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ABSTRACT: Transition-metal complexes that undergo ligand-to- 1.0+

metal charge transfer (LMCT) to d° metals are of interest as :ﬁ:.qu
possible photocatalysts due to the lack of deactivating d—d states. g i o
Herein, the synthesis and characterization of nine titanocene %067
complexes of the formula Cp,Ti(C,Ar),MX (where Ar = phenyl, E
dimethylaniline, or triphenylamine; and MX = CuCl, CuBr, or %04

AgCl) are presented. Solid-state structural characterization E
demonstrates that MX coordinates to the alkyne tweezers and S 0.2

CuX coordination has a greater structural impact than AgCl. All o

o

complexes, including the parent complexes without coordinated 800

MX, are brightly emissive at 77 K (emission max between 575 and
767 nm), with the coordination of MX redshifting the emission in
all cases except for the coordination of AgCl into Cp,Ti(C,Ph),. TDDFT investigations suggest that emission is dominated by
arylalkynyl-to-titanium *LMCT in all cases except Cp,Ti(C,Ph), CuBr, which is dominated by CuBr-to-Ti charge transfer. In room-
temperature fluid solution, only Cp,Ti(C,Ph), and Cp,Ti(C,Ph),-AgCl are emissive, albeit with photoluminescent quantum yields
<2 X 107* The parent complexes photodecompose in room-temperature solution with quantum yields, ®,,,, between 0.25 and 0.99.
The coordination of MX decreases @, by two to three orders of magnitude. There is a clear trend that @, increases as the
emission energy increases. This trend is consistent with a competition between energy-gap-law controlled nonradiative decay and
thermally activated intersystem crossing between the >LMCT state and the singlet transition state for decomposition.
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Bl INTRODUCTION (RT) fluid solution.'” Likewise, a facial tris-carbene ligand that

provides improved orthoaxial coordination around Fe'™

Transition-metal complexes with long-lived excited states have
played a central role in photocatalysis,”* phosphorescent
complexes for use in organic light-emitting diodes
(OLEDs),> and biological sensors.”” Complexes of Ru, Ir,
and Pt have dominated these applications, but these metals are
expensive and relatively rare. Thus, recent investigations have
focused on replacing these metals with earth-abundant
materials.*”*® For example, complexes of earth-abundant
second- and third-row transition metals (e.g, Mo and W)
have been investigated as possible photocatalysts.”” "> Com-
plexes of first-row transition metals, on the other hand, suffer
from thermal accessibility of metal-centered (MC) states due
to these states being at lower energies than their second- and
third-row counterparts. These MC states are known to
undergo rapid, nonradiative deactivation, sometimes leading
to decomposition. Therefore, their accessibility serves as a
nonradiative sink.”” Destabilizing the MC states through the
use of high-field ligands is a common strategy to overcome this
limitation. For example, complexes of Cr’ and Mn', where
high-field, chelating isocyanide ligands have been utilized to

destabilize the *MC states, are emissive in room-temperature
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suppresses deactivation through the MC states, resulting in
an Fe' complex that is also emissive in RT fluid solution.'®
Another strategy has taken advantage of long-lived, emissive,
intraconfigurational MC excited states in complexes of
Cr"™."72" Yet another approach eliminates MC states,
altogether, by using complexes of transition metals having a
d" electronic configuration, chiefly Cul**7>® More recently,
this strategy of eliminating MC states has focused on ligand-to-
metal charge-transfer (LMCT) excited states in complexes of
d° metals, chiefly Zr'V.>°7*

The earliest examples of emissive d° complexes involve
LMCT states of simple metallocenes of S 34 iV 35,36 4pnd
eV (Figure 1).37‘38 Both the scandocene and zirconocene

Received: May 20, 2022 Inorganic Chemistry
Published: July 4, 2022 = Jv

https://doi.org/10.1021/acs.inorgchem.2c01746
Inorg. Chem. 2022, 61, 10986—10998


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Henry+C.+London"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Y.+Pritchett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jared+A.+Pienkos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Colin+D.+McMillen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+J.+Whittemore"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Conor+J.+Bready"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Conor+J.+Bready"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexis+R.+Myers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Noah+C.+Vieira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shannon+Harold"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="George+C.+Shields"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+S.+Wagenknecht"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+S.+Wagenknecht"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.2c01746&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01746?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01746?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01746?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01746?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01746?fig=abs1&ref=pdf
https://pubs.acs.org/toc/inocaj/61/28?ref=pdf
https://pubs.acs.org/toc/inocaj/61/28?ref=pdf
https://pubs.acs.org/toc/inocaj/61/28?ref=pdf
https://pubs.acs.org/toc/inocaj/61/28?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01746?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

= =2

Sc —Cl TI\

2 R

Figure 1. Emissive metallocene complexes of d° metals.

complexes are emissive in RT fluid solution, whereas emission
from the titanocenes is only reported in 77 K glass. More
recently, a Zr'¥ pyridine dipyrrolide complex has been shown
to be emissive in RT fluid solution and has been shown to be a
photoredox catalyst as well as a photosensitizer for triplet—
triplet annihilation-based photon upconversion.*’~>* Further-
more, the very simple and commercially available titanocene,
Cp,TiCl,, has recently been demonstrated to act as a
photoredox catalyst for epoxide reduction.””*’ These cases
suggest that with the proper design considerations, long-lived
emissive excited states involving LMCT transitions in d°
complexes of first—row transition metals (e.g, Ti and Sc)
should be possible, and such complexes may serve as
photoredox catalysts.

In an effort to rationally design d° metallocene-based
photoredox catalysts, our group recently began an investigation
of the photophysics and photochemistry of a series of
arylalkynyltitanocenes, Cp,Ti(C,R), (Figure 2).4* In 77 K
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Figure 2. Top: Arylalkynyltitanocenes previously investigated. The
abbreviations for each complex indicate the substituent on the alkynyl
ligand (Ph = phenyl, DMA = dimethylaniline, and TPA =
triphenylamine). Bottom: Synthesis of the corresponding hetero-
bimetallic tweezer complexes, Ph-MX, DMA-MX, and TPA-MX.

A
%

solvent glass, these complexes are highly emissive from an
arylethynyl-to-titanium *LMCT state. The emission is tunable
between 575 and 672 nm, depending on the arylethynyl ligand.
In RT fluid solution, the complexes undergo photodecompo-
sition with quantum yields between 0.25 and 0.99, hampering
consideration as photocatalysts. In an earlier investigation, we
reported that the coordination of CuBr into the alkyne
tweezers of Cp,*Ti(C,2-py), (where Cp* = pentamethylcy-
clopentadienyl and C,2-py = 2-ethynylpyridine) resulted in a
complex that was stable under ambient light.*> No further
analysis was performed. Herein, we investigate the impact that
the coordination of CuCl, CuBr, or AgCl in the alkyne
tweezers (Figure 2) has on the photochemistry and photo-

physics of the coordinated titanocenes. Such d'°/d° systems
provide the opportunity for metal halide-to-metal charge
transfer (MXMCT), but without the interference of *MC
states. Our chief findings are that all complexes are highly
emissive in 77 K solvent glass and the coordination of MX
lowers the excited-state energies. For most complexes, the
lowest-energy excited states are of LMCT character. One
exception is Ph*CuBr, for which the lowest-energy triplet is
dominated by MXMCT from CuBr to Ti'"". The stability of the
complexes toward photodecomposition decreases as the
excited-state energy increases. This trend is consistent with a
model where thermally activated intersystem crossing from the
emissive *CT state to the reactive transition state is in
competition with nonradiative decay controlled by the energy-
gap law. Lastly, two of the complexes, Cp,Ti(C,Ph), and Ph-
AgCl, are weakly emissive in room-temperature fluid solution.
To our knowledge, these are the first examples of emission
from complexes of Ti" in room-temperature fluid solution.

B EXPERIMENTAL SECTION

Materials and Methods. The complexes Cp,Ti(C,Ph),, Cp,Ti-
(C,DMA),, and CpZTl(CZTPA)Z were prepared according to
literature procedures.*" All reactions were carried out under air-free
conditions using standard Schlenk techniques. Tetrahydrofuran
(THF) was dried and degassed using an Innovative Technologies
solvent purification system before use. NMR spectra were obtained
using a Varian 400-MR or INOVA-500 spectrometer. Infrared spectra
were obtained using a PerkinElmer Spectrum Two FT-IR
spectrometer with a UATR attachment. UV—vis absorption spectra
were recorded using a Cary-50 spectrophotometer with the cell holder
thermostated to 20 °C using a Quantum Northwest TLC-50 cuvet
holder. Emission spectra were recorded using a HORIBA Fluorolog-3
Spectrofluorimeter equipped with either an FL-1013 liquid nitrogen
dewar assembly or a J-1933 solid-sample holder. Relative solution-
state photoluminescence quantum vyield for Cp,Ti(C,Ph), was
determined from the ratio of the slope of plots of integrated emission
intensity versus absorbance for the analyte versus a quinine sulfate
standard. Emission lifetimes were measured using a Photon
Technology International (PTI) GL-3300 pulsed nitrogen laser fed
into a PTT GL-302 dye laser as the excitation source. The resulting
data set was collected on an OLIS SM-45 EM fluorescence lifetime
measurement system using a Hamamatsu R928 photomultiplier tube
fed through a variable feed-through terminator into a LeCroy Wavejet
352A oscilloscope and analyzed using OLIS Spectral Works.
Elemental analyses were performed by Midwest Microlabs.

Syntheses. General Method. To an oven-dried, two-neck round-
bottom flask (S0 mL) under a positive pressure of argon and
protected from light was added 100 mg of the desired titanocene, the
appropriate metal—halide (1 to 4 equiv), and THF (10 mL). This
solution was stirred for 2 to 6 h. The remaining steps were performed
under air. The solvent was removed from the reaction by rotary
evaporation. The solid was then loaded onto a silica gel column (2.5
% 12 cm) and eluted with $% triethylamine in CH,ClL,. The deeply
colored band was collected, and the solvent was removed by rotary
evaporation. The resulting solid was dissolved in minimal CH,Cl, (2
mL) and precipitated with hexanes (20 mL). The precipitate was
collected using vacuum filtration, washed with Et,0 (2 mL), and
dried under vacuum.

Cp,Ti(C,Ph),CuBr (Ph-CuBr). Using Cp,Ti(C,Ph), (100 mg, 0.263
mmol), CuBr (95.6 mg, 0.666 mmol, 2.5 equiv), and a reaction time
of 2 h resulted in 85 mg (62%) of a bright orange solid. UV—vis
(CH,CL,), A/nm (&/dm® mol™' cm™): 489 (5040), 393 (10000).
UV—vis (THF), 2/nm (&¢/dm> mol™! cm™): 492 (3950), 401 (8890).
'H NMR (400 MHz, CDCL,): 6 7.64 (d, 4H), 7.36 (m, 6H), 6.12 (s,
10H). C NMR (400 MHz, CDCL): & 144.72, 138.95, 132.58,
129.20, 128.26, 123.56, 110.69. Anal. calc (found) for C,¢H,TiCuBr,
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C, 59.62 (60.13), H, 3.85 (3.98). IR (neat) v(C=C) = 2000, 1968
cm L

Cp,Ti(C,DMA),CuBr (DMA-CuBr). Using Cp,Ti(C,DMA), (100
mg, 0.214 mmol), CuBr (61.5 mg, 0.428 mmol, 2 equiv) and a
reaction time of 2 h resulted in 114 mg (87%) of a black solid. UV—
vis (CH,CL), A/nm (g/dm® mol™ cm™): 584 (15,350), 400
(17,800). UV—vis (THF), 2/nm (&/dm? mol™ cm™): 571 (9,910),
390 (16,900). 'H NMR (400 MHz, CDCl;): § 7.44 (d, ] = 9.1 Hz,
4H), 6.65 (d, ] = 9.1 Hz, 4H), 6.06 (s, 10H), 2.99 (s, 12H). 3*C NMR
(400 MHz, CDCl,): 6 150.73, 144.32, 143.21, 133.95, 111.65, 109.78,
109.41, 40.13. Anal. caled (found) for C;,H;N,TiCuBr, C,
59.08(59.13); H, 4.96 (5.05); N, 4.59 (4.52). IR (neat) v(C=C)
=1959 cm™.

Cp,Ti(C,TPA),CuBr (TPA-CuBr). Using Cp,Ti(C,TPA), (100 mg,
0.140 mmol), CuBr (40.1 mg, 0.280 mmol, 2 equiv), and a reaction
time of 2 h resulted in 94 mg (78%) of a black solid. UV—vis
(CH,CL,), A/nm (&/dm® mol™" cm™): 563 (13,700), 400 (16,800).
UV—vis (THF), A/nm (&/dm® mol™ cm™): 550 (10,700), 402
(15,100). 'H NMR (500 MHz, CDCl;) 67.45 (d, ] = 8.8 Hz, 4H),
7.26 (m, 8H), 7.12 (d, 8H), 7.06 (m, 4H), 6.99 (d, J = 8.8 Hz, 4H),
6.08 (s, 10H). *C NMR (500 MHz, CDCL): § 148.71, 147.22,
144.80, 140.89, 133.69, 129.51, 125.39, 123.80, 121.79, 115.67,
110.33. Anal. caled (found) for CsoH;sN,TiCuBr, C, 69.98(69.90);
H, 4.46(4.59); N, 3.26(3.26). IR (neat) v(C=C) = 1973, 1961 cm™".

Cp,Ti(C,Ph),CuCl (Ph-CuCl). Using Cp,Ti(C,Ph), (100 mg, 0.263
mmol), CuCl (95.6 mg, 0.965 mmol, 4 equiv), and a reaction time of
3 h resulted in 85.1 mg (65%) of a red orange solid. UV—vis
(CH,CL,), /nm (g/dm® mol™' ecm™): 484 (4588), 373 (8,485).
UV—vis (THF), A/nm (¢/dm® mol™ cm™): 486 (3920), 389 (8054).
'"H NMR (400 MHz, CDCLy): § 7.65 (d, ] = 2.4 Hz, 4H), 7.36 (m,
6H), 6.11 (s, 10H). '*C NMR (400 MHz, CDCL,): § 143.91, 138.57,
132.13, 128.92, 128.16, 123.11, 110.39. Anal. calc (found) for
CyH,TiCuCl, C, 65.15 (64.75); H, 4.21 (4.51). IR (neat) v(C=C)
= 1967, 1998 cm™ ..

Cp,Ti(C,DMA),CuCl (DMA-CuCl). Using Cp,Ti(C,DMA), (100
mg, 0.214 mmol), CuCl (90 mg, 0.866 mmol, 4 equiv), and a reaction
time of 3 h resulted in 107 mg (88%) of a dark blue solid. UV—vis
(CH,CL,), A/nm (&/dm® mol™ ecm™): 570 (13,600), 397 (16,900).
UV—is (THF), A/nm (¢/dm® mol™' ecm™): 570 (10,000), 392
(16,700). "H NMR (400 MHz, CDCL,): § 7.45 (d, ] = 9.1 Hz, 4H),
6.64 (d,] = 9.1 Hz, 4H), 6.04 (s, 10H), 2.98 (s, 10H). *C NMR (500
MHz, CDCL): § 150.67, 143.58, 142.54, 133.69, 111.72, 109.70,
109.28, 40.17. Anal. calc (found) for C;HsN,TiCuCl, C, 63.72
(63.?5); H, 5.35 (5.64); N, 4.95 (4.93). IR (neat) v(C=C) = 1960
cm .
Cp,Ti(C,TPA),CuCl (TPA-CuCl). Using Cp,Ti(C,TPA), (100 mg,
0.140 mmol), CuCl (55 mg, 0.56 mmol, 4 equiv), and a reaction time
of 3 h resulted in 51.3 mg (45%) of a dark blue solid. UV—vis
(CH,CL,), A/nm (&/dm® mol™ ecm™): 556 (12,200), 400 (16,200).
UV—vis (THF), A/nm (&/dm® mol™ em™): 544 (8910), 395
(15,800). "H NMR (400 MHz, CDCL,): § 7.46 (d, ] = 9.0 Hz, 4H),
7.25 (m, 8H), 7.11 (d, ] = 8.6 Hz, 12H), 7.05 (m, 4H), 6.99 (d, ] =
8.9 Hz, 4H), 6.07 (s, 10H). *C NMR (400 MHz, CDCL,): § 148.46,
147.08, 140.15, 133.30, 129.39, 125.15, 125.03, 123.58, 121.81,
115.39, 110.08. Anal. calc (found) for CsoHyN,TiCuCl-1.5H,0: C,
71.43 (71.46); H, 4.92 (4.63); N, 3.33 (3.77). IR (neat) v(C=C) =
1982, 1968 cm™.

Cp,Ti(C,Ph),AgCl (Ph-AgCl). Using Cp,Ti(C,Ph), (100 mg, 0.241
mmol), AgCl (34.6 mg, 0.241 mmol, 1 equiv), and a reaction time of
6 h resulted in 59.2 mg (43%) of an orange solid. UV—vis (CH,Cl,),
A/nm (g/dm® mol™ ecm™): 417 (9700), 313 (18,200). UV/Vis
(THE), 2/nm (e/dm? mol™' cm™): 414 (7170), 313 (13,900). 1 H
NMR (400 MHz, CDCl,): § 7.64 (d, ] = 7.2 Hz, 4H), 7.36 (m, 6H),
6.30 (s, 10H). Anal. caled (found) for C,cH,,AgClITi, C, 59.64
(59.93); H, 3.85 (4.03). IR (neat) v(C=C) = 2024, 1979 cm™".

Cp,Ti(C,DMA),AgCl (DMA-AgCI). Using Cp,Ti(C,DMA), (100
mg, 0.214 mmol), AgCl (30.7 mg, 0.214 mmol, 1 equiv), and a
reaction time of 6 h resulted in 26.1 mg (20.0%) of a dark blue solid.
UV—vis (CH,CL), A/nm (¢/dm?® mol™ ecm™): 590 (19,100), 445
(5160). UV—vis (THE), 2/nm (&/dm> mol™ em™): 581 (16,300),

428 (6315). "H NMR (400 MHz, CDCl,): 6 7.41 (d, ] = 8.5 Hz, 4H),
6.63 (d, J = 8.5 Hz, 4H), 6.22 (s, 10H), 2.99 (s, 12H). 3C NMR (400
MHz, CDCL): § 150.83, 147.46, 134.24, 133.54, 111.86, 111.48,
107.83, 40.14. Anal. caled (found) for C;,H;N,TiAgCl, C, 58.23
(58.03); H, 5.05 (4.97); N, 4.53 (4.56). IR (neat) v(C=C) = 2036,
1999 cm™.

Cp,Ti(C,TPA),AgCl (TPA-AgCl). Using Cp,Ti(C,TPA), (100 mg,
0.140 mmol), AgCl (20 mg, 0.140 mmol, 1 equiv), and a reaction
time of 6 h resulted in 88.2 mg (73%) of a dark purple blue solid.
UV—vis (CH,Cl,), A/nm (&/dm> mol™ em™): 577 (19,500), 311
(43,600). UV—vis (THF), A/nm (¢/dm® mol™" cm™): 547 (12,200),
311 (47,800). 'H NMR (400 MHz, CDCl;): § 7.41 (d, ] = 8.7 Hz,
4H), 7.25 (m, 8H), 7.12 (d, J = 7.3 Hz, 8H), 7.06 (m, 4H), 6.97 (d, ]
= 8.7 Hz, 4H), 6.25 (s, 10H). *C NMR (400 MHz, CDCL): 6
14874, 14691, 133.38, 132.91, 129.44, 129.39, 12531, 123.80,
121.66, 121.51, 112.00. Anal. caled (found) for C4,H;sN,TiAgCl, C,
4.46(4.56); H, 69.99(70.01); N, 3.27(3.34). IR (neat) v(C=C) =
1997, 2019 em™".

Photodecomposition Quantum Yields. Quantum yields for
complexes with @, > 0.1 were determined using a focused beam
from a Xe short-arc lamp fed through a monochromator according to
previously reported procedures (estimated error for ®,,, = +20%)."
The remainder were irradiated at the selected wavelengths using a
Rayonet RPR-100 Photochemical Reactor using eight bulbs of either
575 nm (RPR-5750) or 419 nm (RPR-4190), depending on the
wavelength of absorption. The contents of the cuvette were stirred
continuously during the period of the photolysis. Photon flux for the
419 nm bulbs (1.6 X 1077 mol/s) was determined using ferrioxalate
actinometry.** Photon flux for the 575 nm bulbs (1.1 X 10~ mol/s)
was determined using Cp,Ti(C,DMA), as a chemical actinometer
which has a quantum yield for photodecomposition in THF of 0.25.*
Photon flux measurements were performed with the same sample
volume (3 mL) and cell geometry used for the photolyses. All
photolyses for quantum yield determinations were performed in THF
with 1% triethylamine added to inhibit acid hydrolysis. Initial
concentrations were chosen to have an absorbance near 1.5 at the
irradiation wavelength and photolysis time was typically chosen to
result in a decrease in absorbance of approximately 0.2 absorbance
units, ensuring that the fraction of incident radiation absorbed is
nearly constant over the course of the photolysis. UV—vis spectra
were recorded at 20.0 °C before and after photolysis. Concentration
changes were determined by measuring the absorbance change at the
LMCT absorbance maximum. All reported @, are averages of at
least three replicates. Estimated error for @, = +30%.

Computational Methods. Gaussian 16" was used for all DFT
and TDDEFT calculations. For each computational model, the
geometry was optimized and the structure was checked to be a
minimum based on the frequency calculation. GaussView, version
6.32* was used for all orbital imaging. GaussSum3*” was used for
Mulliken population analysis. Computational models used the
functionals B3LYP,*® MN15,* and wB97XD>® and the basis sets 6-
311+G(d),”! DGDZVP,** and LANL2DZ.>* ORCA 4.2.1°* DLPNO-
CCSD(T)/cc-pVnZ>**® single point calculations (n = D, T, Q) on
®B97XD geometries were used to estimate the CCSD(T) Complete
Basis Set (CBS) Gibbs free energy of activation®”® for the transition
state leading to decomposition of Cp,Ti(C,Ph),.

X-Ray Diffraction. Single crystals of Ph-AgCl, Ph-CuCl, and
TPA-CuBr were grown by slow evaporation from a solution of the
complex in THF with 5% triethylamine (TEA). Single crystals of Ph-
CuBr and DMA-CuBr were grown by vapor diffusion of Et,O into a
solution of the complex in THF with 5% TEA. Single-crystal X-ray
diffraction data were collected at 100 K using a Bruker D8 VENTURE
diffractometer with Mo K radiation (4 = 0.71073 A) and a Photon 2
detector. Data collection, data processing (SAINT), scaling, and
absorption correction (SADABS, multiscan) were performed using
the Apex 3 software suite.”” Space group determination (XPREP),
structure solution by intrinsic phasing (SHELXT), and structure
refinement by full-matrix least-squares techniques on F* (SHELXL)
were performed using the SHELXTL software package.”’ All
nonhydrogen atoms were refined anisotropically. Hydrogen atoms
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Figure 3. Crystal structures of titanocenes discussed herein: Hydrogen atoms omitted for clarity. Ellipsoids are shown at the 50% probability level.

Table 1. Averaged Geometric Parameters for Titanocenes With and Without Coordinated MX*?

Ti—Cijgne C=C C-Ti—C
Cp,Ti(C,Ph), 2.102 1.222 100.68(12)¢
Ph-AgCl 2.107(2)° 1.232(3)° 97.53(11)°
Ph-CuCl 2.087 1231 91.47(8)°
Ph-CuBr? 2.097 1232 90.46
Cp,Ti(C,DMA),? 2.094 1223 95.25
DMA-CuBr 2.092 1.245 92.7(2)°
TPA-CuBr 2.095 1.234 92.05(11)°

Ti—C=C C=C=C M-C, M-C,
1742 177.6

172.07(17)° 171.2(2)¢ 2.278(2)° 2.708(2)°
168.43 164.65 2.058 2234
168.02 164.88 2.065 2211
177.95 177.25

165.8 167.0 2.067 2223
167.0 165.7 2.063 222

“All bond lengths are in A and angles, in degrees. bSee Figure 2 for complex abbreviations. “There is only one unique value for the bond length or
angle, so the uncertainty in the last digit of the crystal structure is reported. “Parameters for structures having multiple unique complexes in the
asymmetric unit consider all of the unique complexes in the average values.

attached to carbon atoms were placed in calculated positions using
appropriate riding models. The structure of TPA*CuBr was found to
be the THF solvate of the complex, with the THF molecule
disordered over two orientations. Crystallographic data are provided
in the Supporting Information, Table SI. Crystallographic data are
available in CIF form through the Cambridge Crystallographic Data
Centre, CCDC deposition numbers 2172550-2172554.
Photochemical Decomposition of Ph-CuBr. A sample of the
complex (30 mg) in anhydrous THF (10 mL) was degassed with
three freeze—pump—thaw cycles and then irradiated using a Rayonet
RPR-100 Photochemical Reactor equipped with eight RPR-4190

10989

bulbs. Organic products were purified by column chromatography
(Si0,, CH,CL).

B RESULTS AND DISCUSSION

Syntheses. Coordination of metal halides (MX = CuBr,
CuCl, and AgCl) into the alkyne tweezers of the Cp,Ti(C,R),
complexes followed the precedent of the Lang group (Figure
2),°'7% wherein the appropriate titanocene is stirred with MX
in THEF for 2 to 6 h. Due to the low solubility of the metal
halides in THF, fine powders of MX resulted in faster reactions
than pellets. Due to the oxygen sensitivity of Cu! salts, all
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Figure 4. UV—vis absorption spectra in THF at 20 °C.
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Figure S. Normalized emission spectra of DMA*MX (top left), Ph-MX (top right), and TPA-MX (bottom left) at 77 K (2-MeTHF) and Ph-MX in
RT THEF solution (bottom right). 4., = 400 nm. Emission spectra in solution are stirred to moderate the impact of photodecomposition on the

spectrum.

reactions were performed under an inert atmosphere.
However, both the parent complexes (ie., the complexes
without coordinated MX) and the complexes with coordinated
MX are air-stable and can be handled on the benchtop either
as solids or in solution. The complexes were purified by
column chromatography using 5% triethylamine in dichloro-
methane. The equilibrium constant for MX coordination is
apparently large enough to offset the low solubility of MX and
to maintain coordination of MX during column purification.

All MX coordinated complexes were characterized by 'H
and C NMR spectroscopy, elemental analysis, UV—vis
spectroscopy, emission spectroscopy, and IR spectroscopy,
and a subset was characterized by X-ray diffraction. The
complexes are soluble in THF, CH,Cl,, chloroform, benzene,
and DMSO but insoluble in ether, hexanes, and methanol.
Alkynyltitanocenes are sensitive to acid hydrolysis in
solution;** long-term stability is significantly improved by the
addition of triethylamine.*” The same is true for the MX
coordinated species; thus, crystal growth, spectroscopic
measurements, and quantum yield measurements were
performed in the presence of 1% triethylamine. Lastly, the
coordination of MX into the alkyne tweezers significantly
improves photostability (vide infra).

Structural Characterization. Crystal structures of DMA:*
CuBr, TPA:CuBr, Ph:CuBr, Ph:CuCl, and Ph-AgCl are
reported herein (Figure 3, Table 1, Table S1, Figures S10—
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S14). This provides a complete set of CuBr coordinated into
all three parent complexes as well as the complete set of
Cp,Ti(C,Ph), with all three MX. A variety of aryl ring
rotations are observed for the alkynyl ligands of the various
complexes, likely driven by packing interactions in the different
structure types.

Coordination of MX into the alkyne tweezers of the
titanocenes results in structural distortions consistent with
other heterobimetallic tweezer molecules.”** For example, the
bond angles around the sp-hybridized carbons for the parent
Cp,Ti(C,Ph), and Cp,Ti(C,DMA), are slightly distorted
from 180° (172—179°), and the coordination of CuX into the
complexes further distorts these Ti—C=C and C=C-C bond
angles (164—169°, Table 1). The coordination of AgCl has less
of an impact on these bond angles than CuX, that is, the sp
hybridized bond angles in Ph-AgCl (171—172°) are closer to
those of the parent. The coordination of MX also elongates the
C=C bond by 0.01 to 0.02 A (Table 1). Lastly, the
coordination of CuX compresses the C—Ti—C bond angle to
a greater extent than the coordination of AgCl (Table 1). This
is likely due to less compression being necessary to bond the
alkynes to Ag' than to Cu!, due to their relative ionic radii.*®

Along with these structural effects, the coordination of MX
results in a decrease in v(C=C) relative to the parent
complexes, with the coordination of CuX resulting in a greater
decrease than the coordination of AgCl. Chiefly, the C=C
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stretch for CuX complexes is 6 to 40 cm ™' lower in energy than
the corresponding AgCl complexes (Figure S15). Both the
structural and spectroscopic trends are consistent with Cu' and
Ag' undergoing n*-coordination of the alkynes to the
metal. " As has been observed previously in Ag' and Cu'
1*-alkynyl complexes, the C=C bond length is not as sensitive
to the strength of the metal—alkynyl interaction as is the
distortion of the angle about the sp-hybridized carbons or
v(C=C).%® Here, the larger decrease in v(C=C) and larger
angular distortion about the sp-hybridized carbons upon CuX
coordination compared with AgCl coordination indicates a
stronger M—alkyne interaction for CuX. This is consistent with
previously reported examples of Cu' and Ag' n*-alkynyl
complexes where Cu' coordination impacts the structure to a
greater extent.’"*® In those cases, the spectroscopic, structural,
and computational data suggest that the metal—alkynyl orbital
interactions are dominated by alkynyl to M' o-donation rather
than M! to alkynyl z-backbonding.**”

Photophysics. Each of the parent complexes has a low-
energy absorbance band that has been ascribed to an LMCT
transition.”” The solution UV—vis spectrum of each MX
coordinated complex has a similar low-energy absorption that
is modestly red-shifted relative to the parent complexes in all
cases except for Ph-AgCl (Figure 4). The coordination of CuX
decreases the molar absorptivity to a greater extent than the
coordination of AgCl, whereas the identity of the halide on Cu
has little impact on either energy or molar absorptivity.

Upon excitation into the lowest-energy absorbance band, all
complexes are brightly emissive in 2-methyltetrahydrofuran (2-
MeTHEF) glass at 77 K (Figure S, Table 2) and weakly emissive
at room temperature as a microcrystalline solid (Figure S16).
The excitation spectra coincide with the main features in the
corresponding absorption spectra, indicating that the emission
is not due to an impurity (Figures $17—S20). In addition, both
the Cp,Ti(C,Ph), parent complex and the corresponding Ph-

Table 2. Experimental Emission Wavelengths and Lifetimes
(77 K) and TDDFT and ASCF Calculated Lowest-Energy
Triplet Transitions”

epr TD-DFT®  ASCF? lifetime®

Cp,Ti(C,Ph), 575 569 607 9.5 msé
Cp,Ti(C,TPA), 642" 641" 727 9.6 ms®
Cp,Ti(C,DMA), 672 670" 742 7.4 ms®
Ph-AgCl 578 573 610 1.1 ms
TPA-AgCl 659 685 790 20.2 us, 11 ps”
DMA-AgCl 723 718 801 35.7 us, 7.5 ps”
Ph:CuCl 706 558 655 19.8 us
TPA-CuCl 708 677 816 31.2 us
DMA-CuCl 748 720 848 28.5 us
Ph:CuBr 715 562 668 19.4 us
TPA-CuBr 700 673 810 45 ps
DMA-CuBr 767 722 857 41.5 ps

“See Figure 2 for complex abbreviations. Exp is the experimentally
determined emission maximum (2-MeTHF, 77 K), 4., = 400 nm.
“The S, to T, transition was predicted using MN15/LANL2DZ//
B3LYP/6-311+G(d)/DGDZVP. “Energy difference between B3LYP/
6-311+G(d)/DGDZVP singlet optimization and single point triplet
energy of the same geometry (T;@S, — So@S,). “Excited-state
lifetime measured at the emission maximum (2-MeTHF, 77 K), A, =
367 nm. From ref 42. $There is a significantly shorter lifetime
component that is not a major contributor to the integrated emission
intensity (Figure S21). "Biexponential.

AgCl are weakly emissive in room-temperature air-saturated
solution (Figure S). For Cp,Ti(C,Ph),, ®p = 2 X 107* is
unaffected by purging with argon. The emission of Ph*AgCl is
approximately three times weaker. In solution, these complexes
have nearly the same emission maximum as in 77 K glass, but
with a broader high-energy tail, consistent with transitions
from higher-energy vibronic states at RT. Its lifetime in RT
solution is below the detection limit (200 ns) of our system.
To our knowledge, this is the first report of emission in RT
fluid solution for a Ti" complex.

At 77 K, the coordination of MX results in a red-shift in the
emission spectra relative to the corresponding parent for all
complexes except Ph-AgCl (Figure S). Coordination of CuX
always resulted in a greater red-shift than coordination of AgCl,
whereas the identity of the halide on Cu had less impact on the
emission energy. The larger impact of CuX than AgCl on the
emission spectra parallels the structural conclusions that there
is a stronger M—alkyne interaction for CuX than for AgCl.

The coordination of MX into the parent complexes also
decreases the excited-state lifetime (77 K) by nearly three
orders of magnitude (Table 2), that is, from tens of
milliseconds to tens of microseconds, likely due to increased
spin—orbit coupling from the added CuX and AgCL®® One
minor exception to this trend is that coordination of AgCl into
Cp,Ti(C,Ph), lowers the lifetime by only one order of
magnitude. This is consistent with AgCI also having minimal
impact on the absorption and emission spectra, suggesting less
involvement of AgCl in the excited state. To further assess how
MX coordination affects the orbital character of the excited
states, computational modeling was performed.

Computational Modeling. Computational Benchmark-
ing. Previously reported computational benchmarking on the
Cp,Ti(C,R), parent complexes demonstrated that the 77 K
emission spectra and room-temperature absorption spectra
were most accurately modeled using MN15/LANL2DZ for
both geometry optimization and TD-DFT.*” The MX
coordinated complexes were investigated using this model
and other models that performed well with the Cp,Ti(C,R),
parent complexes.*"** Initially, the structure of DMA-CuBr
and TPA*CuBr were optimized using a range of computational
models. Each of the optimized structures was used as input for
TD-DFT using MN15/LANL2DZ to determine which model
gave the best agreement with spectroscopic data. While
®B97XD/6-311+G(d) most accurately modeled the crystal
structure for DMA*CuBr (Table S2), the MN1S/LANL2DZ
TD-DFT calculations using the B3LYP/6-311+G(d) geo-
metries resulted in S; — S; and S, — T transitions that most
closely matched the experimental absorption and emission
spectra, respectively (Table S3).

Next, pairing the B3LYP/6-311+G(d) optimized geometries
with a range of TD-DFT models demonstrated that MN1S/
LANL2DZ//B3LYP/6-311+G(d) (denoted as TDDET//
OPT) gave the best agreement with the experimental
absorption and emission spectra (Table S4). All AgCl-
coordinated complexes were optimized using B3LYP/6-
311+G(d) with the DGDZVP basis set for the silver. Lastly,
because all spectroscopic data reported herein are recorded in
THF or 2-MeTHEF, all calculations employ a Tomasi
polarizable continuum model (PCM) with the dielectric
constant for THE.® It is worth mentioning that previous
benchmarking investigation for the parent complexes demon-
strated that the MNI1S5/LANL2DZ//B3LYP/6-311+G(d)
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Table 3. TD-DFT and Population Analysis for Lowest-Energy Singlets”

singlet population analysis

exp” TD-DFT¢ Ti Cp C,Ar M X
Cp,Ti(C,Ph), 4177 4267 4 - 68(64) 14 > 9(=5) 75 — 23(=52)
Cp,Ti(C,TPA), 5254 5349 1 — 62(61) 6 — 8(2) 93 — 30(—63)
Cp,Ti(C,DMA), 5407 5429 0 — 58(58) 3 — 9(6) 96 — 33(—63)
Ph-AgCl 413 465 0 — 59(59) 7 — 7(0) 72 — 31(—41) 10 — 0(-10) 11 — 3(-8)
TPA-AgCl 547 568 0 — 56(56) 1 - 7(6) 93 — 34(—59) 3 - 3(0) 2 - 0(-2)
DMA-AgCl 581 573 0 — 56(56) 2 - 7(5) 94 — 34(—60) 4 - 3(-1) 1 - 0(-1)
Ph-CuCl 486 470 2 — 58(56) 11 - 7(—4) 59 — 28(-31) 13 - 5(-8) 15 — 1(-14)
TPA-CuCl 544 571 0 — 55(55) 1 - 6(5) 90 — 33(=57) 5 — 5(0) 4 — 1(-3)
DMA:CuCl 571 582 0 — 54(54) 1 - 6(5) 88 — 34(—54) 6 — 5(-1) 4 — 1(-3)
Ph-CuBr 492 479 2 — 58(56) 11 - 7(-4) 40 — 29(—14) 14 - 5(-9) 30 = 1(-29)
TPA-CuBr 550 569 0 — 55(55) 1 - 6(5) 89 — 33(—56) 4 - 5(1) 6 — 1(-5)
DMA:CuBr 571 583 0 — 54(54) 1 - 6(5) 88 — 34(—54) 6 — 5(-1) 5 — 1(—4)

“See Figure 2 for complex abbreviations. bExp is the lowest-energy absorption maximum at 20 °C in THF. “Performed with MN15/LANL2DZ//

B3LYP/6-311+G(d)/DGDZVP. “From ref 42.

model was nearly as reliable as MN15/LANL2DZ//MN15/
LANL2DZ.*

Singlet Excited-State Orbital Character. The MNI1S/
LANL2DZ/PCM//B3LYP/6-311+G(d)/PCM model reason-
ably predicts the lowest-energy singlet transition energies and
the relative energy ordering compared to the absorption data
(Table 3), but overestimates the oscillator strength relative to
the higher-energy transitions (Figures $22—S24). For each
complex, the lowest-energy singlet transition is primarily a
highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) transition (Figures 6

PheCuBr

L
PheAgCl

‘iﬁ 5 ‘J’wﬂ‘f
% ° g “% &

DMA«CuBr
:,ssql' E Lst.g: Q@“u )
LUMO HOMO EDDM

Figure 6. HOMO and LUMO for Ph-CuBr, Ph-AgCl, and DMA-
CuBr. (isovalue of MO = 0.02 and density = 0.0004). Electron
density difference maps (EDDM) based on TDDFT S, — S,
transition prepared with isovalue of MO = 0.02, density = 0.0002,
and isovalue range = —7 X 107 to 7 X 107°. Red indicates a decrease
in electron density and blue indicates an increase in electron density.

and S25, $26). The HOMO is dominated by the arylalkynyl
ligand, with some electron density on MX, and the LUMO is
dominated by Ti'V. For Ph*MX, the HOMO has more electron
density on MX than for TPA*MX or DMA'MX. This suggests
that the lowest-energy visible absorption for Ph*-MX involves a
'"LMCT with some MX character. The lowest-energy singlet
transition for Ph:AgCl and Ph-CuCl is primarily C,Ar-to-Ti
LMCT (Ar = aryl) but with significant MX-to-Ti MXMCT,
whereas the lowest-energy singlet transition for Ph:CuBr is

dominated by CuBr-to-Ti MXMCT with notable C,Ar-to-Ti
LMCT. This is demonstrated graphically by electron density
difference maps (EDDMs) (Figures 6, S25, S26) and by the
Mulliken population analysis (Table 3). For TPA-MX and
DMA-MX, the population analysis shows the lowest-energy
singlet transition to be dominated by C,Ar-to-Ti LMCT with
only a minor orbital character from MX. In all cases, the degree
of MX-to-Ti CT increases in the order AgCl < CuCl < CuBr.
This is in agreement with the electronegativity of Br vs Cl and
the relative thermodynamic difficulty of Ag' oxidation.”
Furthermore, the degree of LMCT character increases in the
order Ph'MX < DMA-MX = TPA-MX, in agreement with the
arylamine substituents being more electron-rich than phenyl.
Triplet-Excited-State Orbital Character. TDDFT-deter-
mined Sy-to-T| transitions are often used to estimate observed
emission bands in rigid matrices at 77 K due to a lack of
structural rearrangement under such conditions.”"”* The
TDDFT-calculated lowest-energy triplets using the MN15/
LANL2DZ//B3LYP/6-311+G(d) model are in poor agree-
ment with the energy ordering of the emission spectra for both
the Ph-MX complexes and the TPA*MX complexes (Table 2).
Because of well-known issues with TDDFT calculations of
triplet energies, ASCF methods are often preferred.”*”* Given
the lack of structural rearrangement likely in 77 K glass, ASCF
calculations use the S, geometry. The Sy-to-T) transition
energies predicted by ASCF calculations (T;@S, — So@S,)
correctly predict the energy ordering between the complexes
coordinated with different MX (Table 2), albeit while
underpredicting the energies of all transitions with the
exception of Ph-CuX.
Perhaps unsurprisingly, the calculated lowest-energy triplet
reveals the same excited-state character as the Sj-to-S;
transition, as demonstrated by Mulliken spin analysis of the
triplet state, T,;@S, (Table SS). For example, the majority of
the spin density is on the central titanium and the C,Ar ligand,
with a smaller density on coordinated MX. The MX spin
density is larger for the Ph:MX complexes than the
corresponding DMA*MX or TPA°MX complexes. The
population analysis of the TDDFT transitions (Table S6) is
also in agreement. Thus, the lowest-energy singlet and triplet
transitions for TPA*MX and DMA*MX are suggested to be
largely LMCT, while the corresponding transitions for Ph-MX
are of mixed LMCT/MXMCT character with the MXMCT
character dominating for Ph*CuBr.
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Table 4. Quantum Yields for Photodecomposition in RT Solution”

parent” AgCl
Cp,Ti(C,Ph), 0.99 (0.65)° 1.19 (1.52)°
Cp,Ti(C,TPA), 0.40 0.031
Cp,Ti(C,DMA), 0.25 45 %1073

CuBr CuCl
1.5 X 1072 (1.2 X 107%)° 1.1 X 107 (1.2 x 107%)¢
12 x 1073 7.3 x 107
12 x 107* 1.8 x 107*

“Ph*AgCl was irradiated at 413 nm using a focused beam. The remaining MX coordinated complexes were irradiated using the Rayonet
Photoreactor with 419 nm bulbs for Ph*-MX and 575 nm bulbs for DMA*MX and TPA-MX. “From ref 42. “Quantum yields were determined in
THF at room temperature under ambient air and under an Ar atmosphere (in parentheses). Only the complexes of Cp,Ti(C,Ph), were sensitive to

the presence of oxygen.

Impact of MX Coordination on Photostability. The
parent Cp,Ti(C,R), complexes photodecompose in RT
solution with quantum yields between 0.25 and 0.99.** The
coordination of MX into these titanocenes increases their
photostability by one to three orders of magnitude (Table 4).
The one exception is PhrAgCl. This was also the only complex
for which MX coordination did not impact the absorption and
emission spectra. For this case, the coordination of AgCl
actually increases the quantum yield for photodecomposition,
@, to values larger than 1, which could be explained by
secondary decompositions from photolysis of the AgCl
photoproduct. Lastly, except for the complexes of Cp,Ti-
(C,Ph),, @, is not sensitive to the presence of oxygen.

For the parent Cp,Ti(C,R), complexes, the organic
photoproduct is an enyne (4 in Figure 7). Previous

Figure 7. Photodecomposition scheme for Cp,Ti(C,Ar),.

investigations suggest 4 forms from reductive elimination of
the two alkynyl ligands to give a butadiyne, followed by
reduction of one of the alkynes to an alkene by the resulting
“titanocene”.*”®* Furthermore, butadiynes are known to
coordinate to titanocene to give metallacyclopropenes; and 3
(Figure 7), as well as its titanacyclocumulene form, has been
suggested as a likely intermediate for photodecomposi-
tion.””””” The organic photoproducts for Ph*CuBr have
been determined and mirror those of the corresponding
parent complex (Figure S27), demonstrating that coordination
of MX does not significantly impact the products of the
reaction.

One notable trend regarding photostability is that @,
increases as the energy of the emissive state increases, and
there appears to be a linear relationship between In(®,,) and
the energy of the emissive *CT state (Figure 8). One
hypothesis for this observed correlation is that both emission
and decomposition occur from the same *CT excited state and
that the transition state for decomposition becomes increas-
ingly thermally accessible as the *CT state energy increases,
thereby increasing @, (Figure 9). A similar correlation has
been used as evidence for thermal access of an *MC state for a
series of emissive platinum complexes.”® Below we show that
this hypothesis is consistent with the linear relationship shown
in Figure 8.

0 .
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4] Cp,Ti(CoPh),
< Cp,Ti(C,DMA),
g 6 Cp,Ti(C,TPA),
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AgCl &
-8 S CuBr O
CuCl e
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Energy (cm”)

Figure 8. Plot of In(®,,,) vs emission energy. Only complexes with
@, < 0.1 are included in the lines of best fit for DMA*MX (red) and
TPA-MX (green).
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Figure 9. Gibbs free energy well for ground state ('GS) Cp,Ti-
(C,Ph), and calculated transition state ('TS, 2) for decomposition to
a metallacyclopropene intermediate, 3. The *LMCT excited-state
potential well is displaced along the reaction coordinate.

First, an estimate of the Gibbs free energy of the transition
state for decomposition requires the hypothesis of an initial
reaction trajectory. Previous research suggests the formation of
an intermediate metallocyclopropene (3 in Figures 7 and 9).”
Optimization of such an intermediate in THF solvent for the
decomposition of Cp,Ti(C,Ph), demonstrates it has a
DLPNO-CCSD(T)/CBS/THE//@B97X-D/6-311+G(d)/
THEF free energy of —4.4 kcal/mol relative to the starting
titanocene, 1. This structure was also found as a minimum by
starting with an optimized Cp,Ti fragment and 1,4-
diphenylbutadiyne. A nudged elastic band transition-state
(TS) calculation (also in THF) connecting 1 with 3 found a
free-energy maximum at 52.2 keal/mol (2 in Figure 9), slightly
higher than the emission energy of Cp,Ti(C,Ph), (575 nm,
49.7 kcal/mol). An intrinsic reaction coordinate calculation
confirmed that TS 2 does connect 1 to 3. This suggests that
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the energy of the CT excited state, Ecy, is lower than the
energy of the transition state for ground-state decomposition,
Ers. This is in agreement with the hypothesis that intersystem
crossing to the ground-state reaction surface is a thermally
activated process (Figure 9). It is also interesting that the
optimized *CT excited states of the Cp,Ti(C,R), parent
complexes are distorted along this reaction coordinate (i.e.,
elongated Ti—C bonds and a concomitant shortening of the
distance between the carbon atoms attached to Ti).** Such a
triplet distortion may lead to the critical geometry necessary to
“jump” between surfaces.”’

Further investigation of this mechanism requires represent-
ing ®,,, as a ratio of rate constants (eq 1).

_ ern ern
B S Y ke + Ky (1)

~

ISC

where k,, is the rate constant for the decomposition reaction,
k, is the radiative rate constant, and k,, is the nonradiative rate
constant—all from the *CT state; and @4 is the quantum
yield for the formation of the *CT state from the initially
formed singlet state. Approximating @gc = 1 (by application
of Ermolaev’s rule; ie, ®p + Pgec = 1, where D is the
fluorescence quantum yield),79_81 ®,,, is controlled by
competition between k., and k, (given that k, is negligible
for these complexes at room temperature). When the quantum
yield of decomposition is less than 0.1, then k., < k
resulting in eq 2.

nr’

~

o === In(d,) = In(k,,) — In(k,,)

Ko ()
Replacing k., with an Arrhenius term (where the activation

barrier is the energy difference between the transition state and

the *CT state, Erg—Ecr) and replacing k,, with the expression

for the energy-gap law™ results in a linear dependence

between In(®,,,) and the energy of the *CT state, Ecy (eq 3),

xn

In(®,,) = const + ECT[L + L]

kT ho (3)

where the first term in the slope (1/k;T, where kg is the
Boltzmann constant) comes from the Arrhenius term and the
second term (y/hw, where w is the maximum and dominant
vibrational frequency available and y is expressed in terms of
more detailed molecular parameters) originates from the
energy gap law.*” Details of the derivation are presented in the
Supporting Information.

According to this model, a plot of In(®,,,) vs Ecr should

give a straight line with a slope of or + 5, aslongas eq 2 is

valid, that is, when @, < 0.1. Such a linear relationship
appears to be observed at low quantum yields (Figure 8).
Furthermore, as k,,,, approaches k,,, eq 2 is no longer valid, and
eventually, ®_ should asymptotically approach unity (and In
@, approach 0) when k., > k,. This is qualitatively
observed (Figure 8). The slopes obtained for DMA-MX (4.7 +
1.6 X 107*/cm™!, Figure 8, red line) and TPA-MX (5.1 + 0.4
X 1073 /em™, Figure 8, green line) are similar to the value of
1/ksT, which at room temperature is 4.8 X 1073/cm™". This
suggests that y/hw is relatively small compared to 1/kzT,
which is consistent with some of the lower values for y/A®
determined from energy-gap-law plots for a range of systems
(5 x 107 to 3.5 X 107%/ecm™, Table §7).**7® No further
conclusions regarding the magnitude of y/f® can be made due

to the limited size of the data set (and resulting uncertainty in
the slope).

One assumption implicit in the abovementioned derivation
is that Erg is at higher energy than the *CT state and does not
change significantly within each series of MX complexes (note
that the parent complexes were not included in the calculations
of the slope because @, > 0.1, and eqs 2 and 3 are not valid).
The only complex for which Epg was calculated is Cp,Ti-
(C,Ph),, the complex with the highest *CT-state energy. The
addition of MX should only serve to increase the TS energy as
MX will have to be expelled during the course of the reaction.
Whether MX is still intimately connected to the TS is
unknown. One seeming inconsistency in the data is that the
value of @, for Ph*CuCl and Ph-CuBr (Figure 8, blue circles)
does not increase with increasing emission energy. This may be
due to the fact that the identity of the excited state changes
from being dominated by MXMCT for Ph*CuBr to LMCT for
Ph-CuCl (vide supra). Recall that the excited states of all other
MX coordinated complexes are dominated by LMCT.

The dependence of In(®,,) on the *CT-state energy is
consistent with emission and decomposition occurring from
the same *CT excited state. An alternative mechanism involves
a reaction from the initially formed singlet state prior to ISC.
Though we cannot dismiss this mechanism, we note that no
obvious trend between @, and the lowest-energy absorption
band is observed (Figure S28).

B CONCLUSIONS AND OUTLOOK

Arylalkynyl titanocenes are an interesting class of emissive
complexes, where the *LMCT emission can easily be tuned by
the aryl substituents. The lack of photostability hinders the
development of this class of compounds as photocatalysts.
Herein, we have demonstrated that coordination of MX in the
alkyne cleft of the complex greatly enhances the stability, while
also lowering the lowest-energy absorption and emission
energies. For most of the MX coordinated complexes, the
TDDFT data suggest that the lowest-energy excited state is still
of the ’LMCT character. Only in the case of Ph-CuBr was
there a greater degree of MX-to-Ti CT than ligand-to-Ti CT.
Interestingly, for the case of Ph*AgCl, there was no difference
in the absorption and emission energy from those of the
corresponding parent complex, nor was there any increase in
photostability. This suggests that MX is not simply serving to
stabilize the complex toward decomposition through a chelate
effect but rather that there is a relationship between the
quantum yield for decomposition and the excited-state energy.
Indeed, as the energy of the excited state increases, the
quantum yield for photodecomposition increases. This is
consistent with photoreactivity being controlled by a
competition between thermally activated ISC from the *CT
state to the 'TS state for decomposition and nonradiative
decay.

Lastly, we note that the complexes with the highest-energy
*LMCT, Cp,Ti(C,Ph), and Ph-AgCl, are the only complexes
that show emission in RT fluid solution, albeit with @, <2 X
107% This suggests that k, is at least somewhat competitive
with k,, for Cp,Ti(C,Ph), and Ph-AgCl. Note that for
Cp,Ti(C,TPA), and Cp,Ti(C,DMA),, no emission in RT
fluid solution is observed, despite those complexes being more
photostable. This suggests that for these parent complexes that
k,. > k. and that the reason the higher energy Cp,Ti(C,Ph),
complex is emissive in solution may in part be due to the
energy-gap law. Such results suggest that careful design of
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group 4 metallocenes may lead to photostable complexes with
lifetimes sufficient to act as photocatalysts. Such strategies may
involve inhibiting vibrational modes leading to nonradiative
deactivation.
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