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ABSTRACT: Time-resolved transient absorption spectroscopy and
computational analysis of D—z—A complexes comprising Fe'' donors
and Ti'"V acceptors with the general formula *Cp,Ti(C,Fc), (where
RCp = Cp*, Cp, and M©°CCp) and ™5Cp,Ti(C,Fc)(C,R) (where
R = Ph or CF;) are reported. The transient absorption spectra are
consistent with an Fe'/Ti"" metal-to-metal charge-transfer
(MMCT) excited state for all complexes. Thus, excited-state decay
is assigned to back-electron transfer (BET), the lifetime of which
ranges from 18.8 to 41 ps. Though spectroscopic analysis suggests
BET should fall into the Marcus inverted regime, the observed
kinetics are not consistent with this assertion. TDDFT calculations
reveal that the singlet metal-to-metal charge-transfer ("MMCT)

LN
\

/:;

Fc Fc
CuX ﬂi %

%TI XCUX
Fc

Fc
Felll/Till Felll/Till
20-40 ps E
3Fell/Tilv
hv dominated by hv
1Fc mixing 60 ns

CuX changes
decay path

Fell/TiV Fell/TilV

excited state for the Fe'/Ti" complexes is not purely MMCT in nature but is contaminated with the higher-energy 'Fc (d-d)
state. For the diferrocenyl complexes, *Cp,Ti(C,Fc),, the ratio of MMCT to Fc centered character ranges from 57:43 for the
Cp* complex to 85:15 for the M*°°“Cp complex. For the diferrocenyl and monoferrocenyl complexes investigated herein, the
excited-state lifetimes decrease with increased 'Fc character. The effect of Cu' coordination was also analyzed by time-resolved
transient absorption spectroscopy and reveals the elongation of the excited-state lifetime by 3 orders of magnitude to 63 ns. The
transient spectra and TDDFT analysis suggest that the long-lived excited state in Cp,Ti(C,Fc),-CuX (where X is Cl or Br) is a

triplet iron species with an electron arrangement of TiV—3Fe'—Cul.

INTRODUCTION

third-row transition metal sensitizers.

ance characteristics approaching that of parallel second- and
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Charge-transfer excited states where electron hole pairs are
separated over large distances have received much attention for
their applications in solar energy conversion,' "~ photoredox
catalysis,”> molecular spintronics,’ and nonlinear optical
materials.” Typically, expensive second- and third-row
transition metals (e.g,, Rull, 282 Rel o711 RpIL1Z [l 413
and Pt"*~'") have been employed in metal-to-ligand charge-
transfer (MLCT) studies due to their long excited-state
lifetimes as well as photostability. Cheaper earth-abundant
first-row transition metals (e.g., CrllLM Rell 15717 Coll/IL 18,19
and Cu"”') have also been investigated for the same
applications. Unfortunately, first-row transition metals typically
do not perform as well as their second- and third-row
counterparts due to the presence of low-lying, thermally
accessible metal centered states, which can rapidly deactivate
the charge-transfer excited state and contribute to poor
photostability.'***7*® However, more recently, first-row
transition metal complexes have been developed with perform-
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Our recent investigations of possible first-row transition
metal sensitizers have focused on a series of D—7—A
complexes with Fe" donors and Ti" acceptors (Figure
1).*>*® A Marcus—Hush type analysis of the electrochemical
and spectroscopic data is consistent with the assignment of the
low-energy absorption (540—630 nm) as an Fe" — Ti'V metal-
to-metal charge-transfer (MMCT) band.*” Chiefly, good
agreement was observed between AE,,, (E;,, (Ec°) — E,),
(Ti™™)) and the spectroscopically determined value for AG®.
TDDFT calculations supported this hypothesis, but also
indicated some Fe centered d-d character mixed into this
MMCT band. Of particular significance is that the excited-state
(ES*®) potential for this series of Fe/Ti" complexes is
estimated to be more negative than ~—1.3 V vs FcH*/?,

Received: July 31, 2019

DOI: 10.1021/acs.inorgchem.9b02316
Inorg. Chem. XXXX, XXX, XXX—XXX


pubs.acs.org/IC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.9b02316
http://dx.doi.org/10.1021/acs.inorgchem.9b02316

Inorganic Chemistry

Fe MeO
F
ol S
1 1 I
% Fe \Fc ?)% Fc
Cp*2Ti(CoFe)2

Cp,Ti(CoFc), MeOOCCp,Ti(C,Fc),

SMes Fc Fc
d_r A _#
Ti Ti{  CuBr
RN LN
SiMe; R Fc

T™MSCp,Ti(CoFC)(CoR)  Cp,Ti(CoFC),CuBr

Figure 1. Fe"—Ti" complexes discussed in this paper along with
abbreviations used. *Cp,Ti(C,Fc), is the abbreviation used to refer to
the complexes with two ethynylferrocene ligands and any substitution
on the Cp ring (top row).

suggesting that such D—zn—A complexes might be potent
excited-state reducing agents. One obstacle to using these
systems as excited-state reductants is the instability of the le”
oxidized forms. However, binding Cu' between the alkynes
(e.g., Cp,Ti(C,Fc),CuBr, Figure 1) stabilizes these complexes
to oxidation while maintaining the MMCT transition.””
Herein, we continue investigation of the Fe'/Ti"V D—z—A
complexes by examining the excited-state dynamics. Previous
spectroscopic data demonstrated that the ground-state Fe''/
TiV and excited-state Fe!l/Til potential wells are nested; thus
back-electron transfer (BET) rates from the MMCT state are
expected to be consistent with the Marcus inverted region
(Figure 2). To test this hypothesis, we have expanded the set
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Figure 2. Potential-well diagram showing the Fe'lyTitV ground state
and Fe'/Ti"™ excited state (black curves), and the relationship
between the spectroscopic parameters, E,, 4, and the free energy for
BET, —AG°. Gray curves represent Fe/Ti™ excited states at
increasing energy, showing that the activation energy for BET
increases for higher-energy MMCT states, predicting longer excited-
state lifetimes for higher-energy MMCT states.

of ®Cp,Ti(C,Fc), complexes by preparing M<©9CCp,Ti-
(C,Fc),. The electron-poor nature of the esterified Cp ring
anodically shifts the Ti'V/™ potential, thus lowering the
magnitude of AG®, providing a larger thermodynamic range
over which to investigate the rate of BET as a function of AG®.
However, BET kinetics consistent with the Marcus inverted
region were not observed. Instead, excited-state lifetimes
appear to be dominated by mixing with the 'Fc d-d excited
state. We conclude this study by commenting on the effect that
the coordination of Cu' plays on the excited-state dynamics,
chiefly, that it extends the excited-state lifetime by 3 orders of

magnitude. In this case, the *Fc state appears to dominate the
decay kinetics.

B RESULTS AND DISCUSSION

Steady-State Absorption Spectroscopy and Marcus—
Hush Analysis. As expected for an Fe" — Ti"V MMCT, the
energy of this transition decreases as the Ti'"/™ reduction
potential shifts anodically.” Modulation of the Ti"V/™
reduction potential and the resulting MMCT transition energy
is accomplished by modification of the substituents on the Cp
ring for the ®Cp,Ti(C,Fc), complexes (Figure 3). As

— Cp*,Ti(CoFc),
—— Cp,Ti(C,Fc),
MO0, Ti(C,Fe),

— ™Cp,Ti(C,Fc)(C,CFa)
— ™SCp,Ti(C,Fc)(C,Ph)
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@
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Figure 3. UV—vis absorption spectra in THF for bis-ferrocenyl

complexes (top) and monoferrocenyl complexes (bottom). The color
of the curves approximates the color of each complex.

previously reported,” the MMCT band for the more
electron-rich Cp* complex (E,, (TiVm) = —228 V vs
Fc*/°) is significantly blue-shifted relative to that of the Cp
complex (E,, (Ti"M) = —1.75 V vs Ec*/?).

Herein, we report the synthesis and characterization of
MeOOCCP, Ti(C,Fc),. As expected, the e~ withdrawing groups
diminish the e~ density on Ti (E,, (TiIW Iy = _1.46 V vs
Ec*/0) (Supporting Information, Figure S1), which results in a
concomitant red-shift of the MMCT band (Figure 3). The
energy of the optical transition, E,,, for the MeOOCCp, Cp, and
Cp* complexes in THF is 15720, 17510, and 18450 cm™,
respectively. Likewise, for the previously reported mono-
ferrocenyl complexes,** ™SCp,Ti(C,Fc)(C,R), the MMCT
band of the complex with R = CF; is red-shifted with respect
to the complex with R = Ph (16050 vs 17450 cm™,
respectively). Lastly, the band between 370 and 440 nm
(Figure 3) is assigned to a Cp — Ti'¥ LMCT.**"!

The spectroscopic data and Marcus—Hush analysis
(Supporting Information, Table S1) for the complexes
shown in Figure 1 clearly demonstrate that the reorganization
energy (4, determined from Avj,, of the MMCT band) is
significantly less than —AG®° for BET from the excited state
(Figure 2). Namely, —AG?® is between 10900 and 15900 cm™
and A is between 2600 and 5200 cm™'. As previously
mentioned, this suggests that BET from the Fe'/Ti" excited
state should fall in the Marcus inverted region. Thus, for the
bis-ferrocenyl complexes, the observed excited-state lifetimes
are expected to increase in the order M*°°“Cp,Ti(C,Fc), <
Cp,Ti(C,Fc), < Cp*,Ti(C,Fc),. Similarly, for the mono-
ferrocenyl complexes, ™5Cp,Ti(C,Fc)(C,Ph) is expected to
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have a shorter excited-state lifetime than ™SCp,Ti(C,Fc)-
(C,CFy).

Experimental Excited-State Dynamics. Ultrafast
pump—probe transient absorption spectroscopy was utilized
to characterize the Fe/Ti"" MMCT excited-state lifetimes
(Figure 4C). The steady-state electronic absorption spectrum
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Figure 4. (A) Electronic absorbance spectrum of Cp,Ti(C,Fc),. (B)
Electronic absorbance of reduced Cp,Ti(C,Fc), (black) and oxidized
HC,Fc (red). (C) Select transient spectra of Cp,Ti(C,Fc), with 600
nm excitation at time delays of 0.32 (black), 1.5 (red), 6.0 (blue), 24
(green), 96 (orange), and 180 ps (pink). The laser line for the
pump—probe data has been removed, and a reference zero line has
been added for ease of interpretation.

of Cp,Ti(C,Fc), (Figure 4A, same as Figure 3) as well as the
reduced Cp,Ti(C,Fc), and oxidized HC,Fc (from spectroe-
lectrochemistry, Figure 4B) aid in assigning the transient
features. As mentioned above, the le™ oxidized Cp,Ti(C,Fc),
complex is not stable, and thus, the absorption spectrum of
oxidized HC,Fc is used to help assign excited-state absorption
features. The transient spectra and global analysis for the other
complexes shown in Figure 1 are found in the Supporting
Information (Figures SS—S14).

One e~ reduction of Cp,Ti(C,Fc), (Figure 4B) reveals a
new broad transition at 485 nm which we assign to a Ti'! —
Cp or Ti"" — C,Cp MLCT. Absorbance between 450 and 500
nm for Cp,Ti"! complexes is precedented, having been
assigned to CT for [Cp,TiX], dimers."” One e~ oxidation of
HC,Fc reveals a feature at 680 nm (Figure 4B) that we assign
to a C,Cp — Fe LMCT based on similar assignments for
ethynylferrocene substituents.*’ All higher-energy transitions
(4 < 450 nm) in both oxidized HC,Fc and reduced

Cp,Ti(C,Fc), are likely due to # — 7* transitions in C,Cp
or Cp. Finally, the pump—probe transient spectra (Figure 4C)
feature three induced absorptions as well as the loss of two
absorptions (bleaches). The correspondence of the bleaches
(negative absorptions) with the steady-state absorbance
suggests the bleach at ~580 nm can be assigned to loss of
the Fe — Ti'¥ MMCT and the bleach at 412 nm to loss of the
Cp — Ti'V LMCT. The spectroelectrochemistry suggests
assignment of the induced excited-state absorption from 430 to
540 nm to Ti"" — Cp or Ti'"" - C,Cp MLCT and that the
excited-state absorption from 630 to >750 nm contains
contributions from C,Cp — Fe'™ LMCT. Thus, the observed
transient spectra are consistent with a Ti"'/Fe' MMCT
excited state. The highest-energy excited-state absorption
(<400 nm) is likely caused by higher-lying MLCT transitions
and/or Cp or C,Cp # — #* transitions. The complexes
Cp*,Ti(CyFc),, Cp,Ti(CyFc),, MeoocCPzTi(CzFC)z;
™SCp,Ti(C,Fc)(C,Ph), and ™SCp,(C,Fc)(C,CF;) show
similar spectral features (Figures S5—S14).

The single-wavelength kinetic traces and singular value
decomposition (SVD) global-fitting analysis for Cp*,Ti-
(CyFc)y, CpyTi(CyFc),, MO9CCp,Ti(CyFc), ™°Cp,Ti-
(C,Fc)(C,Ph), and ™5Cp,(C,Fc)(C,CF;) reveal a mono-
exponential decay (Figures S5—S14) ascribed to BET from the
Fe'"/Ti" excited state to the Fe'/Ti'V ground state. The
lifetimes for BET range from 18.8 to 41 ps (Table 1). An
occasional subpicosecond time constant (~0.5 ps) is also
observed in single-wavelength kinetic fitting yet is not
necessary in global kinetic fits. This 0.5 ps time constant is
ascribed to solvent reorganization based on the precedence of
previously reported D—z—A complexes with Fc donors.”* The
observation that both the lifetimes for BET and the trend of
lifetime vs AG® (though with a limited data set) are similar for
the monoferrocenyl and diferrocenyl complexes suggests that
excited-state Fe'/Fe'"' intervalence charge-transfer (IVCT)
interactions in the Fe™-Ti™'—Fe" excited state do not
significantly affect the decay kinetics of the diferrocenyl
complexes. Furthermore, our previous investigations showed
no evidence of ground-state Fe''—Ti"V—Fe" IVCT in the one
e~ oxidized Cp,Ti(C,Fc),CuBr complex.”

Similar excited-state absorptions and decay constants were
reported for 4-(ferrocen-1-yl)benzylidene-malononitrile (Fc-
ph-DCV), another D—z—A complex with a Fc donor.*
Fluorescence upconversion and pump—probe transient
absorption spectroscopy of Fc-ph-DCV in CH;CN yielded
lifetimes (7, to 7;) of 110 = 30 fs, 600 + 100 fs, and 49 + 3 ps,
as well as two broad photoinduced excited-state absorptions
(from <450 to 530 nm and from 600 to >750 nm). A ground-
state bleach (530—600 nm) was observed at the same
wavelength as the Fe'-to-acceptor (d — #*) CT band.

Table 1. Transient Lifetimes, Thermodynamics for BET from the MMCT State, and Computational Data for the MMCT State

CT indices
compound lifetime (ps)“ AG®° (eV) Amax (nm) (exp (calc)) NTO pairs (dom:min”) Qcr Der©
Cp*,Ti(C,Fc), 18.8 (0.8) -1.97 542 (544) 57:43 0.60 0.96
Cp,Ti(C,Fc), 26 (1) —1.66 571 (562) 70:30 0.64 1.35
MeOOCCp, Ti(C,Fc), 41 (1) -1.35 636 (596) 85:15 0.70 2.11
™SCp,Ti(C,Fc)(C,Ph) 24 (1) —1.59 573 (564) 87:13 0.67 3.50
T™SCp,Ti(C,Fc)(C,CF;) 32 (4) -1.36 623 (586) 93:7 0.72 4.15

“Values in parentheses are the standard error. “dom = the percentage contribution from the dominant hole-particle pair; min = the sum of the

contributions from the remaining hole-particle pairs. “In A.
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Observed time constants were assigned to S, — S, internal
conversion (7,) (as they were limited to excitation at 390 nm),
solvent reorganization (7,), and BET from S, to S, (73). The
observed excited-state absorptions were correlated to S;. The
coincidence of a 600 to >750 nm excited-state absorption in
both the Fc-ph-DCV and the Fe"/Ti" complexes reported
herein provides additional evidence that oxidized Fc
contributes to this signal and therefore supports the assign-
ment of the measured lifetimes to BET from the Fe''/Ti!
excited state.

As mentioned in the Introduction, spectroscopic analysis of
the ground-state MMCT transition suggests that BET from the
Ti/Fel excited state should fall into the Marcus inverted
region. However, the observed lifetimes (Table 1) are not
consistent with that prediction. Chiefly, for the diferrocenyl
complexes (top three entries in Table 1) there is a decrease in
the lifetime for BET as the driving force (AG®) becomes more
negative. The same holds for the monoferrocenyl complexes
(last two entries in Table 1). Despite the small sample size, this
behavior is not consistent with Marcus inverted region kinetics,
leading us to explore other explanations.

The Role of Fc Centered Excited States. To resolve the
disagreement between the experimental values for the excited-
state lifetimes and the spectroscopic prediction that kinetics for
BET should fall into the Marcus inverted region, the role of
metal centered Fc states in the excited-state decay kinetics was
considered. One possibility is relaxation of the initially formed
'MMCT state by intersystem crossing to a *Fc (d-d) state.
Though this *Fc state is at a lower energy (9360 cm™)* than
the '"MMCT states for the Fe'/Ti"V complexes (10900—15900
cm™!, Table S1), the reported lifetime for 3Fc is 90 ns,*® 3
orders of magnitude longer than the excited-state lifetimes for
the complexes herein (18—41 ps). The observed BET lifetimes
are much more consistent with those of 'Fc, which we have
measured as 7.5 = 0.6 ps (Figure S19), consistent with
reported literature values.** The fact that the measured
excited-state lifetimes of the Fe"/Ti'V complexes approach
that of 'Fc suggests a role for 'Fc in the excited-state decay
kinetics. However, the lowest-energy 'Fc (d-d) state (21800
em™)* is at a significantly higher energy than the MMCT
transitions for these complexes, such that thermal population
of the 'Fc (d-d) state following excitation of the 'MMCT state
seems implausible. An alternate explanation is based on our
previous TDDFT calculations that suggest the initially formed
singlet excited state is not a pure 'MMCT state but rather a
state with both '"MMCT and 'Fc character. It is worth noting
that the mixing of Fe centered d-d character into CT
transitions in complexes with Fc donors and organic acceptors
has been previously h;ffothesized in complexes investigated as
NLO chromophores.”***’ Since the lowest-energy 'Fc (d-d)
state (21800 cm™)"” is at higher energy than the MMCT
transitions for the Fe'/Ti"V complexes reported herein,
increasing the energy of the MMCT state will decrease the
energy gap between the two states, thereby increasing the
degree of state mixing (Figure 5). Thus, if the pure Fe'/Ti™
MMCT state were relatively long-lived, it is conceivable that
increased contributions from the short-lived 'Fc state would
decrease the observed excited-state lifetime and that this effect
might predominate over kinetics associated with the Marcus
inverted region. Such a hypothesis predicts that the excited-
state lifetime should decrease as the energy of the MMCT state
increases, perhaps even approaching that of 'E¢, which is
consistent with the data.

d-d /MMCT
1Fc (d-d)
TMMCT
MMCT /d-d
So S

Figure S. State-mixing diagram showing pure 'MMCT and 'Fc (d-d)
states on the left and mixed states on the right. The degree of state
mixing is expected to increase as the 'MMCT/'Fc energy gap
decreases.

To investigate the hypothesis that the quantity of 'Fc (d-d)
state character mixed into the low-energy (LE) excited state
increases with the energy of the MMCT transition, DFT and
TDDFT>" calculations were carried out using Gaussian
16A.03°* on the full set of complexes shown in Figure 1. For
our previous calculations on a more limited set of complexes,
Cp,Ti(C,Fc), and Cp*,Ti(C,Fc),*’ geometry optimization
was performed using the @B97XD/def2-TZV functional®® and
basis,”* and TDDFT calculations were performed using the
B3PW91/6-311+G(d) functional and basis suggested by the
Barlow group for D—7—A complexes with a Fc donor and
organic acceptors.””>>™>" Though this model yielded sat-
isfactory results for such a limited set, when tested against the
larger set of complexes investigated herein, it failed to predict
the observed trends for the energy of the LE band. Using the
B3PW91/6-311+G(d) functional and basis for both the
geometry optimization and TDDFT resulted in closer
agreement between experimental UV—vis spectra and theory
(Table 1, Figure 6, Figure S20).

Furthermore, for Cp,Ti(C,Fc),CuBr, a complex which has
been structurally characterized,” good agreement was
obtained between bond distances derived from DFT and
those determined from X-ray crystallography (Table S2). We
imposed C, symmetry on DFT calculations for the *Cp,Ti-
(C,Fc), complexes; this constraint improved convergence in
the geometry optimization and produced slightly lower
energies than were achieved without constraint. The XRD
structure for Cp,Ti(C,Fc),CuBr shows departures from C,
symmetry; the XRD Cu—C, distances differ most seriously,
both from symmetry equivalence (2.300 and 2.192 A) and
from the computed value (2.355 A). Several other models were
tested, including the functionals ®wB97XD** and MO6—2X"*
and the basis sets def2-tzvp°”*® and cc-pVDZ.®' None of the
alternatives were consistently superior to the model suggested
by Barlow et al** For all calculations, the medium is
represented by a Tomasi polarizable continuum® assigned
the macroscopic dielectric constant of THF, the solvent in
which all UV—vis and TRTAS experiments reported herein
were performed.

The LE transition cannot be represented as a single
excitation from any particular origin to a destination canonical
MO, though the HOMO—LUMO excitation plays a prominent
role. Natural transition orbitals (NTOs) (Figures 6 and S21—
$25) provide a clearer representation of the transition.”’ The
NTOs of the LE transition for all Fe"/Ti'" complexes include a
dominant origin/destination pair (identifiable by a substantial
occupation number, the largest eigenvalue for the density
matrix of corresponding orbitals for ground and excited states).

DOI: 10.1021/acs.inorgchem.9b02316
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02316/suppl_file/ic9b02316_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02316/suppl_file/ic9b02316_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02316/suppl_file/ic9b02316_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02316/suppl_file/ic9b02316_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02316/suppl_file/ic9b02316_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02316/suppl_file/ic9b02316_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.9b02316

Inorganic Chemistry

0.4
3
14 x10°1 .
— S
e 127 L03 O
- 104 —szTl(Cch)z 4
= g
5 # F02 §
S 6l g
g ° 2
8 4 o1 S
«Q
£
s 04 0.0

= =T * T T
400 500 600 700 800
wavelength (nm)

Destination

X 2 g

2. -y
w%-p%&?a

J 9

Occupatlon 0. 70

@:

Occupatlon 0 18

Figure 6. Top: Experimental electronic absorbance spectrum of
Cp,Ti(C,Fc), along with calculated transitions and oscillator
strengths (vertical bars). Note: No shift or offset is applied to the
calculated transitions. Middle: Diagrams of the origin and destination
NTOs with the highest eigenvalues for the lowest-energy transition.
Bottom: Diagram depicting the shape of the barycenters for charge
accumulation (violet, closest to Ti) and charge depletion (teal, closest
to Fe) as calculated by TDDFT for Cp,Ti(C,Fc),. A default isovalue
density of 0.0004 is used for all surfaces.

Typically, several smaller eigenvalues are found, suggesting that
the excitation includes several components. The NTOs
associated with these small eigenvalues we call “minor pairs”.
Figure 6 shows NTOs for the largest eigenvalue (0.70) and for
the second highest eigenvalue (0.18) for Cp,Ti(C,Fc),. For
the dominant root, the origin NTO consists predominantly of
Fe d-orbitals along with some alkynyl 7-orbital character. The
destination NTO consists predominantly of Ti d-orbital
character; additional amplitude is spread out over the alkyne
bridge and the Fe atom. The dominant pair is consistent with
the assignment of the LE band as having MMCT character.
The minor pair shown is almost entirely localized on the Fc,
with significant Fe d-orbital character. Remaining minor pairs
are also predominantly Fe d-orbital in character (Figure S21).
The NTOs for the remaining complexes reported herein
(Figures S22—S25) follow a similar pattern—namely, a
dominant NTO pair (MMCT in character) and one or more
minor NTO pairs (largely Fe centered). The ratio of the
dominant to minor NTO pairs (dom:min, Table 1)
demonstrates that for both the diferrocenyl series, and for

the monoferrocenyl series, the contribution of the Fe centered
minor pairs increases as the energy of the MMCT transition
increases. It is worth noting that the presence of the TMS
substituents on the Cp rings for the monoferrocenyl
complexes, ™5Cp,Ti(C,Fc)(C,R), was necessary for synthetic
purposes only” and has little effect on the electronic
transitions. Chiefly, the TDDFT predicted UV—vis spectra
and charge-transfer parameters (vide infra) are not significantly
impacted by the presence of TMS (Figure S26).

To further quantify the degree of mixing of the 'Fc state
with the MMCT state, charge-transfer 1nd1ces were calculated
for the LE excited states using Gaussian®” and multiwfn.**
Table 1 gives the values for Qcr (density of charge transferred,
a value between 0 and 1 for a one-electron excitation) and D¢y
(distance between the barycenters of charge-density depletion
and accumulation).®”®® For the series of complexes with two
C,Fc ligands, an increased contribution from the dominant
(MMCT) pair of NTOs corresponds with a larger value for
Qcr, consistent with a decreased contribution from the
localized Fe centered transition. The same trend is observed
for the two complexes with only a single C,Fc ligand. The
value of D¢y is also noteworthy. The increase in Dcr from
Cp*,Ti(C,Fc), to Cp,Ti(C,Fc), to MO9CCp,Ti(C,Fc), likely
corresponds to greater excited-state charge delocalization onto
the ®Cp,Ti fragment as that fragment becomes more electron
poor. This is clearly demonstrated by the location of the
barycenter for charge accumulation, which progressively shifts
closer to the *Cp,Ti fragment through this series of complexes
(Figure S27). The values of D¢y for the complexes with only
one C,Fc ligand are significantly longer (3.5—4.2 A) than the
corresponding distances for the complexes with two C,Fc
ligands (1.0—2.1 A). The shape of the barycenters (Figure 6,
bottom) suggests that in these C,-symmetric systems there are
two equivalent sites of charge depletion (each near an Fe
atom); thus the resultant charge-transfer vector is the sum of
two individual vectors resembling those seen in the one-arm
species. Representing the charge transfer as a single vector
necessarily averages the positions of charge-depletion,
artificially shortening the apparent charge-transfer distance.
The positions of the barycenters for charge depletion and
accumulation were located on calculated structures of each of
the complexes (Figure S27) and indeed show that they lie
along the C, axis for the symmetric complexes and along the
C,Fc arm for the monoferrocenyl complexes (Figures S27 and
$28).

A few additional TRTAS investigations of complexes with Fc
donors linked to organic acceptors have revealed similar BET
rate constants. For example, for the complex with naph-
thalenediimide as the acceptor and a 1,4-phenyl spacer, the
lifetime for BET was measured as 11 ps.”” Similarly, with
bipyridylboronium acceptors, the observed lifetime is 18 ps,
though thlS can be significantly elongated by rigidifying the
system.”® The aforementloned Fc-ph-DCV BET lifetime was
reported as 49 ps.** Excited-state mixing with the 'Fc state in
these complexes may explain the BET rates, but these
investigations report only frontier molecular orbitals at most,
precluding such an analysis. A lifetime as short as 0.7 ps has
been measured with polychlorotriphenylmethyl radical accept-
ors and an ethylene spacer, but BET in these systems was
shown to occur in the barrierless regime of the Marcus
model.*’

Effect of Copper(l) Coordination. While the original goal
of incorporating Cu' into *Cp,Ti(C,Fc), complexes was to
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improve their oxidative stability,” the effect of Cu' binding on
the photophysics is also worthy of investigation. We have
previously reported the electronic absorption spectrum of
Cp,Ti(C,Fc),-CuBr (Figure 7) and assigned the LE transition
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Figure 7. Top: Experimental electronic absorbance spectrum of
Cp,Ti(C,Fc),CuBr along with calculated transitions and oscillator
strengths (vertical bars). Note, no shift or offset is applied to the
calculated transitions. Bottom: Diagram of the origin and destination
NTOs with the highest eigenvalue (0.79) for the lowest-energy
transition. For this LE transition, Qcp = 0.67 and Dep = 1.62 A.

(590 nm) to an Fe' - TiVn MMCT using spectroelec-
trochemical data.*” Herein, we report the TDDFT calculated
vertical transitions and the dominant NTO pair for the LE
transition (Figure 7). The NTOs are consistent with
assignment of the LE transition as having significant Fel! -
Ti"V" MMCT character but with a small CuBr orbital
contribution to the origin NTO. The TDDFT determined
set of three transitions at higher energy than 400 nm has
significant Cp — Ti'¥ LMCT character as demonstrated by the
NTOs (F1§ure S29), consistent with other reported
titanocenes.””*" However, the NTO for the middle of these
three transitions (378 nm) shows significant Cu' - TiV
MMCT character (Figure S29).

The most remarkable impact of Cu' coordination is that, in
contrast to the monoexponetial BET of Cp,Ti(C,Fc),,
Cp,Ti(C,Fc),-CuBr exhibits three time constants with the
longest at 63 + 1 ns. Shown in Figure 8 are the electronic
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Figure 8. (A) Electronic absorbance spectrum of Cp,Ti(C,Fc),
CuBr. (B) Pump—probe transient spectra collected at 0.4 (black), 1
(red), 10 (blue), and SO ps (green). (C) Pump—probe transient
spectra with 600 nm excitation collected at 50 (black), 500 (red),
1000 (blue), S000 (green), and 7500 ps (orange).

absorption spectrum for Cp,Ti(C,Fc),-CuBr, early time
pump—probe transient absorption spectra (<50 ps), and
longer time pump—probe transient absorption spectra
persisting until the maximum delay time of the instrument
(50—7500 ps). Nanosecond flash-photolysis transient spectra
were collected to measure the long decay lifetime (73) past the
pump—probe transient absorption maximum delay time (7.5
ns) to show full recovery of the ground state (Figures S15 and
S16).

Unlike the parent Cp,Ti(C,Fc), species, the initial 0.4 and 1
ps transient spectra feature only one ground-state bleach from
558 to 673 nm corresponding to the loss of the Fe" — Ti'V
MMCT with two induced excited-state absorptions now
stretching from 350 to 558 nm and from 673 to 740 nm.
Based on our previous measurements of the *Cp,Ti(C,Fc),
complexes, we ascribe the induced excited-state absorption
from 450 to 550 nm to the Ti"" — Cp or Ti"" — C,Cp MLCT
and the 650 to >750 nm absorption to the C,Cp — Fe"
LMCT. Best outlined in the 1 ps transient spectra (Figure 8B,
red) is a new induced excited-state absorption from ~400 to
450 nm, which is not present in the *Cp,Ti(C,Fc), complexes
and eclipses the Cp — Ti'V LMCT bleach that should be
present in the same region. We believe that this transition
originates from a CuBr — Fe' or CuBr — C,Cp charge
transfer, as there are no other major structural modifications
from the ®Cp,Ti(C,Fc), complexes. The transient spectra at
delay times longer than S0 ps are clearly different from the 1 ps
transient spectrum, and unlike the complexes without CuBr,
these new features do not decay within the maximum delay
time of the instrument. Chiefly, the spectra feature a new
bleach from 397 to 425 nm as well as three induced excited-
state absorptions from <350 to 397 nm, 425 to 640 nm, and
640 to >750 nm. The evolution of the excited-state absorption
spectra in the first SO ps is accompanied by isosbestic points at
488 and 688 nm and a slight red-shift of the excited-state
absorption maximum at ~516 to ~525 nm. Of significant
interest is that the spectra at longer delay times do not show a
ground-state bleach of the Fe! - Ti"V MMCT transition,
suggesting that a higher-intensity transition is eclipsing this
transition (reverse saturable absorption effect).

Multiexponential decay fitting of the observed pump—probe
experiment global kinetic trace produced two time constants of
4.5 (fixed) and 20 + 10 ps. The third, final time constant
(when the AA returns to 0) is measured by nanosecond flash-
photolysis to be 63 + 1 ns. The first time constant (z;, 4.5 ps)
is ascribed to the relaxation of the lowest "MMCT excited state
from the Franck—Condon state with the electronic config-
uration of Ti"—Fe™—Cu'. This assignment is made by again
comparing the similarities of the initial Cp,Ti(C,Fc),-CuBr
transient spectra (Ti"™" MLCT and Fe™ LMCT) with those of
the ®*Cp,Ti(C,Fc), complexes. Assignment of the other time
constants (7, and 7;) proves to be more challenging. One clue
to the possible assignment of the long-lived (z; = 63 ns) state
is that *Fc is known to be long-lived with strong absorbance at
long wavelengths (t7, of ~90 ns, e, ~ 5700 M~* cm™" at 700
nm).* Such a state could be responsible for both the observed
magnitude of 7; and the long-wavelength transient absorption
(positive AA). This suggests a model where 7, (20 ps) is
assigned to intersystem crossing (ISC) from the initially
formed 'MMCT state (Ti""—Fe"—Cu') to a triplet state
(Ti"V—*Fe"—Cu'), and 7, (63 ns) is assigned to relaxation from
T, back to the ground state (Figure 9). The observation of
isosbestic points associated with 7, is consistent with an ISC
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Figure 9. Scheme showing excited-state evolution from the '"MMCT
state. ISC is essentially BET that leaves the Fc in a triplet excited-
state. That triplet state essentially relaxes with similar excited state
dynamics to that of native *Fc.

event. Furthermore, since ISC is essentially a BET process that
leaves the Fe in a triplet state, the similar value of 7, to the
BET lifetimes of the complexes without coordinated CuBr is
not surprising.

Again, to investigate the hypothesis of an iron centered
triplet species (Ti''—°Fe"~Cu'), we performed an unrestricted
DFT optimization of the lowest-energy triplet excited state
using the same B3PW91/6-311+G(d) functional and basis
suggested by Barlow® with a symmetry reduction to C; as
would be anticipated for a localized excited state. Indeed, the
uDFT optimization of T (sum of Mulliken spin densities is 2)
calculated a structure where one of the iron atoms features a
spin density of 2 while all other atoms have a spin density of
<0.1. Moreover, uTD-DFT calculation (Figure 10) of the
optimized T, structures features new transitions at 954, 830,
and 595 nm with high oscillator strength (~0.199, ~0.042,
~0.175, respectively). Reasonable agreement between the
experimental AA and calculated T, spectra is observed with
the calculation exhibiting an ~2000 cm™ red-shift. NTO
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Figure 10. (A) Experimental pump—probe transient absorption
spectrum of Cp,Ti(C,Fc),CuBr at a 50 ps time delay. (B) *TDDFT
calculated spectrum (assuming a fwhm of 2000 cm-1). (C) NTOs for
selected triplet transitions.

calculations corresponding to the above transitions (Figure 10)
reveal the transition at 954 nm is predominantly a *Fe — Ti'"
transition, the transition at 830 nm is predominantly a 'Fe
localized d-d transition, and the transition at 595 nm is
predominantly a mix of 'Fe (localized on non-*Fe) — Ti" and
CuBr — Ti' charge transfer. The confirmation from the
uDFT and TDDFT of an iron centered triplet state explains
the lack of Fe! — Ti"¥ MMCT bleach in the observed transient
spectra. Chiefly, *Fc species are known to exhibit high
extinction ESA from 500 to >800 nm.*® Also, such a T,
state returns Ti to a Ti' state, once again allowing CT to TiV
transitions. Both of these may contribute to the eclipse of the
bleach.

We investigated why ISC to Fe is competitive with BET in
the CuBr coordination complexes and not the parent species.
One hypothesis is that spin—orbit coupling of the Br (spin—
orbit coupling constant (¢) = 3385 cm™" Br (4p),”” is assisting
the ISC to the 3Fc state. To test this hypothesis, the chloride
analogue, Cp,Ti(C,Fc),-CuCl (¢ = 882 cm™ Cl (3p))”" was
examined by nanosecond flash-photolysis. The CuCl complex
steady-state UV—visible spectra and spectroelectrochemistry
have been previously reported and are nearly identical to the
CuBr complex.’” Similarly, the flash-photolysis transient
absorption spectra and lifetime are statistically identical to
the CuBr complex (Figure S18). Because the transient lifetime
data do not show statistical differences, we believe that the
halogen is not dominant in facilitating ISC, suggesting a role
for Cu'. In support of this suggestion, the coordination of Zn"
has recently been proposed to enhance ISC in porphyrin-
ferrocene conjugates.””

Lastly, we considered a role for a charge-shift process,
namely that after Fe'" — Ti" CT, a charge-shift from Cu' to
Fe'" might occur (ground-state oxidation of Cu' complexes by
ferricenium is known).”> However, previous electrochemical
investigations in our group have shown that the oxidation of
Cu'in a very similar coordination environment, ie., Cp,Ti-
(C,Ph),CuBr, was not observed in the window investigated.”
This suggests that the Cu'”" potential is at least 400 mV anodic
of the Fe™" potential, rendering such a charge-shift unlikely.

Bl CONCLUSION

A series of Fc-alkynyl bridge-Ti" complexes with high-molar
absorptivity Fe’ — Ti"¥ MMCT transitions has been
investigated using both TRTAS and TDDFT calculations.
The excited-state lifetimes range from 18 to 41 ps, and the
excited-state absorptions associated with this decay are
consistent with the formulation of an Fe™™/Ti' excited state.
Thus, these lifetimes are ascribed to BET. Spectroscopic
evidence suggests that BET should fall into the Marcus
inverted region. However, the trend in lifetimes for this series
of complexes, where AG® for BET ranges from —1.97 to —1.35
eV, does not follow this behavior. Chiefly, the complexes with
the highest-energy MMCT states have the shortest excited-
state lifetimes. The similarity of the observed excited-state
lifetimes with that of 'Fc suggests its decay may play a
significant role in the excited-state kinetics. Herein, a model is
suggested whereby the lifetime of the 'MMCT excited state is
shortened by increased 'Fc character admixed with the initially
formed 'MMCT state. Indeed, TDDFT calculations are
consistent with there being greater "Fc character mixed into
the "MMCT transition for those complexes with the highest
energy. Though several authors have hypothesized that CT
transitions for complexes with Fc donors are contaminated
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with 'Fc character,***”7* this investigation suggests that this

character can impact the excited-state behavior. Furthermore,
whereas most design strategies for extending the lifetimes of
CT excited states in metal complexes focus on eliminating
lower-lying metal centered excited-states,'**>”* this study
suggests that higher-lying metal centered excited states might
also impact excited state dynamics.

The coordination of CuX between the alkynes led to the
remarkable result that the excited-state lifetime increased by 3
orders of magnitude. The spectroscopic and computational
data are consistent with this long-lived species being a Fc
centered triplet excited state, formed by ISC from the initially
formed singlet state. It is not apparent why Cu' would facilitate
ISC. We are presently working on the preparation of
complexes with transition metals other than Cu coordinated
between the alkynes in order to investigate their excited-state
behavior.
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