.
501 Nanosecond Transient Absorption Spectroscopy.
502 Upon excitation using 355 nm nanosecond laser pulses (5 ns
503 fwhm), Mod1−5 (Figure S30) in deaerated THF display
504 positive absorption features across the entire visible region.
505 The excited-state features ranging between 350 and 400 nm
506 are somewhat distorted due to overlap with the high molar
507 absorptivity ground-state absorptions in this region. Mod5
508 (Figures S30) features a structureless bleaching signal below
509 400 nm. Mod3 and Mod4 exhibited transient excited-state
510 absorption features consistent with the 3MLCT excited state,
511 being comparable to the respective radical anion of the diimine
512 unit resident in the structure (Figure S30). Single-wavelength
513 kinetic analysis of these transient features yielded excited-state
514 lifetimes consistent with 3MLCT excited states: 301 and 65.1

t2 515 ns for Mod3 and Mod4, respectively (Table 2 and Figures S34
516 and S35).63 Mod5 and Re5 featured similar excited-state
517 spectral features that corresponded to the same excited-state
518 lifetime, 38.9 and 39.5 ns for Mod5 and Re5, respectively

f6 519 (Table 2, Figure 6, and Figures S30, S36, and S47). Mod1 and
520 Mod2 possess excited-state spectral features that are similar
521 due to their shared phenanthroline core but feature extended
522 lifetimes that do not suggest pure 3MLCT* behavior: τ = 1.50

523μs for Mod1 and τ = 8.24 μs for Mod2 (Table 2 and Figures
524S30, S32, and S33).
525When Re1−5 are excited with 355 nm light, the five Re(I)
526complexes fall under two distinguishing categories: (1) the TA
527difference spectra are indicative of the 3PNI* excited state or
528(2) the TA difference spectra are qualitatively identical with
529those recorded for the respective model chromophores
530Mod1−5. Re1−4 fall into category 1, whereas Re5 falls into
531category 2. Beginning with Re5 (Figure 6), it is safe to
532postulate that the lowest excited state is of 3MLCT* (dπ(Re)
533→ π*(biq)) character. Evidence of this is clear-cut, as the
534profile of the transient absorption features are similar between
535Re5 and Mod5 (Figure 6 and Figure S30), and both have a
536ground-state bleach below 400 nm. Additionally, the lifetimes
537obtained from a single-wavelength analysis of the transient
538excited-state features of Re5 (Figure S47) and Mod 5 (Figure
539S36) are both single exponential, both equaling 40 ns, leaving
540little doubt that the nature of the excited state in both
541molecules is conserved.
542In category 1, Re1−3 have qualitatively identical TA
543difference spectra. There is a ground-state bleach centered
544near 400 nm and an excited-state absorption feature centered
545 f7at 465 nm (Figure 7a and Figures S37 and S38). Re4 has an
546excited-state absorbance centered at 461 nm with a ground-
547state bleach located at 400 nm (Figure S39). These difference
548spectra are all consistent with 3PNI*, as measured in previous
549studies.4,32−34 One notable difference between the signal
550observed here and the signal observed in previous work is that
551there is not a second broad feature in the visible region
552spanning into the NIR. That second feature apparently results
553from the PNI moiety being covalently linked to the diimine
554ligand and is therefore absent in the current investigation.
555Another clear indicator that we are populating the 3PNI*
556excited state in Re1−4 are the biexponential, concentration-
557dependent lifetimes,4,32,33 which are, in general, a characteristic
558of triplet naphthalimides.64−66 This biexponential behavior is
559due to 3PNI* self-quenching and was quantified by measuring
560the excited-state decay kinetics as a function of concentration,
561which yielded the theoretical lifetimes at infinite dilution
562(lifetime in the absence of self-quenching): τ∞= 5110 μs in
563Re1, τ∞= 918 μs in Re2, τ∞= 1170 μs in Re3, and τ∞= 1.17 μs
564in Re4 (Figure 7b, Figures S44−S46, and Table 2), all of which

Table 2. Time-Resolved TA and PL Data Recorded for
Mod1−Mod5 and Re1−Re5 in THFa

τTA, ns τPL, ns τTA, μs
b

Mod1 1500 1480
Mod2 8240 7600
Mod3 301 296
Mod4 65.1 68.1
Mod5 38.9 39.5
Re1 5110
Re2 918
Re3 1170
Re4 1.17
Re5 39.5 9.97

aAll kinetics were measured using the LP 920 laser flash photolysis
system (Edinburgh Instruments) with a Vibrant 355 Nd:YAG/OPO
system (OPOTEK) for pulsed laser excitation for single-wavelength
kinetics detection at peak excited-state features (410 nm, 2.0 mJ/
pulse). Samples were deaerated using the freeze−pump−thaw
method. bLifetime at theoretical infinite dilution.
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565 are significantly longer than those of their respective model
566 complexes.
567 Femtosecond Transient Absorption Spectroscopy.
568 The ultrafast excited-state absorption difference spectra of
569 Mod1−5 are presented in Figure S48, while those of Re2 and

f8f9 570 Re5 are shown in Figures 8 and 9, respectively (λex = 400 nm,
571 105 fs fwhm, 0.3 μJ/pulse); the corresponding data for Re1,
572 Re3, and Re4 are provided in Figures S54−S56. In Mod1−4,
573 the positive transient absorption features are indicative of
574 MLCT excited state absorptions that dominate across the
575 visible region.63,67 Mod5 displays a ground-state bleach
576 between 350 and 400 nm, coinciding with its ground-state
577 absorption spectrum (Figure 4a). Across the visible and
578 extending into the NIR spectral region, only excited-tate
579 absorptions are present in each of these molecules (Figure
580 S48). Re1−4 display stimulated emission peaks centered near
581 550 nm over the initial delay times and have excited-state
582 absorption features centered at 430 nm that evolve over the
583 time course of the experiment, eventually peaking at 460 nm
584 (Figure 8 and Figures S54−S56). Re5 (Figure 9) possesses
585 similar initial excited-state absorption features at 430 nm as
586 well as a stimulated emission band near 550 nm. However, the
587 430 nm excited-state feature evolves into a structured
588 absorption band with a peak centered at 400 nm and a
589 shoulder near 500 nm extending into the NIR. There is also a
590 ground-state bleach that echoes what was observed over the
591 same wavelength region (350−400 nm) in Mod5 (Figure
592 S48).
593 All of the model complexes (Mod1−5) exhibit ultrafast
594 excited-state absorption features and associated time constants
595 (Figures S49−S53) that are significantly different from those of
596 their PNI-containing counterparts (Re1−5). ForMod1−3, the
597 fastest time constants recorded (τ = 120, 170, and 140 fs,
598 respectively) arise from intersystem crossing and the formation
599 of the radical anion on the diimine ligand.Mod1−5 universally
600 possessed a second time constant corresponding to vibrational
601 relaxation (τ = 2.7 to 16 ps).5,68 In addition to vibrational
602 relaxation, Mod4 and Mod5 had an additional time constant
603 on the order of hundreds of ps (τ = 107 and 120 ps). This slow
604 time constant was also observed in the nanosecond time
605 domain and, hence, is attributed to the onset of the triplet

606MLCT excited-state decay process. In Mod1−5, the line shape
607of the relaxed excited-state spectral feature persists into the
608nanosecond TA time scale, indicating that there are no
609additional excited states observed between the picosecond and
610nanosecond time domains.
611The femtosecond transient absorption difference spectra of
612Re1−Re4 (Figure 8 and Figures S54−S56) follow a similar
613energy migration trajectory, eventually resulting in 3PNI*
614formation. Additionally, stimulated emission is present as a
615peak centered at 550 nm, as seen in previous papers for metal−
616organic chromophores containing a PNI subunit.4,32,33 Over
617time, this feature red-shifts due to distortions caused by an
618overlap of excited-state features. Across all four molecules,
619immediately upon excitation at 400 nm, the signal that
620promptly appears corresponds to 1PNI*, having a maximum at
621430 nm. The 1PNI* excited state decays, forming intermediate
622

1MLCT* and 3MLCT* states, eventually producing 3PNI*
623over the course of 6 ns which has a peak maximum at 460 nm.
624Re1−Re3 each exhibit three similar time constants (Figures
625S57−S59) following predominant excitation of 1PNI*. The
626first decay component corresponds to the initial vibrational
627relaxation of “hot” 1PNI* to form relaxed 1PNI* (τ = 3.8, 2.1,
628and 3.5 ps for Re1−Re3, respectively). From 1PNI*, the
629molecules undergo energy transfer through the FRET
630mechanism, preparing the 1MLCT* state, which then
631immediately undergoes intersystem crossing (ISC) to the
632

3MLCT* state (τ = 261, 260, and 256 ps for Re1−Re3,
633respectively). The FRET process (1PNI* to 1MLCT*) in the
634title molecules is occurring with much slower rate constants
635and lower efficiencies with respect to the related systems
636reported previously,4,31 likely a consequence of the distance
637and orientation of the respective chromophores. Finally, the
638

3MLCT* state engages in intramolecular triplet−triplet energy
639transfer (TTET) from the MLCT state on the rhenium
640complex to the PNI ligand having time constants of τ = 1.88,
6411.79, and 2.3 ns for Re1−Re3, respectively. The corresponding
642time constant assigned to the intramolecular TTET process in
643Re4 (Figure S60) is 701 ps, and at the present time we do not
644have a good explanation of why this time constant is
645significantly smaller than those measured in Re1−Re3. The
646remaining ultrafast processes in these molecules appear to be

Figure 6. Transient absorption difference spectra with the corresponding ground-state absorption spectrum (dashed line) of Re5 (45.4 μM)
measured in THF with 355 nm laser pulses (5.0 mJ/pulse).
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647 self-consistent. Vibrational relaxation of “hot” 1PNI* followed
648 by FRET to form the 1MLCT* state and ISC to the 3MLCT*
649 state have time constants that are the same order of magnitude
650 in Re1−Re4 (2−4 ps for vibrational relaxation, 104−261 ps
651 for FRET followed by ISC in Re1−Re4).
652 In stark contrast to Re1−Re4, Re5 (Figure 9 and Figure
653 S61) does not exhibit any evidence of 3PNI* in its lowest
654 excited state. However, evidence for 3PNI* in the excited-state
655 decay of Re5 is clearly present during picosecond delay times.
656 Additionally, the peak maximum of the “hot” 1PNI* state in
657 Re5 is slightly red shifted (5 nm) due to the contributions of
658 the 1MLCT* (dπ(Re) → π*(biq)) state, in part believed to be
659 a consequence of nonselective excitation. The time constant
660 associated with this process is assigned to vibrational relaxation
661 of “hot” 1PNI* to 1PNI* (τ = 9.6 ps). A potential explanation
662 for the magnitude of this time constant is the greater
663 contribution from the 1MLCT* (dπ(Re) → π*(biq)) state,
664 which is distinct with respect to the other molecules. The
665 FRET and ISC processes in Re5 ultimately lead to the

666
3MLCT* (dπ(Re) → π*(biq, PNI)) state formation with a

667time constant of 76 ps, which persists throughout the duration
668of the experiment. Re5 features the lowest 3MLCT* excited
669state, distinct with respect to the remaining PNI-containing
670molecules, since the 3MLCT* (dπ(Re) → π*(biq)) state
671energy is significantly lower than that of 3PNI* (Table 1),
672thereby inhibiting any repopulation of the latter. This is also
673why the nanosecond transient absorption excited-state lifetime
674of Re5 quantitatively matches that of Mod5, as they are both
675derived from a similar 3MLCT excited-state configuration.
676Excited-State Equilibrium. The decay kinetics of the
677

3PNI* excited state absorption of Re1−3 are similar,
678suggesting that the energy migrations between the bichromo-
679phores are comparable. Correlation between the excited-state
680absorption and delayed 3MLCT* PL kinetics was not
681applicable to this study as in previous work4 due to the
682unquenched fluorescence of the 1PNI* moiety. Attempted
683collection of the red edge of the 3MLCT* PL (655 nm) led to
684saturation of the detector even with the smallest possible slit

Figure 7. (A) Transient absorption difference spectra with the corresponding ground-state absorption spectrum (dashed line) of Re2 (44.3 μM)
recorded in THF with 355 nm laser pulses (5.0 mJ/pulse). (B) Concentration dependence study of Re2 illustrating self-quenching behavior with
single-wavelength transient absorption kinetics detected at 465 nm (λex = 410 nm, 2.0 mJ/pulse). Samples were deaerated using the freeze−pump−
thaw method.
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685 widths. However, time-resolved PL data featured delayed
686 phosphorescence from the 3MLCT* (dπ(Re) → π*(N∧N))

687state (Figures S40−S42). Additionally, the lifetimes at infinite
688dilution (918−5110 μs, Table 2) of these molecules suggest
689that thermal equilibrium between the two triplet states occurs
690due to the lifetimes being intermediate between pure 3MLCT*
691(dπ(Re) → π*(N∧N)) (300 ns to 8 μs) and 3PNI* (270 ms).4

692The lifetime is shortest in Re2, most likely since the 3MLCT*
693(dπ(Re) → π*(bcp)) state is closest in energy to 3PNI*,
694despite the PL data suggesting that all three complexes have
695virtually the same 3MLCT* energy. The longer lifetimes are a
696consequence of the larger energy gaps between the two triplet
697states: i.e., the intramolecular rTTET process becomes less
698efficient with an increasing energy gap. Re4 also displays
699evidence of thermal equilibrium as well through its lifetime at
700infinite dilution (1.17 μs) being intermediate between the
701

3MLCT* (dπ(Re)→ π*(deeb)) (70 ns) and 3PNI* (270 ms).
702Time-resolved PL intensity decays also feature delayed
703 f10

3MLCT* (dπ(Re) → π*(deeb) PL (Figure 10). The decay
704of Re4 being so much faster than Re1−3 is likely a direct result
705of the triplet states in Re4 having nearly isoenergetic levels,
706Table 1. Unlike Re1−4, Re5 displays no evidence of thermal
707equilibrium between the 3MLCT* (dπ(Re) → π*(biq) and
708

3PNI* excited states. The lifetime of the excited-state
709absorption of Re5 matches the lifetime of the excited-state
710absorption of Mod5, and there is no concrete evidence of
711delayed 3MLCT* (dπ(Re) → π*(biq)) PL in this molecule
712(Figure S43).
713Excited-State Evolution and Decay. The proposed
714energy level diagrams summarizing the energy migration
715 f11pathways of Re1−5 are presented in Figure 11 (for those of
716Mod1−5, see Figure S62). Upon initial excitation from the
717pump beam, Re1−4 exhibit “ping-pong”-like energy transfer as
718seen in previous work.4,31 In these molecules, the initial excited
719state is localized on the PNI (τ = 2.1−4.0 ps) unit, which then
720transfers to the 3MLCT* (τ = 104−261 ps) and then finally
721back to the PNI unit (τ = 0.70−2.3 ns) in its triplet manifold.
722Due to the rapid rates for forward and reverse TTET in Re1−
723Re4, the composite excited-state lifetimes are dictated by the
724energy gap between the two triplet states in equilibrium: i.e.,
725

3MLCT and 3PNI.
726Re5 is the only bichromophore in this study that does not
727display a thermal equilibrium between the 3MLCT (dπ(Re) →
728π*(biq)) and 3PNI excited states. In the picosecond time
729domain, Re5 promptly forms an excited state that is primarily
730localized on the PNI subunit (τ = 9.6 ps), which then transfers
731this energy to the 3MLCT* (dπRe → π*(biq)) manifold (τ =

Figure 8. Excited-state absorption difference spectra of Re2 in THF
excited following 400 nm pulsed laser excitation (105 fs fwhm, 0.3 μJ/
pulse).

Figure 9. Excited state absorption difference spectra of Re5 in THF
excited following 400 nm pulsed laser excitation (105 fs fwhm, 0.3 μJ/
pulse).

Figure 10. Representative (Re1−4) time-resolved photoluminescence data showing Re4 early times (left) and delayed times (right) depicting the
delayed phosphorescence from the 3MLCT* excited state.
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732 76 ps). However, there is also evidence of some population of
733 the 3PNI excited state on the same time scale. From this time
734 point forward, the remaining excited state features decay most
735 consistent with the 3MLCT state returning to the ground state
736 with a time constant of 40 ns, echoing the latter decay process
737 occurring in Mod5.

738 ■ CONCLUSIONS

739 In this study, the excited-state processes and associated
740 energetic pathways of a series of five Re(I)-PNI bichromo-
741 phores have been elucidated using a combination of transient
742 absorption spectroscopy, time-resolved PL spectroscopy, and
743 electronic structure calculations. These bichromophoric
744 molecules and their respective models were synthesized by
745 preparing the parent Re-CDI moiety with a series of five
746 diimine ligands and substituting PNI-py or 4-etpy into the
747 ancillary position following reported procedures.50 The unique
748 diimine ligands yielded profound changes in the resultant
749 molecular photophysical properties. On placement of the PNI
750 subunit in an ancillary ligand position, the various energy
751 transfer processes occurring between the relevant MLCT and
752 PNI excited states were able to be quantitatively assessed.
753 From the battery of static and time-resolved spectroscopic
754 techniques utilized as described above, the data suggest that

755four of the five bichromophores in this study (Re1−Re4)
756display energetic pathways indicative of “ping-pong” energy
757transfer, as observed in previous work.4,31 In Re1−Re4, the
758initially populated 1PNI* excited state transfers energy to the
759Re(I) MLCT complex, producing the 3MLCT* state, which
760thermally equilibrates with the 3PNI* state. These four
761molecules decay to their ground states with lifetimes markedly
762exceeding those observed in their respective model MLCT
763chromophores, Mod1−4. Re5, which possesses the lowest
764energy MLCT excited state in the series, is initially populated
765through the 1PNI* excited state, whose energy rapidly transfers
766to the MLCT manifold, although there is some evidence for
767

3PNI character as well. This molecule ultimately decays back to
768its ground state with a transient absorption determined
769excited-state lifetime equivalent to that of Mod5.

770■ ASSOCIATED CONTENT
771*sı Supporting Information
772The Supporting Information is available free of charge at
773https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00644.

774Synthetic details, structural characterization data, addi-
775tional static and time-resolved spectra, and density
776functional theory calculations for the molecules in this
777study (PDF)

Figure 11. Qualitative energy level diagrams of the photophysical processes occurring in Re1−4 (A) and Re5 (B).
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