Downloaded via FURMAN UNIV on September 20, 2021 at 17:41:21 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry

pubs.acs.org/IC

Ligand-to-Metal Charge-Transfer Photophysics and Photochemistry
of Emissive d° Titanocenes: A Spectroscopic and Computational
Investigation

Henry C. London, Thomas J. Whittemore, Ariel G. Gale, Colin D. McMillen, David Y. Pritchett,
Alexis R. Myers, Hannah D. Thomas, George C. Shields,* and Paul S. Wagenknecht*

Cite This: Inorg. Chem. 2021, 60, 14399-14409 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: Complexes with ligand-to-metal charge-transfer (LMCT) excited ’ y
states involving d° metals represent a new design for photocatalysts. Herein, the ——\/ _> { ——O
. . 0 .- . i\ \

photochemistry and photophysics of d° titanocenes of the type Cp,Ti(C,R),, where =

C,R = ethynylphenyl (C,Ph), 4-ethynyldimethylaniline (C,DMA), or 4-ethynyl- \

triphenylamine (C,TPA), have been investigated. Cp,Ti(C,Ph), and Cp,Ti- 50"101 — Cp,Ti(C,Ph),

(C,DMA), have also been characterized by single-crystal X-ray diffraction. The 40** :gﬁg:igigmi

two aryl rings in Cp,Ti(C,DMA), are nearly face-to-face in the solid state, whereas _~
they are mutually perpendicular for Cp,Ti(C,Ph),. All three complexes are brightly §
emissive at 77 K but photodecompose at room temperature when irradiated into their =
lowest-energy absorption band. The emission wavelengths and photodecomposition .
quantum yields are as follows: Cp,Ti(C,Ph),, 575 nm and 0.65; Cp,Ti(C,TPA),, 642 e .
nm and 0.42; Cp,Ti(C,DMA),, 672 nm and 0.2S. Extensive benchmarking of the 300 400w;%?en:t?10(nm7)00 80
density functional theory (DFT) model against the structural data and of the time-

dependent DFT (TDDFT) model against the absorption and emission data was performed using combinations of 13 different
functionals and 4 basis sets. The model that predicted the absorption and emission data with the greatest fidelity utilized MN15/
LANL2DZ for both the DFT optimization and the TDDFT. Computational analysis shows that absorption involves a transition to a
'"LMCT state. Whereas the spectroscopic data for Cp,Ti(C,TPA), and Cp,Ti(C,DMA), are well modeled using the optimized
structure of these complexes, Cp,Ti(C,Ph), required averaging of the spectra from multiple rotamers involving rotation of the Ph
rings. Consistent with this finding, an energy scan of all rotamers showed a very flat energetic surface, with less than 1.3 kcal/mol
separating the minimum and maximum. The computational data suggest that emission occurs from a *LMCT state. Optimization of
the ’LMCT state demonstrates compression of the C—Ti—C bond angle, consistent with the known products of
photodecomposition.
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H INTRODUCTION Although complexes with ligand-to-metal charge-transfer
(LMCT) excited states are rarely emissive in a room-
temperature fluid solution and thus have found little
application as photoredox catalysts, very recent reports have
demonstrated that LMCT states in d° transition-metal
complexes are excellent candidates for photoredox cata-

Transition-metal complexes with metal-to-ligand charge-trans-
fer (MLCT) excited states have been exploited for their
applications in solar energy conversion' ~ and photoredox
catalysis.”” The long excited-state lifetimes and photostability

of complexes of second- and third-row transition metals (e.g., 920 - - )
Rul,">** Rel®” RhL® 1A% and PtII4,6,7) are particularly lysts. This is due to the lack of MC excited states,

which results from the absence of d electrons. For example,
emission from several Zr'"' complexes has recently been
reported, e.g,, an ansa-zirconocene complex,”**
(IV) pyridine dipyrrolide complex (Figure 1),”**" and a Zr"V

attractive in these applications. Complexes of first-row
transition metals typically do not perform as well as their
second- and third-row counterparts because of the presence of
low-lying, thermally accessible metal-centered (MC) states.
These thermally accessible MC states are well-known to lead
to fast, radiationless mechanisms of excited-state deactivation, Received: July 19, 2021
including decomposition.” Despite the fact that some first-row Published: September 8, 2021
transition-metal complexes have been developed with perform-

ance characteristics approaching those of parallel second- and

third-row transition-metal sensitizers,'°™"” the development of

base-metal photocatalysts remains a challenge."®

a zirconium-
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Figure 1. Complexes of d” metals that are emissive in a room-
temperature fluid solution from their ’LMCT state.

N-heterocyclic carbene complex.”” The zirconium(IV) pyr-
idine dipyrrolide complex has also served as a photoredox
catalyst. Furthermore, emission in a room-temperature fluid
solution from Cp*,ScCl (Figure 1) has been ascribed to a Cl-
to-Sc LMCT state.”® 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.

Our group recently investigated a series of titanocene
coméalexes with absorption bands involving CT to Ti'" (Figure
2).°7° For example, titanocenes with ethynylferrocene
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Figure 2. Titanocenes with absorption bands involving CT to Ti%,
along with abbreviations used herein. DMA and TPA are used to refer
to the dimethylaniline and triphenylamine substituents, respectively.

ligands, e.g., Cp,Ti(C,Fc),, have a low-energy visible
absorbance band ascribed to Fe"-to-Ti" metal-to-metal charge
transfer (MMCT).”® Titanocenes with alkynylarylamine
ligands have a low-energy absorbance ascribed to a LMCT.”’
In the case of MMCT from ferrocene ligands, the presence of
MC states clearly impacts the excited-state lifetimes of the
MMCT states, as demonstrated by time-resolved transient-
absorption spectroscopy and time—degendent density func-
tional theory (TDDFT) investigations.”” Thus, we have turned
our attention to the complexes with organic amine donor
ligands appended to titanocenes. Our previous communication
on these complexes regorted on their absorption spectra and
lack of photostability.”” Herein, we report on their room-
temperature solution-phase photochemistry, their low-temper-
ature emission properties, and an in-depth computational
investigation. Key conclusions from this investigation are that
emission occurs from the *LMCT state and that this state
appears to be distorted along a probable reaction coordinate
for room-temperature photodecomposition. Furthermore, the
rotational dynamics of the phenyl substituent in Cp,Ti(C,Ph),
were shown to be important in modeling the absorption
spectrum. To our knowledge, this is the first demonstration of
summing the rotamer spectra in freely rotating systems to
obtain a reasonable match for the experimental absorption
spectrum. Lastly, the reaction coordinate for photodecompo-
sition suggests strategies for photostabilization.

B EXPERIMENTAL SECTION

Materials and Methods. The complexes Cp,Ti(C,Ph),, Cp,Ti-
(C,DMA),, and Cp,Ti(C,TPA), were prepared according to
literature procedures.”” 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 cuvette holder.
Emission spectra were recorded using a Horiba Fluorolog-3
spectrofluorimeter equipped with either a FL-1013 liquid-nitrogen
dewar assembly or a J-1933 solid-sample holder.

Computational Methods. Gaussian 16>' was used for all DFT
and TDDFT calculations. For each computational model, the
geometry was optimized and the structure checked to be a minimum
based on the frequency calculation, unless redundant coordinates
were used to minimize a rotamer that was not at a minimum.
GaussView, version 6,°* was used for all orbital imaging. Benchmark-
ing efforts involved the functionals B3LYP,* B3PW91,** B97D3,**
®wB97XD,*® CAM-B3LYP,*” Mo0s5,** Mo06,*° Mo06-L,>° M11,*
SOGGAL11,*"" MN12SX,** N12SX,** and MN15* and the basis sets
6-31G(d)," 6-311+G(d),** LANL2DZ,"” and def2-TZV.*

X-ray Diffraction. Single crystals of Cp,Ti(C,Ph), and Cp,Ti-
(C,DMA), were grown by slow evaporation from a solution of the
complexes in tetrahydrofuran (THF) containing 5% triethylamine.
Single-crystal X-ray diffraction data were collected at 100 K using a
Bruker D8 Venture diffractometer with Mo Ka radiation (1 = 0.71073
A) and a Photon 2 detector. Instrument control, 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 non-H atoms were refined anisotropically. H
atoms attached to C atoms were placed in geometrically optimized
positions using the appropriate riding models. Further details of the
refinement and crystallographic data are given in the Supporting
Information and are available through the Cambridge Crystallo-
graphic Data Centre as CCDC 2095566 and 2095567.

Quantum Yields. Complexes were irradiated at the selected
wavelengths using a Xe short-arc lamp (Ushio UXL-450S-O) and a
monochromator (SPEX 1681B; 0.22 m; 4 and 1 mm entrance and
exit slits, respectively). The beam was focused to approximately 2 mm
diameter at the sample, which was contained in a 1 cm quartz cuvette.
The contents of the cuvette was stirred continuously during the
period of photolysis. The photon flux was determined from the optical
power, which was measured using a Thorlabs S120VC photodiode
connected to a PM100USB optical power and energy meter. All
photolyses for quantum yield determinations were performed in THF
with 1% triethylamine added to inhibit thermal decomposition. The
initial concentrations were chosen to have an absorbance near 1.5 at
the irradiation wavelength, and the 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 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. Exhaustive photolysis
showed that the decomposition products do not absorb at the
wavelength of the LMCT band, and thus no correction for product
absorbance was necessary.

Photochemical Decomposition of Cp,Ti(C,DMA),. Samples of
the complex (30 mg) in anhydrous THF (12 mL) were degassed with
three freeze—pump—thaw cycles and then irradiated using a Rayonet
RPR-100 photochemical reactor equipped with eight RPR-5750
bulbs. Organic products were purified by column chromatography
(8i0, and CH,CL,).

B RESULTS AND DISCUSSION

Structural Characterization. All three complexes inves-
tigated herein were previously reported without X-ray
diffraction data.”” Previous attempts to grow crystals were
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Figure 3. Top row: Structure of Cp,Ti(C,Ph), shown as 50% probability ellipsoids along with tube diagrams showing the 90/0 conformation for
the aryl rings. Bottom row: Structure of Cp,Ti(C,DMA), shown as 30% probability ellipsoids along with tube diagrams showing the nearly 90/90

conformation for the aryl rings. H atoms are omitted for clarity.

hampered by poor long-term thermal stability in solution. The
fact that a similar complex with 2-ethynylpyridine ligands in
place of the ethynylbenzene ligands is much more stable in
solution®’ suggested that a base (i.., the pyridine ligand)
improved the solution stability. Indeed, the addition of 1-5%
triethylamine resulted in weeks-long stability in solution. Thus,
crystal growth, spectroscopic measurements, and quantum
yield measurements were performed in the presence of
triethylamine to avoid thermal decomposition. Despite good
long-term stability, conditions for growing single crystals of
Cp,Ti(C,TPA), were not found.

The structures for Cp,Ti(C,Ph), (Figure 3, top row, Table
1, and Table S1 and Figure S1) and Cp,Ti(C,DMA), (Figure
3, bottom row, Table 1, and Table S1 and Figure S2) are
reported herein. In the solid-state structure of Cp,Ti(C,Ph),,
the Ph ring planes are rigidly normal to one another, as
imposed by a mirror plane in the molecule. That is, one Ph
ring is in the plane defined by the C1—-Ti—C4 unit, and the
other is oriented perpendicular to that plane. It is useful in this
context to define the rotation of each Ph ring relative this C1—
Ti—C4 plane, identifying each aryl ring with its angle relative
to this plane. Thus, this structure is rigidly 0/90. The
intermolecular interactions are dominated by H:-z inter-

14401

Table 1. Key Geometric Parameters”

bond Cp,Ti(C,Ph), Cp,Ti(C,DMA),"
Ti—Cl 2.108(3) 2.081(6), 2.088(6)
Ti-C4 2.096(3) 2.111(7), 2.096(7)
C1-C2 1.222(4) 1.215(7), 1.227(8)
C4-Cs 1.222(4) 1.214(8), 1.236(8)
C1-Ti—C4 100.68(12) 96.3(2), 94.2(2)°
Ar1 dihedral angle® 0.0 86.0, 83.8
Ar2 dihedral angle® 90.0 78.5, 78.9

“All bond lengths in angstroms and angles in degrees. bThere are two
unique molecules in the asymmetric unit for Cp,Ti(C,DMA),. The
comparable parameters for each molecule are listed. “The dihedral
angles are defined as those between the C1-Ti—C4 plane and each
aryl plane. Arl is the aryl linked to the C1=C2 alkyne, and Ar2 is the
aryl linked to the C4=CS$ alkyne.

actions (Figure S1). The corresponding ziroconocene complex,
Cp,Zr(C,Ph),, has an identical 0/90 structure in the solid
state.”” It is worth noting that a very similar complex with a
trimethylsilyl-substituted Cp ring, ™Cp,Ti(C,Ph),, crystal-
lizes in a conformation with the Ph rings face-to-face (very
nearly 90/90).>* Thus, the energy difference between these
rotamers might be very small and the Ph ring conformation in
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the solid-state driven by crystal packing considerations. In
contrast, for Cp,Ti(C,DMA),, the aryl rings are nearly face-to-
face (90/90) with intermolecular interactions also involving 7
stacking (Figure S2) in addition to H--7 interactions. The
intermolecular interactions for the two DMA units within a
single complex are different because the two aryl rings are
inequivalent in the solid-state structure and there are two
unique complexes in the asymmetric unit. Lastly, The C1-Ti—
C4 bite angle in Cp,Ti(C,Ph), is larger than the
corresponding angle in Cp,Ti(C,DMA),.

Photophysics. The UV—vis spectra of the three complexes
investigated herein have been previously reported in CH,Cl,.
The lowest-energy transitions have been ascribed to a LMCT
transition from the alkynylarylamine to Ti'.”” For simplicity of
the computational solvent model choice, the UV—vis spectra
(Figure 4 and Table 2) are reported in THF (dielectric

—— Cp,Ti(C,Ph),
— Cp,Ti(C,TPA),
— Cp,Ti(C,DMA),
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Figure 4. UV—vis and normalized emission spectra of Cp,Ti(C,Ph),,
Cp,Ti(C,DMA),, and Cp,Ti(C,TPA),. UV—vis spectra are in THF
at 20 °C. Emission spectra are in 2-methyltetrahydrofuran (1%
triethylamine, v/v) glass at 77 K.

Table 2. Photophysical and Photochemical Data

complex Aabs Ao’ Pdecomp 1n air (Ar)
Cp,Ti(C,DMA), 540 672 0.25 (0.25)
Cp,Ti(C,TPA), 525 642 0.40 (0.42)
Cp,Ti(C,Ph), 417 575 0.99 (0.65)

“Lowest-energy absorption maximum (nm) in THF at 20 °C.
“Emission maximum in 2-methyltetrahydrofuran at 77 K. 4., = 400
nm. “Quantum yield for photodecomposition in a room-temperature
THE solution upon excitation into the lowest-energy absorption band.

constant = 7.58) for consistency with emission spectra, which
were recorded in 2-methyltetrahydrofuran glass (dielectric
constant = 6.97). The UV—vis spectra are slightly blue-shifted
(3—14 nm) in THF versus CH,Cl,. This is consistent with the
investigation of the solvatochromism of the CT-to-Ti'
absorption bands in *Cp,Ti(C,Fc), complexes. In that study,
the solvent polarizability dominated the solvatochromism, with
the CT absorption band energy decreasing with increased
solvent polarizability (CH,Cl, is more polarizable than
THF).>* Not surprisingly, this suggests a greater degree of
electron delocalization in the excited state than the ground
state.”> TDDFT confirms that the lowest-energy absorption for
all three complexes is to an excited state of the same 'LMCT
electronic nature (vide infra).

Upon excitation into this 'LMCT band, all complexes are
brightly emissive in a 2-methyltetrahydrofuran glass at 77 K
(Figure 4 and Table 2) and weakly emissive at room
temperature as a microcrystalline solid. The room-temperature

solid spectra are red-shifted from those recorded in a 77 K
glass (Figure S3). Excitation spectra closely match the UV—vis
spectra, indicating that emission is not due to an impurity
(Figure S4). Emission from Cp,TiX, complexes (X = F~, CI’,
Br™, SCN™) at 77 K has been observed previously. In the case
of X = halide, emission was ascribed to a Cp-to-Ti LMCT
triplet excited state, although the authors also considered
emission from an X-to-Ti LMCT triplet excited state.’
Emission from Cp,Ti(SCN), was ascribed to a SCN-to-Ti
LMCT triplet excited state based on the TDDFT data.”” For
the arylalkynylamine complexes investigated herein, prior
evidence that the lowest-energy absorption generates an
LMCT excited state and further quantum-chemical calcu-
lations (vide infra) suggest that emission is from an
arylalkynylamine-to-Ti" *LMCT state. The significant red
shift (3000—4000 cm™) of the emission relative to the
absorption is consistent with emission following intersystem
crossing (ISC) to a lower-energy triplet, although the extent to
which this ISC is quantitative is unclear given the lack of atoms
with significant spin—orbit coupling constants.”
Photochemistry. Previous reports indicate that the
complexes investigated herein are not photostable.”**” For
example, photolysis of Cp,Ti(C,Ph), in THF, benzene, or
toluene results in an enyne (Figure S, R = H). The proposed

R H
? H
\ Z hv 7 o
Ti —
R
R R

Figure 5. Organic photodecomposition product of arylalkynyltitano-

cenes.

mechanism involves the reductive elimination of a diyne
followed by reduction of the diyne to the enyne by the
resulting titanocene.”® The so-called “titanocene” has been
demonstrated to have a dihydride structure, where the
hydrides come from the coupling of two Cp rings into a
fulvalene structure,” and this titanocene has been demon-
strated to be a good reducing agent.”” The fact that photolysis
in a deuterated solvent did not result in deuterium
incorporation into the enyne product supported this
conclusion.”® Herein, we report that photolysis of Cp,Ti-
(C,DMA), under an inert atmosphere also results in an enyne
as the dominant organic photoproduct (Figure S, R = NMe,),
consistent with prior results for Cp,Ti(C,Ph), photolysis. The
enyne product is predominantly cis with a cis-to-trans ratio of
4:1, as demonstrated by a comparison of the 'H NMR
spectrum with those of authentic samples. The enyne is
typically contaminated with a small quantity of the
corresponding diyne, which further supports the intermediacy
of the diyne in the formation of the enyne (Figure SS). Such a
C—C coupling reaction may proceed through the intermediacy
of a titanacyclopropene.’”®* We also report here the quantum
yields for photodecomposition (Table 2 and Figure S6) for all
three complexes, which range from 0.25 to nearly 1. Within
experimental error, the quantum yields for photodecomposi-
tion of Cp,Ti(C,DMA), and Cp,Ti(C,TPA), are not affected
by the presence of oxygen. However, the quantum yield for
decomposition of Cp,Ti(C,Ph), increases by a factor of
approximately 1.5 in the presence of air.
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Table 3. Comparison of DFT-Predicted and Experimental Bond Metrics” for Cp,Ti(C,DMA),

CAM-B3LYP/6-
®B97XD/6-311+G(d) 311+G(d) B3PW91/6-311+G(d)  B3LYP/6-311+G(d) MN15/LANL2DZ
bond X-ray DFT AP DET AP DET A DET Ab DET Ab
C—C¢,* 1.373 1.412 0.039 1.410 0.037 1.414 0.041 1.416 0.043 1.430 0.057
TH—CC;i 2.358 2.372 0.014 2.383 0.025 2.387 0.029 2418 0.060 2.387 0.029
Ti—C* 2.094 2.087 —0.007 2.085 —0.009 2.074 —0.020 2.084 -0.010 2.045 —0.049
c=c* 1.223 1223 0.000 1.220 -0.003 1232 0.009 1.230 0.007 1.249 0.026
C-Ti—C 95.3 95.52 02 95.57 03 95.65 04 95.79 0.5 96.12 0.8

“All bond lengths are given in angstroms and bond angles in degrees. Metrics for the crystal data are averages of the two unique molecules in the
asymmetric unit. All computational models were run with scrf (solvent = thf). YA is the difference between the calculated structure (DFT) and X-
ray structure. “The C—C bond lengths of the Cp rings were averaged. “The bond lengths between the Ti and the C atoms on the Cp rings were
averaged. “The ethynyldimethylaniline ligands are crystallographically inequivalent. Thus, the bond lengths were averaged for comparison with the

calculated structure.

Computational Modeling. Computational Benchmark-
ing. Previously reported computational modeling of the
spectra of these titanocenes was performed with wB97XD/
def2-TZV for the geometry optimization and B3PW91/6-
311G(d,p) for the TDDFT.>” This model had been chosen
based on its reasonable prediction of the lowest-energy
absorption band for complexes of the type RszTi(Cch)z.26
Although this model did a reasonable job of predicting the
lowest-energy absorption band for the ethynylarylamine
complexes investigated herein, the predicted energies for
Cp,Ti(C,DMA), and Cp,Ti(C,TPA), were reversed versus
experiment. Thus, we have undertaken an extensive bench-
marking effort using the structural data reported herein, as well
as both the absorption and emission energies. Because all
spectroscopic data reported herein are recorded in THF or 2-
methyltetrahydrofuran, all calculations employ a Tomasi
polarizable continuum model assigned the dielectric constant
for THE.*

The structure of Cp,Ti(C,DMA), was optimized using a
range of functionals and basis sets. Functionals chosen because
of recent success in predicting the structures of a range of
titanocenes include B3LYP,** B3PW91,%**° M06,°° and M06-
L% Because of interest in the CT transitions in these
complexes, the range-separated functionals @wB97XD and
CAM-B3LYP were also investigated. wB97XD is also a
dispersion-corrected functional and is known to more
accurately predict structure. We also investigated the addition
of a Grimme’s dispersion correction.”” A range of basis sets
was investigated, including double-{ basis sets, 6-31G(d) and
LANL2DZ, and triple-{ basis sets, 6-311+G(d) and def2-TZV.
All models predicted the bond lengths within the dimethylani-
line portion of the complex with low deviations (<0.015 A)
relative to the crystal structure; thus, models were analyzed
with respect to the bond lengths and angles surrounding the
Ti. Structures calculated with the 6-311+G(d) basis set were
the most faithful in their agreement with the crystal structure
and were most accurate when paired with ®B97XD and CAM-
B3LYP (Table 3). The addition of dispersion corrections did
not appear to improve the models.

Next, functionals for TDDFT were screened by first
optimizing both Cp,Ti(C,DMA), and Cp,Ti(C,TPA), using
®B97XD/6-311+G(d) and then performing TDDFT using a
series of functionals paired with the 6-31G(d) basis set. In
addition to the functionals screened for geometry optimization,
several more from the Minnesota family of functionals were
added because this class of functionals is highly parametrized
to obtain a balanced description for both main-group and
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transition-metal systems and they have been significantly
benchmarked.®® These include MoS, M06, M11, SOGGALI,
MN12SX, N12SX, and MN1S. Lastly, B97D3, an additional
dispersion-corrected functional, was added. The predicted
lowest-energy singlet transitions for six of the TDDFT models
had errors of more than 100 nm versus the experimental
absorbance and were eliminated from further consideration
(Table S2). The remaining seven functionals were paired with
a different double-{ basis set, LANL2DZ. Although all models
gave reasonable predictions of the energy of the lowest-energy
transitions, MN15 was the only model that correctly predicted
that the lowest-energy transition of Cp,Ti(C,DMA), is at a
longer wavelength than that of Cp,Ti(C,TPA), (Table S3).
Next, MN15 was paired with two more sophisticated triple-{
basis sets [6-311+G(d) and def2-TZV] for a comparison with
those already run. The less computationally intensive MN15/
LANL2DZ combination clearly models the lowest-energy
transition the most faithfully (Table 4).

Table 4. Lowest-Energy Singlet Transitions Predicted for
Cp,Ti(C,DMA), and Cp,Ti(C,TPA), Using the MN15
Functional”

6- def2- 6-
exp” LANL2DZ 311+G(d) TZV  31G(d)
Cp,Ti(C,DMA), 540 523 485 487 486
Cp,Ti(C,TPA), 525 518 486 484 487

“All TDDFT models were run with @B97XD/6-311+G(d) geometry
in THF. All values reported are in nanometers. The wavelengths
reported for the TDDFT are the lowest-energy singlet transitions.
bLowest—energy absorbance peak in THF.

Lastly, the effect of the geometry on the TDDFT predictions
was investigated. In this final iteration, all three complexes
were included in the benchmarking and the lowest-energy
vertical singlet and triplet transitions were compared to the
room-temperature absorption and 77 K emission data (Table
5). TDDFT using MN15/LANL2DZ was performed starting
with the four models for geometry optimization that were
determined to most closely match the experimental structure.
In addition, a fifth geometry optimization model was chosen
(MN15/LANL2DZ) because it is common to perform
TDDFT and geometry optimization using the same model.

MN15/LANL2DZ//MN15/LANL2DZ (TDDFT//opt)
modeled the absorption data with the greatest fidelity but
only slightly more accurately than MNI1S/LANL2DZ//
B3LYP/6-311+G(d). Despite the fact that vertical Sy-to-T,
transitions should slightly overestimate the T;-to-S, emission
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Table S. Lowest-Energy Singlet and Triplet Transitions Predicted from TDDFT Using MN15/LANL2DZ with Various

Optimized Geometries”

exp”  MNIS/LANL2DZ  B3LYP/6-311+G(d)

®B97XD/6-311+G(d)

CAM-B3LYP/6-311+G(d) B3PW91/6-311+G(d)

Lowest-Energy Singlet

Cp,Ti(C,DMA), 540 537 542 523 524 538

Cp,Ti(C,TPA), 525 531 534 518 518 539

Cp,Ti(C,Ph),* 417 423 426 416 416 421
Lowest-Energy Triplet

Cp,Ti(C,DMA), 672 680 670 638 671 668

Cp,Ti(C,TPA), 642 653 641 614 612 640

Cp,Ti(C,Ph),* 575 578 569 588 554 563

“All TDDFT models included THF. All values reported are in nanometers. bThe wavelengths reported are for the lowest-energy absorbance peak
in THF and the 77 K emission peak in 2-methyltetrahydrofuran. “The Cp,Ti(C,Ph), structure was optimized in the 90/0 conformation to be
consistent with X-ray crystallographic data. The TDDFT-calculated singlet transition given here is the lowest-energy singlet with significant

oscillator strength.

energies, depending on the magnitude of the Stokes shift,
TDDEFT-determined Sy-to-T transitions have been used to
estimate the observed triplet 0—0 bands with good accuracy,
particularly where the matrixes provide a rigid environment for
the emitter molecule.””’® This is due to the rigid medium
enforcing an excited-state structure very close to that of the S,
minimum.”" The reported experimental emission wavelengths
are the maxima at 77 K, well below the glass transition
temperature for the 2-methyltetrahydrofuran solvent, and are
accurately modeled by the Sy-to-T; transitions (Table 5).
Emission energies are often calculated using ASCF meth-
ods.”>”* Predictably, using the relaxed T, geometry in these
calculations does not accurately model the emission energies
under these conditions, whereas ASCF calculations on the S,
geometry result in much better agreement (Figure S7 and
Table S4). Lastly, it is worth noting that, because these
emission bands are not resolved, the 0—0 transitions may be at
slightly higher energies than the experimental 77 K maxima.

For all complexes, the highest occupied molecular orbital
(HOMO) is dominated by the arylalkynyl ligand and the
lowest unoccupied molecular orbital (LUMO) is dominated by
d_, with the C, axis being defined as the z axis (Figure 6 and
Charts S1—S3). For both Cp,Ti(C,Ph), and Cp,Ti-
(C,DMA),, LUMO through LUMO+4 involve the complete
set of five d orbitals, whereas for Cp,Ti(C,TPA),, LUMO+4 is
ligand-dominated. These orbitals do not change meaningfully
when calculated using wB97XD/6-311+G(d) instead of
MNI15/LANL2DZ. Qualitatively similar orbital orderings
have been observed for Cp,Ti(SCN),.”” The lowest-energy
singlets and triplets are dominated by a HOMO-to-LUMO
transition (Charts S1—S3). This suggests that the lowest-
energy visible absorption band involves promotion to a
'LMCT and that the emission originates from the *LMCT
state.

Contribution of Rotational Isomerism. 1t is noteworthy
that, for the optimized structures for all three complexes, the
two aryl rings attached to the alkyne linkers are face-to-face
(approximately 90/90). For both Cp,Ti(C,DMA), and
Cp,Ti(C,TPA),, the TDDFT-predicted electronic transitions
from the optimized structures closely match the experimental
spectrum, particularly at longer wavelengths (Figure 7). This is
not the case for Cp,Ti(C,Ph),, where neither the energy nor
the band shape are well represented by the TDDFT-predicted
spectrum from the optimized structure (86/86). In particular,
the experimental absorption spectrum is blue-shifted with a
substantial red tail (Figure 8). Optimizing the structure with a

Figure 6. HOMO (bottom) and LUMO (top) for Cp,Ti(C,DMA),
at the MN15/LANL2DZ level of theory. Additional frontier orbitals
for this complex and for Cp,Ti(C,Ph), and Cp,Ti(C,TPA), appear
in the Supporting Information. A default isovalue of 0.02 is used for
all surfaces.

dihedral angle constraint that imposes the 90/0 structure
observed in the solid state more accurately predicts the
absorption maximum but fails to model the red tail in the
experimental spectrum. This suggests that the room-temper-
ature solution spectrum may be composed of a collection of
conformers that result from free rotation of the phenyl rings.

To investigate this phenomenon, an electronic energy scan
with 15° increments of each phenyl ring was performed at the
MNI1S5/LANL2DZ level of theory. The angle between each
phenyl ring and the C1—Ti—C4 plane was constrained and the
geometry optimized for each rotamer. This demonstrated a
maximum very near 0/0. However, the potential energy surface
was quite flat (Figure 9) with an electronic energy difference
between the minimum and maximum of less than 1.3 kcal/mol,
suggesting that free rotation in solution is likely. This is also
consistent with the result (vide supra) that Cp,Ti(C,Ph),
crystallizes in the 90/0 conformation, whereas the trimethyl-
silyl-substituted ™SCp,Ti(C,Ph), complex crystallizes in
nearly a 90/90 conformation, i.e., that the small rotamer
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Figure 7. Overlay of UV—vis spectrum (THF) and TDDFT (MN1S/LANL2DZ//MN1S/LANL2DZ)-predicted vertical transitions for

Cp,Ti(C,DMA), (left) and Cp,Ti(C,TPA), (right).

35 x10°7 u 90/0
u 86/86

30 m Experimental 1.0
4
—~25- g
E [
5 20 2
= g
w 15 L05 o
@
10+ a
5

5_
oﬁl.lu.ll{ ' L 0.0

250 300 350 400 450 500 550 600
wavelength (nm)

Figure 8. Comparison of the experimental UV—vis spectrum of
Cp,Ti(C,Ph), in THF (black) with that predicted from TDDFT
(MN1S/LANL2DZ//MN15/LANL2DZ) on the 86/86 (blue) and
90/0 (red) rotamers. For spectral prediction, a half-width at half-
maximum of 1500 cm™! was used.

90
60 .
30 0.90

0.75

0.60
-30 0.45

0.30
-60

0.15
07 0.00

-6 -30
Phenyl (1 Rotatlon

—_
n
o

—_
o
(&

Phenyl (2) Rotation
o
Relative Energy (kcal/mol)

Figure 9. Electronic energy contour plot for Cp,Ti(C,Ph), that scans
a full 180° rotation of each phenyl ring. 0° is defined as the phenyl
ring being in the C1-Ti—C4 plane.

energy differences lead to solid-state structures dominated by
crystal packing energetics.

To approximate a UV—vis spectrum that is comprised of all
rotamers, TDDFT was performed on five rotamers chosen to
represent the conformational space, and their predicted UV—
vis spectra were averaged. The rotamers chosen to represent
the conformational space were 90/90, 45/45, 0/0, 45/—4S,
and 90/0 (Figure 10). Small deviations (5°) were determined
to result in relatively small shifts of the predicted transitions;
thus, each rotamer is a reasonable representation of geometri-
cally similar rotamers, and the 45° steps are warranted. For

each structure that lacks a C, axis, two different orientations
will result in equivalent predicted transitions (e.g., 45/—4S and
—45/4S will give the same transitions). Thus, the contributions
from 45/—45 and 90/0 have been doubled in the average
(Figure 10). Weighted Boltzmann averaging was not taken into
account due to the energy differences being smaller than the
typical uncertainties in DFT-determined electronic energies. It
is notable that a relatively small but inclusive sampling of the
conformational space results in remarkably good agreement
between the experimental and theoretically predicted spectra,
particularly in the low-energy region. The 90/0 rotamer
dominates the low-energy absorption maximum, and the 90/
90 and 45/—4S rotamers are largely responsible for the red tail.
In a related example of tungsten(0) arylisocyanides, W-
(CNAryl)s, two distinct conformers were evident in the
solution-phase UV—vis spectra, namely, where trans aryl rings
were either mutually perpendicular or parallel.”* In that case,
only two conformers were necessary to describe the spectrum.
To our knowledge, the system herein is the first example of
modeling a UV—vis spectrum where freely rotating conformers
contribute.

It is noteworthy that, for Cp,Ti(C,DMA), and Cp,Ti-
(C,TPA),, it was unnecessary to include rotamer contributions
in order to obtain good agreement between the predicted and
experimental UV—vis. Although a full rotamer scan of these
complexes was not performed, an analysis of the minimum
(90/90) and maximum (0/0) energy conformations for
Cp,Ti(C,DMA), demonstrates a 3-fold larger energy differ-
ence than that for Cp,Ti(C,Ph), (4.0 vs 1.3 kcal/mol). We
hypothesize that such rotamers are not as important for
Cp,Ti(C,TPA), and Cp,Ti(C,DMA), because conjugation
involving the lone pair on the N atoms results in a structure
with cumulene-type character, Ti=C=C=C Aryb that restricts
such rotation. The MN15/LANL2DZ-optimized [using
Cp,Ti(C,Ph), in the 90/0 conformation] and crystal
structures are both consistent with this hypothesis. Namely,
the calculated and experimental Ti—C bonds are approx-
imately 0.01 A shorter in Cp,Ti(C,DMA), than Cp,Ti-
(C,Ph),. Consistent with this, the C—C Aryl Dond is shorter for
Cp,Ti(C,DMA), than for Cp,Ti(C,Ph), (by 0.006 A for DFT
and 0.003 A in the solid state). Likewise, the C=C bond is
slightly longer for szTl(CZDMA)2 than for szTl(CzPh)z,
but the effect is more subtle (0.003 A for DFT and 0.001 A in
the solid state). A similar type cumulene structure has been
proposed to contribute to bonding with an organic donor—
acceptor system with N,N-dimethylaniline linked to an organic
acceptor through an ethynyl bridge.”

Exploring the Triplet Geometry. Because the observed
photodecomposition is likely to occur out of the LMCT state,
we investigated optimization of the complexes in their lowest-
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energy triplet states. Using MN15/LANL2DZ for the triplet
optimizations, all three complexes show cleavage of the Ti—
Ciikynyl bonds and the formation of a C—C bond between the
two alkyne fragments (Figure S8). This is consistent with the
known room-temperature photolysis products but inconsistent
with the fact that these complexes are emissive at 77 K and
show no sign of decomposition at that temperature. After
attempting several models, B3LYP/def2-TZV triplet optimiza-
tions maintained structural integrity for Cp,Ti(C,DMA), and
Cp,Ti(C,TPA),, ie, did not result in Ti—C bond cleavage.
Instead, there was a compression of the C1-Ti—C4 bond
angle by approximately 25° thus bringing the C atoms
attached to the Ti atom into closer proximity (Figure S9). This
is consistent with a reaction trajectory that forms a new C—C
bond, in agreement with the known photolysis products
(Figure S). For Cp,Ti(C,Ph),, all models investigated resulted
in Ti—C bond cleavage upon optimization of the lowest-energy
triplet. Additionally, attempts at triplet optimization for
Cp,Ti(C,Ph), by replacing NMe, with H in the T;-optimized
structure of Cp,Ti(C,DMA), also resulted in Ti—C bond
cleavage.

The fact that such distortions are consistent with the
photodecomposition products suggests that rigidifying the
complex against a C1-Ti—C4 bond angle compression may
stabilize the complex to photolysis. In this regard, it is
interesting that related arylalkynyltitanocenes with pentam-
ethylcyclopentadienyl (Cp*) ligands are photosensitive but
have been reported to be photostable upon coordination of
Cu' between the alkynes or of Pd" between the pyridine N
atoms (Figure 11).°" No investigation of the mechanism of
photostabilization has been reported. The results herein
suggest that the increased photostability may result from Cu'
preventing compression of the C1-C4 distance, thus
inhibiting C1—C4 bond formation. Research is ongoing to

Figure 11. Cp*,Ti complexes with 2-ethynylpyridine ligands. The

complex on the left is photosensitive, whereas the complexes rigidified
with Cu' or Pd" are photostable.
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investigate the mechanism of photostabilization as well as
whether such photostabilization can be exploited.

B CONCLUSIONS

Complexes with LMCT excited states involving d° metals have
the possibility of strongly emissive, long-lived excited states
due to a lack of *MC states. Herein, the photochemistry and
photophysics of a series of titanocenes with substituted
arylalkynyl ligands were investigated with the help of
computational modeling. All complexes show high molar-
absorptivity transitions in the visible region and are brightly
emissive at 77 K. A range of computational methods were
investigated and benchmarked against both the absorption and
emission spectra. Proper modeling of the absorption spectrum
for Cp,Ti(C,Ph), required an accounting for rotational
isomerism. The computational models demonstrate that the
lowest-energy absorption and emission involve 'LMCT and
’LMCT states, respectively. At room temperature, all
complexes undergo photodegradation with quantum yields
between 0.25 and 0.99. Kasha’s rule states that emission (and,
by extension, photoreaction) takes place from the lowest-
energy state of a given spin multiplicity;® thus, it is likely that
the "LMCT excited state is responsible for both emission and
photoreaction. In this regard, it is interesting that the lowest-
energy triplet is distorted along a C—Ti—C bond angle
compression coordinate that could lead to the observed
photoproducts. It is also noteworthy that, at least with the set
of complexes investigated herein, there is a clear trend of
increased photodecomposition quantum yield with *LMCT
energy. We are presently investigating the degree to which
each of these parameters (excited-state energy and excited-
state distortion) impact the photostability of the complexes so
that photostable complexes with long-lived *LMCT states can
be designed.
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Crystallographic data for Cp,Ti(C,Ph), and Cp,Ti-
(C,DMA),, several different orientations and packing
arrangements for their structures, excitation and solid-
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