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ABSTRACT: The first example of a Donor-spacer-Acceptor tryad, based upon a
molybdenum-ene-1,2-dithiolate unit as the Donor and a naphthalene-diimide as the
Acceptor, has been synthesized and its photophysical properties investigated. Synthesis
required the preparation of a new pro-ligand containing a protected ene-1,2-dithiolate
bound through a phenyl linkage to a naphthalenetetracarboxylicdiimide (NDI) group.
Deprotection of this pro-ligand by base hydrolysis, followed by reaction with [Cp,MoCl, ],
produced the new dyad [Cp,Mo(SC(H)C(C¢H,—NDI)S)] (2). Electrochemical studies
showed that 2 can be reversibly oxidized to [2]* and reduced to [2]7,
These studies, augmented by UV/vis, IR, and electron paramagnetic resonance (EPR)

[2]*7, and [2]*

spectra of electrochemically generated [2]" and [2]7, show that the highest occupied

molecular orbital (HOMO) of 2 is ene-1,2-dithiolate-based and the lowest unoccupied

molecular orbital (LUMO) is NDI-based; these conclusions are supported by density functional theory (DFT) calculations for
the electronic ground state on a model of 2 which also showed that these two parts of the molecule are electronically distinct.
The dynamics of the excited states of 2 in CH,Cl, solution were investigated by picosecond time-resolved IR spectroscopy
following irradiation by a 400 nm ~120 fs laser pulse. These investigations were complemented by an ultrafast transient
absorption spectroscopic study from 420 to 760 nm of the nature of the excited states of 2 in CH,CI, solution following
irradiation by a 383 nm ~120 fs laser pulse. These studies showed that irradiation of 2 at both 400 and 383 nm leads to the
formation of the [(Cp),{Mo(dt)}*-Ph-{NDI}~] charge-separated state as a result of a cascade electron transfer initiated by the
formation of an 'NDI* excited state. "NDI* rapidly (ca. 0.2 ps) forms the local charge transfer state [Cp,Mo(dt)-{Ph}*-{NDI}"]
which has a lifetime of about 1.7 ps and decays to produce the ground state and the charge-separated state [(Cp),{Mo(dt)}*-Ph-
{NDI}~]; the latter has an appreciable lifetime, about 15 ns in CH,Cl, at room temperature.

B INTRODUCTION

Photoinduced charge separation is a fundamental process which
lies at the heart of reactions in natural and artificial systems
powered by the energy of light."~ Synthetic dyads and triads,
designed to generate an intramolecular charge-separation
following the absorption of visible light, usually comprise a
chromophore, in which absorption of light quanta generates a
local excited state, and at least one additional electron acceptor,
electron donor, or both to promote further charge separation in
a dark electron transfer cascade.® A significant number of the d-
transition metal complexes, which possess one (or more)
charge-transfer transition(s) of an energy corresponding to that
of visible light and are capable of modulation by ligand
modification, have been investigated as potential charge-transfer
chromophores. Many of these studies have involved d°
octahedral complexes;7 also, there have been several inves-
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tigations of d® square planar complexes of Pt(II) and
Pd(I1).*'® Ligands which are capable of reversible redox
reactions are particularly important in this context, as the search
for photostable light-harvesting systems capable of efficient
charge separation continues.

Ene-1,2-dithiolate (dithiolene) ligands generally significantly
modify the electronic nature of a metal center through strong
covalent interactions and the resultant complexes usually
manifest facile redox behavior. Although many ene-1,2-
dithiolate complexes have been studied as potential candidates
for functional materials with novel optical, magnetic or
electrical (e.g, superconductivity) properties,'” >* there have
been relatively few studies that have involved the binding of an
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“(i) DMF, reflux, 24 h,, (ii) AcOH/Br,, 60 °C, 6 h,, (iii) potassium O-isopropylxanthate, CH,Cl,, r.t, 3 h,, (iv) H,SO,, S min, (v) CsOH-H,0,

MeOH/CH,Cl,, r.t, 30 min then [Cp,MoClL,], r.t,, overnight.

ene-1,2-dithiolate to a transition metal with the aim of
producing a complex capable of forming a charge-separated
excited state.”>™>°

Tetrathiafulvalene (TTF) is an electron donor’ that has
been employed in variety of molecular dyads and triads,
including systems which involve a fullerene, porphyrin, or a
perylenediimide as the electron acceptor.”*>* Recently, a 7-
conjugated multiacceptor/donor array containing a TTF bridge
between two fullerinecobalta-ene-1,2-dithiolate moieties,
[{(CgoArs)Co0},(S,C,8,C=CS,C,S,)], has been reported.
Photoexcitation of this compound results in a charge separation
between the TTF (donor) and the cobalt-ene-1,2-dithiolate
(acceptor) constituents which relaxes via a resonance effect that
extends throughout the acceptor components of the molecular
array, including the fullerenes.’ 6,7-Bis(methylthio)-
tetrathiafulvalene ene-1,2-dithiolate (TTF(SMe),) has been
used as an electron donor to {Ru(4,4'-R-bpy),} (R = H, CO,Et
or CO,H) in a series of [Ru(4,4’-R-bpy),(TTF(SMe),)] dyes.
Upon adsorption of the acid derivative onto TiO,, a long-lived
(20 ms) charge-separated state was observed,” a result which
could have relevance for the development of dye-sensitized
solar cells.*®

Wright et al. showed that [Fe,(CO)4{naphthalene-1,8-
dithiolate}] complexes are robust proton-reduction catalysts,
the redox potential of which can be tuned by varying the nature
of the substituents on the napthalene.”” Following this
development, Samuel et al. bound naphthalene-4,5-N{(p-
phenyl)-10,15,20-tri-n-pentylporphyrinzinc}monoimide-1,8-di-
thiolate to {Fe,(CO)4} to form a compound in which a zinc
porphyrin (a photosensitizer) is bridged by naphthalene

monoimide (which can act as an electron relay) to a {Fe,(u-

S,)(CO)¢} unit (which catalyzes H, production from protons
and electrons). Under S00—800 nm excitation, this dyad
achieves light driven evolution of dihydrogen from a solution of
trifluoroacetic acid by a mechanism that involves a charge
separated [zinc porphyrin]*-[naphthalene monoimide-
{Fe,S,(CO)¢}]™ excited state with the lifetime of 12 ps.*®

[Cp,Mo(ene-1,2-dithiolate)] compounds generally manifest
a reversible one-electron oxidation®”™** and can undergo a
second one-electron oxidation to form the [Cp,Mo(ene-1,2-
dithiolate)]** dication.** *® The ease of oxidation and the
absence of a readily accessible reduced (anionic) state make
[Cp,Mo(ene-1,2-dithiolate)] compounds attractive candidates
for inclusion as the donor component in a donor—acceptor
array. For example, the direct attachment of a {Cp,Mo(ene-1,2-
dithiolate)} center to a highly fluorescent 6-pterin results in a
significant fluorescence quenching of the latter which is
attributed to an efficient electron transfer within the dyad.*’
Despite these attractive redox properties, it appears that no
{Cp,Mo(ene-1,2-dithiolate)} moiety has been investigated as a
synthon for photoinduced charge-separated systems.

The choice of acceptors for inclusion into donor—acceptor
arrays is quite extensive with many of these being derived from
a m-conjugated aromatic hydrocarbon and an aromatic acid
diimides, e.g. perylene tetracarboxylic diimides (PTCDIs)**~>’
and naphthalene tetracarboxylic diimides (NDIs).**~%* Thus,
the strong electron accepting properties of these diimides, plus
the characteristic spectroscopic profile of each redox state, has
led to their extensive use as components in assemblies for
photoinduced charge-separation.

Herein we report the synthesis of the first representative of a
dithiolene-imide class of cascade electron transfer system. We
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Table 1. Cyclic Voltammetric Data”

compound 1st reduction/V 2nd reduction/V
1® —0.99 (0.09) —1.43 (0.09)
2 —0.97 (0.07) —147 (0.07)
[Cp,Mo(dt-Ph)] —2.16 (0.07)

3rd reduction/V

1st oxidation/V 2nd oxidation/V

-2.16 (0.07) —0.31 (0.07) +0.35¢

—0.33 (0.07) +0.34¢

“Potentials in V quoted to the nearest 0.01 V. Data reported at 0.1 V s™* for 1 mM test solutions in DMF containing ["Bu,N][BF,] (0.2 M) as the
supporting electrolyte. The anodic/cathodic peak separation (AE = E,* — E,°) is given in brackets where applicable. AE for the Fc*/Fc couple, used
as the internal standard, was 0.07 V at 0.1 V s~%. *In CH,Cl, containing 0.2 M ["Bu,N][BF,] as the supporting electrolyte, limited solubility, AE for
the Fc*/Fc couple, used as the internal standard, was 0.08 V at 0.1 V s™'. “Peak anodic potential (Epa).

have combined a {Cp,Mo(ene-1,2-dithiolate)} metal center
with an aromatic acid imide to form a donor-spacer-acceptor
configuration; the highest occupied molecular orbital (HOMO)
is located on the metal-ene-1,2-dithiolate (metalladithiolene),
the lowest unoccupied molecular orbital (LUMO) is diimide-
based, and these two functionalities are separated by a simple
phenyl linker. We have shown that this system is capable of
cascade electron transfer, leading to a spatially separated
electron/hole pair with an appreciable lifetime, about 15 ns in
CH,Cl, at room temperature.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The new pro-ligand, 1,
was synthesized in four steps from N-(2-ethylhexyl)-1,4,5,8-
naphthalene tetracarboxylic monoanhydride®® (see Scheme 1
and Experimental Section). The first step involved condensa-
tion of the anhydride with 4-aminoacetophenone to produce
the corresponding imide. Subsequent bromination, followed by
reaction with potassium O-isopropylxanthate and treatment of
the product with concentrated sulfuric acid yielded the dithiol-
2-one, 1.°° Once isolated, this protected dithiolene is an
intractable solid that, prior to hydrolysis and coordination to
the metal center, necessitated pretreatment with concentrated
sulfuric acid to achieve solubility followed by immediate
extraction into CH,Cl,. Hydrolysis of a solution of the dithiol-
2-one, 1, in a mixture of CH,Cl, and methanol with cesium
hydroxide in the presence of [Cp,MoCl,] yields [Cp,Mo(dt-
Ph-NDI)] (2)(Scheme 1). This method appears versatile for
the preparation of [Cp,Mo(dt-Ph-R)] (R = imide) compounds
as demonstrated by the synthesis of [Cp,Mo(dt-Ph-NI)] (NI =
naphthalene dicarboxylic monoimide) (Scheme 1, see Support-
ing Information for synthesis and characterization).

Cyclic Voltammetry. 1 is insoluble in dimethylformamide
(DMF) but sparingly soluble in CH,Cl,; therefore cyclic
voltammetric data for 1 were collected for a CH,Cl, solution
containing ["Bu,N][BF,] (0.2 M). A cyclic voltammetric study
of 2 was performed for this compound dissolved in DMF
containing ["Bu,N][BF,] (0.2 M) (Table 1 and Figure 1) and
showed three reversible, one-electron reduction processes at
E,j, of —0.97, —1.47, and —2.16 V vs Fc*/Fc and a reversible,
one-electron oxidation process at —0.31 V vs Fc'/Fc. In
addition, an oxidation peak, at E;* +0.35 V vs Fc*/Fc, was
observed but was not studied further. Electron paramagnetic
resonance (EPR) and UV/vis spectroscopic studies (vide infra)
showed that the first and second reductions are NDI based.®>**
Consistent with this, each of these processes occurs at a
potential similar to that for the corresponding process of 1
(Table 1). Each of the two oxidations and the third reduction
occurs at a potential very close to that reported for [Cp,Mo(dt-
Ph)] (E,): —0.33, +0.34 and —2.16 V, respectively)* and are
assigned to the corresponding redox process of the metal-
ladithiolene moiety of 2.

o
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Figure 1. Cyclic voltammetric information recorded for (a) 1 in
CH,CL,, (b) [Cp,Mo(dt-Ph)], and (c) 2 in dmf; each solution
contained ["Bu,N][BF,] (0.2 M) and the data were recorded at an
ambient temperature and a 0.1 V s scan rate.

These cyclic voltammetric data indicate that for 2 the
HOMO is metalladithiolene based and the LUMO is NDI-
based; therefore, consistent with our molecular design, the
lowest excited state(s) in 2 should be of a charge-separated
nature. Our picosecond time-resolved IR and ultrafast transient
absorption (TA) studies (vide infra) demonstrate the
realization of this concept. Also, the nature of the frontier
orbitals has been probed further by UV/vis, IR and EPR
spectroscopic investigations and density functional theory
(DFT) calculations.

UV/vis Spectroscopy. The electronic absorption spectrum
of 2 is shown in Figure 2, and details of the principal features
are summarized in Table 2. The broad, relatively weak
absorption centered at 534 nm corresponds to that in the
region 490—570 nm observed for [Cp,Mo(SC(R)C(R)S)] (R
= H, CH; or Ph; R’ = Ph, pyridine, pyrene or quinoxaline) in
CH,Cl, which Hsu et al.* assigned to a 1,2-enedithiolate—>Mo
ligand to metal charge transfer (LMCT) transition. Also, these
authors considered that the absorption of these compounds in
the region 320—380 nm arises from an intraligand charge
transfer transition (ILCT), the donor orbital being located on
the ene-1,2-dithiolate and a 7™ orbital of the aromatic R’ grou
being the acceptor. The UV/vis spectrum of [Cp,Mo(dt-Ph)]*
(see inset of Figure 2) is analogous to that of the
[Cp,Mo(SC(R)C(R)S)] compounds. Thus, [Cp,Mo(dt-Ph)]
and 2 both manifest a weak absorption at about 420 nm that,
based on studies reported for [szMoSZ],67 we assign to a
sulfur->Mo transition (LMCT). Transitions in the higher
energy region of the UV/vis spectrum of 2, notably two sharp
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Figure 2. UV—vis spectra of neutral 2 (black solid line), [2]* (dotted-
dashed line), [2]~ (green solid line), [2]* (blue solid line) and [2]*~
(red solid line). Inset: UV—vis spectrum of [Cp,Mo(dt-Ph)] (solid
line) and [Cp,Mo(dt-Ph)]* (dotted-dashed line). All spectra were
recorded in DMF containing ["Bu,N][BF,] (0.2 M) at 273 K using an
OTE.

Table 2. Principal Features of the Electronic Absorption
Spectra of [2]" (n = 1+, 0, 1—, 2—, and 3—) and [Cp,Mo(dt-
Ph)]" (n = 0, 1+, or 1—) in DMF Containing ["Bu,N][BF,]
(0.2 M) as a Supporting Electrolyte”

compound Amae/nm (€ X 107*/mol™" dm® cm™)

[2]° 361 (2.4), 382 (3.0), 534 (0.1)

2] 327 (1.1), 343 (1.5), 361 (2.2), 381 (2.5), 448 (0.5),
645 (0.1)

2]~ 374 (0.8), 474 (3.7), 606 (1.1), 690 (0.3), 768 (0.6)

[2]*~ 379 (1.7), 399 (3.3), 422 (5.0), 518 (0.4), 561 (0.9),
610 (1.4)

[2]*- 379 (1.8), 399 (3.4), 423 (5.1), 522 (0.4), 560 (1.1),
608 (1.7)

[Cp,Mo(dt-Ph)]° 364 (0.7), 547 (0.2)

[Cp,Mo(dt-Ph)]* 418 (0.4), 447 (0.5), 484 (0.4), 657 (0.2)

[Cp,Mo(dt-Ph)]= 291 (1.9), 349 (0.9), 424 (0.4), 571 (0.3)
“The spectra were recorded at 273 K using an OTE.

bands at 382 and 361 nm are assigned to intra-NDI
absorptions®”*>%® which probably obscure the ene-1,2-
dithiolate—Ph 7* based ILCT transition.

We augmented the CV studies of 2 by undertaking UV/vis
spectroelectrochemical investigations for this compound at 273
K in DMF solution containing ["Bu,N][BF,] (0.2 M) as the
supporting electrolyte. The absorption spectra recorded are
shown in Figure 2; the principal absorptions observed are
summarized in Table 2 together with the corresponding data
for [Cp,Mo(dt-Ph)]" (n = 0, 1+ or 1-);* also, the UV/vis
spectrum of [Cp,Mo(dt-Ph)]* is shown in the inset of Figure 2.
Under the conditions of these experiments, each of the redox
processes studied was chemically reversible.

Oxidation of 2 to [2]" did not lead to any significant change
in the profile of the higher energy region of the UV/vis
spectrum. However, at lower energies, the 534 nm band
disappeared, and new bands at 448 and 645 nm appeared,
changes which correspond closely to those observed for the
one-electron oxidation of [szMo(dt—Ph)]43 (see Figure 2
inset). Reduction of 2 to [2]” led to a UV/vis spectrum with a

significantly different profile, consistent with the formation of
an NDI radical anion.®**® Reduction to [2]*~ produced a
spectrum, the UV region of which was characteristic of
[NDI]>~.5%% Reduction to [2]*” led to a small increase in
the intensity of these absorptions, but the minimal perturbation
of these band positions suggests that this reduction is localized
on the ene-1,2-dithiolene moiety.

EPR Spectroscopy. One-electron oxidation of 2 in DMF
produced a green/brown solution of [2]*, the fluid solution
EPR spectrum of which displayed an isotropic signal with g, of
2.012. This spectrum (Figure 3) showed hyperfine splitting due

T T
3420 3440 3460 3480
Magnetic Field/G

Figure 3. Lower trace: EPR spectrum of [2]* (1 mM) in DMF
containing ["Bu,N][BF,] (0.2 M) at 298 K. Upper trace: simulated
spectrum with g, = 2.012, Ay, 7.61 X 10™* and a;; 3.38 X 10™* cm™
created using a Lorentzian line shape and a 2.3 G line width.

to coupling of the unpaired electron with the molybdenum
center (**’Mo: 25.5%, I = 5/2) and a single hydrogen atom,
presumably that of the ene-1,2-dithiolate group. On cooling this
solution to 77 K, a rhombic EPR spectrum was observed with
g 2.030, g, 2014 and g 1.996, but no distinct hyperfine
coupling to either the metal center or the hydrogen atom was
observed at this temperature (Supporting Information, Figure
SIS). Results obtained from both fluid and frozen solution EPR
measurements are very similar to the corresponding data
obtained for [Cp,Mo(dt-Ph)]*** and are consistent with the
HOMO of 2 being based on the metalladithiolene moiety.
One-electron reduction of 2 in DMF produced a purple/red
solution of [2]7, the fluid solution EPR spectrum of which
comprised an isotropic signal with g, 2.004 which manifest
hyperfine coupling of the unpaired electron to six hydrogen
nuclei and two nitrogen nuclei (Figure 4). This EPR spectral
profile for [2] and the simulated hyperfine coupling
parameters are consistent with the formation of an NDI
based radical-anion; therefore, we conclude that the LUMO of
[Cp,Mo(dt-Ph-NDI)]~ is localized on the NDI moiety.>5>%*
One-electron reduction of [2]~ yielded a green solution of
[2]%7, the fluid solution EPR spectrum of which was essentially
identical to that of [2]™ albeit significantly weaker and double
integration of this spectrum gave an intensity about 10% that of
[2]". These data are taken to indicate that the second reduction
of 2, like the first, is NDI-based and results in a spin-paired
diamagnetic species. [Results from UV/vis spectroelectrochem-
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Figure 4. Lower trace: EPR spectrum of [2]” (1 mM) in DMF
containing ["Bu,N][BF,] (0.2 M) at 298 K. Upper trace: simulated
spectrum with g, = 2.004, a,y 1.77 X 107, a,5 022 X 1074 and a,y
0.89 X 10™* cm™" created using a Lorentzian line shape and a 2.3 G
line width.

istry suggested that the third reduction of 2, at —2.16 V vs Fc*/
Fc, was chemically reversible. Hence, the controlled potential
electrolysis to reduce [2]*” was attempted and yielded a green
solution of [2]*". The fluid solution EPR spectrum of [2]*~ was
very weak; however, on cooling the solution to 77 K a spectrum
consisting of two distinct features centered around g 1.912 and
2.004 was obtained (Supporting Information, Figure SI6); it
was unclear whether these features were derived from a single
species or a mixture of products and analysis of these data was
not taken further.]

FTIR Spectroscopy. The FTIR spectra of 2, [2]*, and [2]~
are presented in Figure 5. The FTIR spectrum of 2 in the range
1500—1800 cm™" is dominated by absorptions from the NDI
moiety (0(c—o) 1717(sh), 1708, 1678(sh), 1669; v(c—cnpr)

04

034

Absorbance
o
%]

014

0.0+
T T T T T T
1750 1700 1650 1600 1560 1500

Wavenumber/cm”

Figure 5. FTIR spectra of 2 (black), [2]™ (blue), and [2]" (red)
recorded in CH,Cl, (ca. 1 mM) containing ["Bu,N][BF,] (0.4 M) at
room temperature.

naphthalimide core breathing, 1582 cm™") which correlate well
with those reported for the asymmetrically substituted
[Pt(phen-NDI)Cl,] (vc—o) 1723(sh), 1705, 1688(sh), 1670;
V(c=cpr) 1583 em™1),% including the splitting of the carbonyl
bands. Oxidation of 2 to [2]" does not significantly change the
profile of the major bands assigned to the NDI moiety (i,
[2]" has v_o) 1708, 1669; v(c—cnpy 1582 em™); the
similarity between IR bands for 2 and [2]* provides further
evidence for this oxidation involving the loss of an electron
from an orbital that is not NDI-based. The absorption at 1529
cm™!in 2 is assigned to the C=C stretching of the ene-1,2-
dithiolate moiety (U(C=C-DT))) consistent with results reported
previously for other coordinated ene-1,2-dithiolates.””~”" The
shift in this band to 1507 cm™ in [2] is consistent with the
results of the DFT calculations for 2 (vide infra) which indicate
that the HOMO is ene-1,2-dithiolate based.

Reduction of 2 to [2]” results in a significant shift of the
U(c=0) bands to lower frequencies (1629, 1590, 1514 cm™;
Figure S). These changes correspond to a decrease in the C=
O bond order resulting from the population of a 7* orbital,
consistent with the results of the DFT calculations for 2, which
indicate that the LUMO is NDI-based, and the IR bands
observed for [Pt(phen-NDI)CL]™ (v(c—o) 1629, 1592, 1514
ecm™).> The band assigned as U(c—cnpy) in 2 is essentially
unperturbed upon reduction (being at 1584 cm™ in [2]7).

DFT calculations. To gain further insight into the
electronic structure of 2 we have performed a gas phase
density functional (DFT) geometry optimization of a model of
2 in which the 2-(ethyl)-hexyl group pendant to the NDI unit
in 2 was replaced by a methyl group. These calculations
generated a structure where the geometry within the {MSCCS}
metallacycle is similar to that found previously for [Cp,Mo(dt-
Ph)]* (Supporting Information, Table SI2) and in which the
dihedral angles between the {MoSCCS} metallacycle and the
planes of the Ph and NDI rings are 31.3° and 61.9°
respectively. Thus, the inclusion of a NDI unit pendant to
the Ph ring of [Cp,Mo(dt-Ph)] does not appear to significantly
modify the geometry of the {MoSCCS} metallacycle core.

The manifold of the frontier orbitals possessing {MoSCCS}
metallacycle character in this model of 2 (Table 3, Figure 6) is
very similar to that found previously for gas phase calculations
accomplished for [szMo(dt—Ph)].43 Thus, the HOMO (170a)
is primarily (65.7%) ene-1,2-dithiolate 7 in character, i.e., C—C
m-bonding and C—S r-antibonding. A series of unoccupied
orbitals localized primarily on the NDI moiety (notably 171a,
173a, 175a, and 176a) are interspersed between the
{Cp,MoSCCS}-based antibonding orbitals (172a, 174a, 1773,
and 178a) and above the ene-1,2-dithiolate 73-based HOMO
(170a).

The energies of the HOMO and LUMO (Table 3) calculated
for 2 in the gas phase are very similar (within 0.008 eV) and
appear to be inconsistent with the difference in potentials (0.66
V) for the first oxidation and reduction processes measured for
2 in dmf (0.2 M ["Bu,N][BF,]) solution (Table 1, Figure 1).
The form and relative ordering of the frontier orbitals
calculated for 2 are consistent with the information obtained
from the UV/vis, IR, and EPR studies of 2, [2]*, and [2]~ (vide
ultra) and indicate that the HOMO of this molecule is
metalladithiolene-based and the LUMO is NDI-based. The
information presented in Table 3 and Figure 6 show that these
two regions of the molecule are electronically distinct with only
one orbital (167a) involving significant contributions from both
components. This latter point is corroborated by our
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Table 3. Nature, Energy, and Composition of the Frontier Orbitals Obtained from DFT Calculations for a Model of 2

orbital composition /%
designation nature energy/eV Cp, Mo S,C, Ph NDI
179 L+8 Mo d;_ + d,, + $,C o) + Ph ~1.501 6.0 8.5 252 503 10.0
178a L+7 Mo do_y + dz2 + Cpy + $,C, 0y -1.627 27.3 53.5 149 36 0.8
177a L+6 Mo d,, + Cp, + $,C, o, —1.851 336 364 25.6 38 0.6
176a L+S NDI —2.124 0.0 0.1 0.0 0.1 99.8
175a L+4 NDI —2.182 0.9 12 0.1 0.0 97.7
174a L+3 Mo dxy + Cp, —2.208 384 479 6.6 34 3.6
173a L+2 NDI —2.654 0.4 0.6 14 3.7 93.9
172 L+1 Mo d,. + $,C, 73 + Cp, —2.884 29.4 517 17.0 1.0 09
171a LUMO NDI —4.156 0.4 0.1 13 0.2 98.0
170a HOMO $,C, 7, + Mo Cp, —4.164 186 5.8 65.7 73 2.7
169a H-1 Mo dg_y +d2 —4.595 117 769 106 08 0.0
168a H-2 S,C, m, + Ph —5.508 10.3 2.0 58.1 25.9 3.7
167a H-3 Ph + S,C, 7, —6.043 12.8 4.7 4S8.5 25.0 12.0
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Figure 6. Energy level diagram and pictorial representations of the Kohn—Sham frontier orbitals of the gas phase geometry optimized structure of

[Cp,Mo(dt-Ph-NDI)].

observation of the lack of an electronic transition that we could
assign to a HOMO to LUMO transition. This results from the
poor orbital overlap between the spatially separated metal-
ladithiolene and NDI-based HOMO and LUMO, respectively.

Picosecond Time-Resolved IR Studies. Time-resolved
infrared spectroscopy (TRIR) was used to probe the nature and
dynamics of the excited state of 2 in CH,Cl, solution (ca. 1
mM) following excitation by a 400 nm ~120 fs laser pulse. The
TRIR data recorded from 1300 to 1750 cm™ are presented in
Figure 7.

The 400 nm excitation led to an instant depletion of the
ground state IR bands localized on both the NDI and ene-1,2-
dithiolate moieties, the most pronounced bleaches being those
of NDI y(c—o) at 1721/1711 em™ (A in Figure 7) and 1673/
1682 cm™ (C), y(c—cnpr) of the naphthalene-part of NDI at
1582 em™ (G), v(c—cpr) at 1531 cm™! (H),”"" and the
NDI-localized bands at 1494, 1453, 1372, and 1345 cm™". The

13186

instant appearance of new transient bands was also observed at
1701 ecm™' (B), 1663 cm™' (D), 1629 cm™ (E), about 1578
and 1591 cm™! (F) (or one broad band, punctured by a narrow
ground state bleach at 1582 cm™ (G)), 1511 em™" (1), 1482,
1446, 1363, and 1334 cm ™.

Up to about 100 ps after the 400 nm excitation, the evolution
of the TRIR spectrum was complicated (Figure 7). The spectral
dynamics and the spectral profile were analyzed by performing
a global fit to the data. This procedure revealed that a minimum
of three components are sufficient to describe the majority of
the features developed in the TRIR spectrum; these
components possess lifetimes of 1.88(+0.11) ps, 22(+1) ps
and >10 ns; the last encompasses those spectral features with a
lifetime considerably greater than the time scale of the
experiment. Notably, the features at 1629 (E), 1591 (F), and
1514 cm™" (the latter overlaps with the v(c—cpr) 1511 cm™
(I) band) which correspond to bands in the IR spectrum of
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Figure 7. Time-resolved IR spectra of a solution of 2 in CH,Cl, (ca. 1
mM) obtained at a series of time delays following excitation by a 400
nm ~120 fs laser pulse: 1.5 ps (black solid line), 2.5 ps (red solid line),
S (dark blue solid line), 10 (green solid line), 20 (mustard solid line),
30 (turqoise solid line), SO (magenta solid line) and 1000 (dark green
solid line) ps after the laser pulse. Kinetic traces at the labeled
frequencies are shown in Figure 8.

NDI™ and [2]7, appeared instantly in the TRIR spectrum
(Figure 7), indicating that the NDI™ anion is present in the first
excited state detected in TRIR experiments, which has the 1.88
ps lifetime.

Immediately after the laser pulse, the IR bands between 1550
and 1650 cm™" (E and F) were rather broad, indicating the
presence of one or more vibrationally hot states. The evolution
of the initial TRIR spectrum with the 1.88 ps lifetime was
accompanied by a partial decay of the broad features between
1550 and 1650 cm™" (E and F) and a notable increase in the
intensity of the NDI-based transient bands at 1701 (B) and
1663 (D) cm™" which correspond to the parent bleaches of 2 at
1711 (A) and 1673 (C) cm™, respectively.

The transient bands at 1701 (B) and 1663 cm™ (D) are
assigned to the vibrationally hot electronic ground state of the
molecule, likely due to the v; — v, transition with a typical
anharmonic shift with respect to the vy — v, transition. The
kinetic process with the 22 ps lifetime corresponds to the decay
of these NDI-based bands and the concomitant recovery of the
ground state bleaches A, C, G, and H. This decay is attributed
to the cooling of the vibrationally hot electronic ground state.
This lifetime (22 ps) is very similar to the one (19 ps) reported
previously for the corresponding cooling process of the NDI
fragment in [Pt(phen-NDI)Cl,].%>

The NDI™ anion bands at 1629 (E) and 1591 cm™ (F) also
exhibit a considerable narrowing with the about 22 ps lifetime
which could be attributed to the cooling of the vibrationally hot
excited state. Formation of the vibrationally hot electronic
states’” arises since the decay of the first electronic excited state
releases a large amount of energy within a few picoseconds;
thus, decay to the ground state would release about 3.1 eV (as
estimated from the energy of the excitation light of 400 nm)
and decay to [Cp,{Mo(dt)}*-Ph-{NDI }]* would release
about 2.5 eV (as estimated from the difference between the
redox potentials for the formation of [2]* and [2]™ (vide
ultra)).

Thus, the fast (1.88 ps) component corresponds to the
lifetime of the first excited state detected by the TRIR
experiments, which contains the NDI™ anion; this excited state
decays to the ground state and to a different excited state which
also contains the NDI™ anion. The second component (lifetime
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Figure 8. Decay traces obtained in the TRIR for a solution of 2 in
CH,Cl, (ca. 1 mM) following excitation with a 400 nm ~120 fs laser
pulse. The solid lines were obtained by a global fit analysis of the
experimental data, which are represented by the markers, on the basis
of three transient species with lifetimes of 7, = 1.88(+0.11) ps, and 7,
= 22.2(£1.0) ps plus a constant (7 > 10 ns). The labels A—I on the
panels correspond to the band positions indicated in Figure 7.

22 ps) observed in the TRIR data corresponds to various
cooling processes of vibrationally hot states.

The evolution of the TRIR spectrum was complete by about
100—150 ps after the laser pulse and the final spectral profile,
corresponding to that of the 1000 ps delay, is shown in Figure 7
(dark green line). The major transient bands in the TRIR
spectra of the final excited state (Figure 9) correspond to those

_
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Figure 9. Comparison between the time-resolved IR spectrum of 2
recorded 1000 ps after excitation with a 400-nm ~120 fs laser pulse
(black solid line) and the IR spectrum of electrochemically generated
[2]” (red solid line).

of the NDI™ anion (at 1629, 1590, and 1514 cm™). The
relative intensities of these transients and the corresponding
ground state bleaches at 1711 and 1673 cm™ are consistent
with the IR data for [2]~ (Figure S), confirming that the only
NDI-related transient contains the NDI™ anion (Figure 9).
Furthermore, in addition to the bleaches of the v(c—onpy)
bands of the ground state of 2 at 1711 and 1673 cm),
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bleaching of the (v(c—cpr)) band at 1531 cm™ was also

observed, indicating a perturbation of the metalladithiolene
moiety in the final excited state. The IR bands of [2]* (Figure
S) are weak in comparison to those of the NDI™ anion and
generally overlap in energy. Therefore, no prominent transient
features in the TRIR spectrum can be attributed to [2]*
although it could be responsible for the weak shoulder at
about 1660 cm™, where no IR absorbances of the NDI™ anion
are anticipated. The TRIR spectrum remained constant up to
an equipment-limited time delay of 2 ns and the lifetime of this
charge-separated state was determined by nanosecond flash
photolysis (vide infra).

To interpret the TRIR data it is necessary to consider the
nature of the excited states potentially formed upon 400 nm
excitation. Given the assignments of the UV/vis spectrum of 2
(Figure 2), two possibilities exist: (i) population of an NDI
excited state or (ii) population of lower-lying metalladithiolene-
based excited states derived from the ene-1,2-dithiolate—~Mo
and sulfur—>Mo LMCT transitions at about 534 and 420 nm,
respectively. On the basis of the extinction coefficients at 400
nm of 2 (5990 M~ cm™) and of [Cp,Mo(dt-Ph)] (2400 M™!
cm™"), the ratio between these two pathways can be estimated
as 3:2, which indicates a significant contribution of NDI-based
transitions in the absorption of light at 400 nm.

The LMCT transitions are unlikely to lead to a charge-
separated state which involves the NDI™ anion, as they are
accompanied by a shift of electron density away from the NDI
moiety. The information obtained from the TA experiments
(vide infra) at a different excitation wavelength (383 nm)
indicates that the charge-separation process leading to the final
[Cp,{Mo(dt)}*-Ph-{NDI }]* state does stem from an 'NDI*
excited state.

The LMCT states populated by 400 nm excitation are likely
to decay to the ground state via ultrafast nonradiative processes,
producing a vibrationally hot ground state. The instant
appearance in the TRIR spectrum of the bleach of the vy—v,
vibrational transition of the v(c—c.pr) band of the dithiolene
moiety at 1531 em™"' (H) (Figure 7) and the appearance of the
corresponding v;—0v, transition of the vibrationally hot
electronic ground state at a lower energy (1511 cm™ (I))
with an anharmonic shift of about 20 cm™ is consistent with
this postulate, as is the fact that the dynamics of 1531/1511
cm™ bands differ from those of the other bands in the TRIR
spectrum. Since the 1511 cm™" (I) transient band overlaps with
an absorption of the NDI™ anion it is difficult to extract
accurate dynamic information; however, the partial recovery of
the v(c—cpr) bleach at 1531 em™ (H) occurs with a 11(+1)
ps lifetime. We attribute this value to vibrational relaxation of
the hot ground state; the observed lifetime is similar to the one
reported previously for vibrational relaxation of v(c—c) in Pt(II)
acetylides.”

Thus, the information obtained from these TRIR studies is
consistent with the formation of a charge-separated state of 2
which is largely {Mo/dithiolene-to-NDI} in character, ie.,
[Cp,{Mo(dt)}*-Ph-{NDI }]*.

Ultrafast TA Studies. The dynamics of excited state(s) of 2
were investigated by TA spectroscopy using a 383 nm ~120 fs
laser pulse. This excitation energy is essentially coincident with
the absorption maximum of the intra-NDI transition at 382 nm
and may also excite the ene-1,2-dithiolate—=Ph #z* ILCT
transition at about 365 nm (vide ultra). It is noted that the
extinction coefficient of [Cp,Mo(dt-Ph)] at 383 nm is about
4000 M~! ecm™,® significantly less than that of about 29,000

M™' cm™ for the intra-NDI transition; therefore, the
photophysics under 383 nm excitation should originate
primarily from the initial population of the '"NDI* state. The
excitation resulted in the instantaneous appearance of new
absorptions in the visible region; the spectral changes were
monitored from 420 to 760 nm (Figure 10).
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Figure 10. (a) Reconstructed TA spectra of different excited states of
2 in CH,Cl,, obtained subsequent to the initial excitation by a 383 nm
~120 fs laser pulse. First excited state (A), red open circles; second
excited state (B), green open squares; third excited state (C), blue
open triangles; final excited state (D), black solid circles. These spectra
were constructed from the experimental data using a global fit analysis
and an A—»B—C—D model with the lifetimes of 0.2(%0.1),
1.47(£0.2), and 24(+2) ps. The lifetime for the state D could not
be determined on the time scale of this experiment. (b) Kinetic traces
at 605 and 485 nm (markers are experimental data; the solid line is a
fit produced using parameters obtained from the global fit, see text for
details).

On the picosecond time scale, the evolution of the visible
spectrum was consistent with the formation of several excited
states. The spectra shown in Figure 10a were obtained from the
transient spectra by a global fit procedure (simultaneous
exponential analysis) of the decay traces integrated over a 10-
nm spectral interval across the 420 to 760 nm spectral range
(see Experimental Section). A minimum of three mono-
exponential decay components with lifetimes of 0.2(+0.1),
1.47(+0.2), and 24(+2) ps plus one long-lived component
which was modeled as a constant on the time scale of the
experiment (up to 1.6 ns) were sufficient to fit the kinetic data
(Figure 10b). Therefore, each kinetic trace was fitted with a tri-
exponential decay and a constant term, all convolved with the
instrument response function. The initial spectrum shows a
well-defined absorption maximum at 605 nm and shoulders at
about 655 and 725 nm which is analogous to that observed for
a local 'NDI* excited state in the symmetric N,N'-di-isooctyl-
NDI molecule.”* This first excited state (A) evolves with the
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lifetime of 0.2(£0.07) ps into the second excited state (B), the
spectrum of which is characteristic of the NDI-radical
anion®”%®757¢ with absorptions at 485 and 609 nm and
shoulders at 534 and 692 nm (Figure 2). The spectrum then
decreased significantly in intensity with a lifetime of
1.47(+0.03) ps to produce the spectrum of the third excited
state (C); this state decayed with a lifetime of 24(+2) ps to
produce the final spectrum of D which persisted on the time-
scale of the experiment, up to 2 ns.

Thus, analogous to the TRIR experiments, the evolution of
the transient spectrum is complete within 100 ps (Figure 10b)
to yield state D, the visible spectrum of which corresponds to
that of NDI~ (Figure 11). (NB. The very small increase in the
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Figure 11. Comparison of the UV/vis absorption spectrum of D, the
third excited state of 2 (blue open circles) and electrochemically
generated [2]” (green dashed line), [2]* (red solid line), and
[Cp,Mo(dt-Ph)]* (blue solid line).

optical density in the spectrum of the transient species at about
500 nm and about 670 nm compared to that of [2]™ is
attributed to the presence of the {metalladithiolene}*
moiety).”® Thus, the 383 nm ~120 fs excitation effects the
formation of the [Cp,{Mo(dt)}*-Ph-{NDI"}]* charge-sepa-
rated state.

The dynamics of the excited state of 2 obtained from the TA
experiments are consistent with those obtained from the TRIR
investigations. The ultrafast component with the lifetime about
0.2 ps, which cannot be resolved in TRIR, evolves into the
spectrum of the vibrationally hot local charge-transfer state
[Cp,{Mo(dt)}-Ph*-{NDI"}]*. The other two dynamic com-
ponents observed in the TA study (1.47(+0.03) and 24(+2)
ps) are in good agreement with those determined from the
TRIR investigation (1.88(+0.11) and 22(%1) ps). The former
is attributed to the decay of the first charge-transfer state to the
ground state (leading to formation of the vibrationally hot
ground state), and to the vibrationally hot final charge-
separated state, [Cp,{Mo(dt)}"-Ph-{NDI"}]*. The 22(+1)
ps component is considered to involve cooling of vibrationally
hot ground and charge-separated states leading to the
formation of the final, vibrationally relaxed charge-separated
state, [Cp,{Mo(dt)}*-Ph-{NDI }]*.

Nanosecond TA Spectroscopy. Since the charge
separated state, [Cp,{Mo(dt)}*-Ph-{NDI }]*, persists on a
time-scale longer than the time-scale of the TRIR and ultrafast
TA experiments, both of which are limited to about 2 ns,
nanosecond TA spectroscopy was performed using 30-ps
Nd:YAG laser and diode registration, for a solution of 2 (ca. 1
mM) in CH,Cl, at room temperature (r.t.). This experiment
yielded a value for the lifetime of the charge-separated state of
15 (%3) ns, together with a minor (<10%) component which
did not decay on the time scale of the experiment.

B DISCUSSION

Figure 12 summarizes the photophysical events observed
following the excitation of a solution of 2 (ca. 1 mM) in

E eV ;
[Cp;Mo(dt)-{Ph}-{'NDI*}] (A)
3.22 — s -
LMCT \02ps
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Figure 12. Summary of photophysical processes of a solution of 2 (ca.
1 mM) in CH,Cl, following 400 or 383 nm, ~120 fs excitation. Where
both TRIR and TA were used to monitor a particular process, the
lifetime stated is an average from the values obtained. This diagram
was constructed using the following energies: 'NDI* 3.22 eV; *NDI
2.0S eV (which were averaged from the sources”” %), and Ph—NDI
ICT 2.3 eV estimated as the mean value between the energy of the
charge-transfer emission band in the room temperature fluorescence
spectrum of N-isooctyl-N’-Ph-NDI’* and the combination of redox
potentials (see text for details). A, B, C, and D correspond to the
sequence of the states described in Figure 10a.

CH,Cl, by a 400 or a 383 nm ~120 fs laser pulse. This diagram
includes the formation and recombination of the charge-
separated state [Cp,{Mo(dt)*}-Ph-{NDI}"] the energy of
which, as estimated from the difference between the potentials
of first oxidation (—0.31 V) and the first reduction (—0.97 V)
processes of 2 in DMF (Table 1), is 0.66 eV. Given the
anticipated solvatochromism of the charge-separated state, this
value may be somewhat higher in CH,ClI, than in DMF.
Excitation of 2 by 400 or 383 nm light leads to the
population of an NDI excited state and the metalladithiolene-
based excited states derived from the ene-1,2-dithiolate—~Mo
and sulfur=Mo LMCT transitions. Our studies indicate that
the LMCT excited states decay to the ground state without
engaging in any charge transfer processes. However, the
population of an NDI excited state leads to a spectrum which
strongly resembles that of asymmetric N-isooctyl-N'-Ph-NDI’*+*
and is attributed to 'NDI*. Our studies indicate that the initial
'NDI* state undergoes an ultrafast Ph—NDI electron transfer
to form the local charge-transfer excited state [Cp,Mo(dt)-
{Ph}*-{NDI}"]. The TA spectrum of this second excited state
(green spectrum in Figure 10) closely resembles that observed
for N-isooctyl-N'-Ph-NDI which was assigned to a charge-
transfer from Ph to NDI excited state, [N-isooctyl-N'-{Ph}*-
{NDI}"].”* Given the highly energetic initial 'NDI* state
(3.22 eV) the formation of [Cp,Mo(dt)-{Ph}*-{NDI}] state
in 2 should be thermodynamically allowed. The energy of
[Cp,Mo(dt)-{Ph}*-{NDI} ] state can be estimated in two
ways. The lower limit is given by the maximum of the emission
band attributed to the charge transfer emission of [N-isooctyl-
N'-{Ph}*-{NDI}"]"* (ca. 2.2 eV). On the other hand, the
difference between the first oxidation potential of p-xylene
(2.01 V vs SCE, i.e., about 1.5 V vs Fc*/Fc)®' and the first
reduction potential of 2 (—0.97 V vs Fc*/Fc) yields the upper
limit of 2.47 eV for the energy of the [Cp,Mo(dt)-{Ph}*-
{NDI}"] state. The average value of 2.3 eV has been used for
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Figure 12. While a large range of phenyl-bridged molecular
systems designed for photoinduced electron transfer has been
reported,74b_f where phenyl units act solely as a mediator in the
superexchange mechanism rather than being directly involved
in the process of charge-separation (perhaps partly because the
energy of the initially populated excited states in such systems
may not be sufficient to oxidize the phenyl unit), we note that
the rate of charge transfer across the phenyl group in such
systems is comparatively slow, no faster than 1—2 ps, and most
commonly, about tens of ps. However, in 2, we observe a
formation of the features characteristic of the NDI-anion within
0.2 ps (green spectrum in Figure 10a), and consider this
difference in the rates as an additional proof that in 2, the first
ultrafast step of charge separation involves oxidation of the
phenyl unit. While the direct spectroscopic features of a Ph-
cation cannot be detected in our experiments, it is not illogical
to assume that, given it is thermodynamically possible, the Ph-
group is being oxidized by 'NDI* as a first step of charge
separation. Ganesan et al. postulated the formation of such a
charge-transfer excited state.”**

The charge transfer Ph—NDI to form [Cp,Mo(dt)-{Ph}*-
{NDI}~] represents the first step in a cascade electron transfer
process. As indicated by the results of both TRIR and TA
spectroscopic investigations (vide ultra), this state has a lifetime
of about 1.7 ps (an average of the respective values of 1.88 and
1.47 ps). The [Cp,Mo(dt)-{Ph}*-{NDI}"] has two major
decay routes: a production of a vibrationally hot ground state,
or further electron transfer involving oxidation of the ene-1,2-
dithiolate moiety and reduction of the Ph* moiety to form the
[Cp,{Mo(dt)}*-Ph-{NDI} "] charge-separated state. This proc-
ess of charge separation is accompanied by a loss of about 1.6
eV in energy, as estimated from the difference in the
corresponding redox potentials.

The 22—24 ps process is observed in both the TRIR and the
TA data. In the TRIR, it is attributed to a decay of vibrationally
hot NDI-based states, both in the ground state and in the
charge-separated state involving NDI™ anion. In the TA spectra,
the 24 ps component corresponds to the final transformation
from the third excited state (Figure 10a, state C, vibrationally
hot [Cp,{Mo(dt)}*-Ph-{NDI}"]) to the final excited state (D)
which persists into the nanosecond domain. The spectra of C
and D are similar and only differ in their intensities; about 50%
of the NDI™ anion absorbance in C is present in D. One
possibility is that once the [(Cp),{Mo(dt)}*-Ph-{NDI}"]
charge-separated state is formed vibrationally hot within the
1.7 ps formation time, then a decay into the ground state is
possible from this hot state, with the rate of 22 ps being
concomitant with the vibrational cooling process. However,
once vibrationally relaxed, decay to the ground state is not
possible (perhaps because of an activation barrier) and hence
the amount of the [(Cp),{Mo(dt)}*-Ph-{NDI}~] charge
separated state remaining persists on the nanosecond time-
scale. Given the relative intensities of the excited states (Figure
10), this final channel of repopulating hot ground state from
the hot charge separated state would amount for <10% of the
hot NDI and, as it occurs with the same rate as vibrational
cooling, this would not be detected as a separate process in the
TRIR experiments.

The final [Cp,Mo(dt)-{Ph}*-{NDI}~] charge separated state
of 2 has a lifetime of 15 ns.

B CONCLUSIONS

We have accomplished the synthesis, characterization, and
investigations—including a detailed photophysical study—of
the first example of a charge-separated dyad which involves a
molybdenum ene-1,2-dithiolate complex. A new pro-ligand,
containing a protected ene-1,2-dithiolate bound through a
phenyl linkage to an electron acceptor, naphthalenetetracarbox-
ylicdiimide (NDI) group, has been synthesized. Deprotection
of this pro-ligand by base hydrolysis, followed by reaction with
[Cp,MoCl,], produced the new Donor—Acceptor dyad
[Cp,Mo(SC(H)C(C¢H,—NDI)S)] (2). Electrochemical inves-
tigations showed that 2 can be reversibly oxidized to [2]" and
reduced to [2]7, [2]*7, and [2]*". These studies, augmented by
UV/vis, EPR, and IR spectroscopic investigations of these
species, showed that the HOMO of 2 is ene-1,2-dithiolate
based and the LUMO is NDI-based, conclusions that are
supported by DFT calculations for the electronic ground state
of 2. The spectroscopic and electrochemical data suggest that,
in the electronic ground state of 2, {Cp,Mo(dithiolene)} and
{NDI} act as two essentially independent functionalities, in
agreement with the results of the DFT calculations.

The dynamics of the excited states of 2 in CH,Cl, solution
were investigated by time-resolved IR spectroscopy following
irradiation by a 400 nm ~120 fs laser pulse. These
investigations were complemented by an ultrafast TA
spectroscopic study of 2 in CH,Cl, solution following
irradiation by a 383 nm ~120 fs laser pulse. These studies
showed that irradiation of 2 at both 400 and 383 nm leads to
the formation of the [(Cp),{Mo(dt)}*-Ph-{NDI}~] charge-
separated state as a result of a cascade electron transfer initiated
by the formation of an '"NDI* excited state. 'NDI* rapidly (ca.
0.2 ps) forms the charge transfer state [Cp,Mo(dt)-{Ph}*-
{NDI}~] which has a lifetime of about 1.7 ps and decays to
produce the ground state and the [(Cp),{Mo(dt)}*-Ph-
{NDI}~] charge-separated state; the latter has an appreciable
lifetime, about 15 ns in CH,Cl, at room temperature.

We hope that the generation of the [(Cp),{Mo(dt)}*-Ph-
{NDI}~] charge-separated state in this metalla-ene-1,2-
dithiolate-spacer-imide D—A dyad encourages further such
studies, not least because of the considerable range and
diversity of metal-ene-1,2-dithiolate complexes that are
available.'® Further potential developments of this chemistry
could include tuning the rates of charge separation and charge
recombination by varying the electron donating properties of
the donor, the electron withdrawing properties of the acceptor
or the nature of the spacer group. Given the successes
accomplished with other charge-transfer dyads and triads,
including Pt(1I)-dithiolene complexes,'"*® we are optimistic
that new molybdenum-based compounds will be produced
possessing such properties; some of these may be suitable for
strategically valuable applications, for example, the generation
of electrical energy from sunlight or photocatalysis for the
production of hydrogen from water.

B EXPERIMENTAL SECTION

'"H NMR spectra were recorded using either a Bruker DPX300
spectrometer or a Jeol 270 spectrometer. Mass spectrometric data
were recorded on a Bruker MicroTOF (ESI) or a Micromass 70E (EI)
instrument. EPR spectra were recorded on a Bruker EMX
spectrometer fitted with a frequency counter and spectral simulations
were accomplished using WINEPR SimFonia v1.25 software, Bruker
Analytische Messtechnik GmbH. The concentration of the samples for
EPR studies obtained by bulk electrolysis was about 1 mM. Standard
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IR spectra were recorded on a Nicolet Avatar 360 FT-IR spectrometer.
Elemental analyses were conducted by the University of Nottingham,
School of Chemistry, Microanalytical Service, and by the Elemental
Analysis Service at London Metropolitan University.

Cyclic voltammetric and coulometric studies were carried out using
an Autolab PGSTAT20 potentiostat. The cyclic voltammetry was
carried out under an atmosphere of argon using a three-electrode
arrangement in a single compartment cell, a glassy carbon working
electrode, a Pt wire secondary electrode, and a saturated calomel
reference electrode, chemically isolated from the test solution via a
bridge tube containing electrolyte solution and fitted with a porous
vycor frit. The solutions were 107> M in the test compound unless
stated otherwise; ["Bu,N][BF,] (0.2 M) was used as the supporting
electrolyte. The redox potentials are quoted versus the ferrocenium-
ferrocene (Fc'/Fc) couple.

Coulometric studies, at a controlled potential, were carried out
using a two-compartment cell. The Pt/Rh gauze basket working
electrode was separated from the wound Pt/Rh gauze secondary
electrode by a glass frit. A saturated calomel reference electrode was
bridged to the test solution through a vycor frit orientated at the center
of the working electrode. The working electrode compartment was
fitted with a magnetic stirrer bar, and the test solution was stirred
rapidly during electrolysis. The UV/vis spectroelectrochemical experi-
ments were carried out on about 0.5 mM solutions in an optically
transparent electrochemical (OTE) cell (modified quartz cuvette, with
0.5 mm optical path length).®" The cell comprised a three-electrode
configuration, consisting of a Pt/Rh gauze working electrode, a Pt wire
secondary electrode (in a fritted PTFE sleeve), and a saturated calomel
electrode, chemically isolated from the test solution via a bridge tube
containing electrolyte solution and terminated in a porous frit. The
potential at the working electrode was controlled by a Sycopel
Scientific Ltd. DD10 M potentiostat. The (spectro)electrochemical
UV/vis data were recorded on a Perkin-Elmer Lambda 16
spectrophotometer. The cavity was purged with dinitrogen, and
temperature control at the sample was achieved by flowing cooled
dinitrogen across the surface of the cell.

Picosecond TA experiments were performed at the B. I. Stepanov
Institute of Physics, Minsk, on a pump—probe spectrometer based on
a homemade original fs Ti:Sapph pulsed oscillator and regenerative
amplifier system operated at a 10 Hz repetition rate.*” The Ti:Sapph
master oscillator was synchronously pumped with doubled output of a
homemade mode-locked picosecond pulsed Nd:YAG laser. The
regenerative amplifier was pumped with a ns Q-switched Nd:YAG
laser LS-2134 (LOTIS TII). The pulse width and energy of the
Ti:Sapph system after the amplifier were about 150 fs and 0.5 mJ,
respectively, tunable over the spectral range 760—820 nm. The
fundamental output of the Ti:Sapph system (766 nm output
wavelength was set for the present study) was split into two beams
with an intensity ratio of 1:4. The more intense beam was passed
through a controlled delay line and after frequency doubling (to
provide 383 nm radiation) was utilized for sample pumping. The
energy of 383 nm pump pulses was about 40 J and was focused to a
500 X S00 pm spot on the sample. The second beam of the
fundamental frequency was used for generation of a femtosecond
supercontinuum (by focusing into a 1 cm path length cell containing
water) which served as the probe radiation. The continuum probe light
was split with a beam splitter into two pulses (reference and signal),
identical in intensity, and the signal was focused on the sample by
mirror optics. The spectra of both pulses were recorded for each laser
flash by a polychromator equipped with CCD camera and transferred
to the computer. The time resolution of the setup is limited by the
pump and probe pulse duration and estimated as about 0.2 ps. A
solution of 2 in CH,Cl, was flowed through a 5-mm quartz cell during
the course of the experiment.

Picosecond TRIR studies were performed in the Ultrafast
Spectroscopy Laboratory, Rutherford Appleton Laboratory, STFC,
UK, ULTRA®® facility, a cluster of sensitive ultrafast IR and Raman
spectrometers. The IR spectrometer comprised two synchronized 10
kHz, 8 W, 40 fs and 2 ps titanium sapphire oscillator/regenerative
amplifiers (Thales) which pump a range of optical parametric

amplifiers (TOPAS). A portion of the 40 fs Ti:S beam was used to
generate tunable mid-IR probe light with around 400 cm™" bandwidth.
The 400 nm pump beam was generated from the second harmonic of
the 40 fs laser. The probe and pump beam diameters in the sample
were about 70 and 120 pm, respectively, and the pump energy at the
sample was 1 to 1.5 yJ. In this case changes in IR absorption spectra
were recorded by three HgCdTe linear-IR array detectors on a shot-
by-shot basis. All experiments were carried out in Harrick cells with 2
mm thick CaF, windows with 500 to 950 ym sample path length and a
typical optical density of 0.5 to 1 at 400 nm. All samples were mounted
on a 2D-raster stage and solutions were flowed through the cell to
ensure photostability.

Nanosecond TA studies were performed using a home-built setup
in Sheffield. The third harmonic (355 nm) of a picosecond Nd:YAG
laser (PY61—10, Continuum) was used as the excitation source, with
the excitation pulse energy at the sample attenuated to 1 mJ to avoid
nonlinear sample response. The changes in absorbance of the
photoexcited sample were probed by a pulsed Xe arc lamp (Applied
Photophysics, 150 W). A Si PIN photodiode detector (DET10A/M,
Thorlabs) coupled to a digital oscilloscope (Tektronix TDS 3032B)
was used to monitor the changes in the probe light intensity. The
spectral selectivity of the detection system was achieved using narrow
band-pass filters (CVI Technical Optics or Thorlabs, spectral
bandwidth 10—12 nm). The home-built delay-generator/trigger-
suppressor electronic unit was used to synchronize the slow pulse
rate of the Xe lamp (0.3 Hz) with the repetition rate of the picosecond
laser (10 Hz). For fine adjustment of the timing of the Xe lamp pulses,
a digital delay generator was employed (Princeton Applied Research,
Model 4144). An electro-mechanical beam shutter (SHOS, Thorlabs)
was placed in the excitation beam to avoid unnecessary sample
irradiation by unused excitation pulses. Each of the measurements was
performed in a quartz cells with 1 mm path length. The overall time
resolution of the detection system is estimated as about 1.8 ns fwhm.

Analysis of time-resolved data to obtain decay lifetimes was
performed using Igor Pro software (WaveMetrics, Inc.). The decay
kinetics were fitted to the sum of exponentials (with an addition of a
long-lived component if required) using a least-squares algorithm built
into Igor Pro. In the case of picosecond TA data, a deconvolution of
the instrumental response (approximated as a Gaussian profile of
several hundred fs fwhm) from the experimental decay kinetics was
applied. The determination of actual zero time delay for each spectral
position was incorporated in the data analysis algorithm, which
automatically provided chirp correction. For picosecond TA and TRIR
data, global fitting (the option available in Igor Pro) was applied to
analyze simultaneously the decay kinetics obtained for a number of
spectral points. This approach considerably increased reliability of the
lifetimes obtained, and also provided the individual spectra of
intermediate species associated with each decay time in case of TA
data. To perform the global fitting for picosecond TA data, the
number of decay traces was obtained across the available spectral range
by integrating 10 nm wide spectra slices. TRIR data were considered
per pixel (without averaging), and the pixels comprising the main
bands were used in the Igor Pro global fit. Spectral shifts were taken
into account as additional kinetic components in the fit. In addition,
separate kinetic traces were fitted individually (Origin 8.5), to check
the consistency of the fit.

Restricted DFT calculations were performed using the Amsterdam
Density Functional (ADF) suite version 2010.01.5**° The DFT
calculations employed a Slater-type orbital (STO) all-electron triple-¢-
plus one polarization function basis set from the ZORA/TZP database
of the ADF suite for all atoms. The scalar relativistic (SR) approach
was used within the ZORA Hamiltonian for the inclusion of relativistic
effects and the local density apg)roximation (LDA) with the correlation
potential due to Vosko et al.*® was used in the gas phase geometry
optimizations of the model of 2. Gradient corrections were performed
using the functionals of Becke®” and Perdew (BP).*® Coordinates for
the model of 2 were derived from gas phase geometry optimizations of
models of [Cp,Mo(dt-Ph)] that we have reported previously.** The
gas phase geometry optimization employed a truncated model of 2 in
which the 2-(ethyl)-hexyl group pendant to the NDI unit was replaced
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with a methyl group. The coordinate frame employed in the
calculations is shown in Figure 6, and the geometry optimized
coordinates for the model of 2 are given in the Supporting Information
(Supporting Information, Table SI3). The z-axis bisects the S-M-S
angle, and the x-axis lies in the MoS, plane. Pictorial representations of
the MOs were generated using MOLEKEL,* and the spectrum was
calculated using SWIZARD.”

Synthesis of 1-(Phenyl-4-N-(2-ethylhexyl)-naphthalene-dii-
mide) Ethanone. N-(2-ethylhexyl)-1,4,5,8-naphthalene tetracarbox-
ylic monoanhydride®® (4.27 g, 11.3 mmol) and 4-aminoacetophenone
(1.68 g, 12.4 mmol) were heated at reflux under argon in dry DMF
(20 cm®) for 24 h. The solution was cooled to room temperature and
the product precipitated with the addition of diethylether (20 cm?®).
The precipitate was collected by filtration and dried under a reduced
pressure to produce a pale cream solid (2.43 g, 43%). Analysis
calculated for C30H,gN,Os: Expected (Found): C 72.56 (72.49), H
5.68 (5.57), N 5.64 (5.69). "H NMR (270 MHz, CDCL,): 6 8.77 (s,
4H, H™™), 8.15 (d, 2H, H™, %[y = 8.6 Hz), 7.44 (d, 2H, H™ ¥y =
8.6 Hz), 4.13 (m, 2H, NCH,,), 2.86 (s, 3H, C(O)CH,;), 1.96 (m, 1H,
C(H)(CH,CH,)((CH,),CH;)), 1.50—1.20 (m, 8H, C(H)(CH,CHj,)-
((CH,);CHs)), 1.00-0.80 (m, 6H, C(H)(CH,CH)((CH,):CH)).
Mass Spectrometry (EI"): m/z [C3H,sN,O5]" 496.2001

Synthesis of 2-Bromo-1-(phenyl-4-N-(2-ethylhexyl)-naph-
thalene-diimide) Ethanone. 1-(Phenyl-4-N-(2-ethylhexyl)-naphtha-
lene-diimide)ethanone (2.00 g, 4.0 mmol) and bromine (0.64 g, 4.0
mmol) were stirred together for 3 h at 60 °C in acetic acid (150 cm?).
After this time further bromine (0.64 g, 4.0 mmol) was added, and the
mixture stirred for 3 h at 60 °C. The mixture was cooled to room
temperature, and the precipitate that formed was collected by
filtration. Deionized water (100 cm®) was added to the filtrate causing
further precipitation, and the solid was collected by filtration. The
product was separated by column chromatography using a mixture of
solvents as an eluant (95 cm® CH,Cl,, 5 cm? ethyl acetate, 20 drops of
methanol) over a silca gel support (Kieselgel 60, 220—240 mesh)
leaving a pale cream solid (0.50 g, 21%). Analysis calculated for
C3oH,,BrN,Oq: Expected (Found): C 62.62 (62.54), H 4.73 (4.72), N
4.87 (4.85). "H NMR (300 MHz, CDCL,): 8y, 8.82 (s, 4H, H™#), 821
(d, 2H, B™, ¥, 4 = 6.6 Hz), 7.50 (d, 2H, H™ 3Jy}; = 6.6 Hz), 4.51 (s,
2H, CH,Br), 4.18 (m, 2H, NCH,,), 1.98 (m, 1H, C(H)(CH,CH,)-
((CH,);CHy)), 1.50—125 (m, 8H, C(H)(CH,CH;)((CH,);CHy)),
1.05—0.85 (m, 6H, C(H)(CH,CH,)((CH,);CH,)). Mass Spectrom-
etry (EI'): m/z [C3oH,,BrN,O]* 574.1130

Synthesis of S-2-(4-Phenyl-N-(2-ethylhexyl)-naphthalene-
diimide)-2-oxoethyl O-isopropylcarbondithioate. 2-Bromo-1-
(phenyl-4-N-(2-ethylhexyl)-naphthalene-diimide)ethanone (0.98 g,
1.7 mmol) and potassium O-isopropylxanthate (0.36 g, 2.1 mmol)
were stirred together in CH,Cl, (50 cm®) for 3 h. Deionized water (50
cm®) was added to quench the reaction and the CH,Cl, phase
separated. The aqueous phase was washed with CH,Cl, (3 X 15 cm®);
the CH,Cl, extracts were combined, dried over anhydrous MgSO,; the
mixture was filtered, and the solvent evaporated from the filtrate under
a reduced pressure to produce a yellow solid (1.05 g, 98%). Analysis
calculated for C3,H;,N,04S,; Expected (Found): C 64.74 (64.67), H
5.43 (5.38), N 4.44 (4.35). "H NMR (270 MHz, CDCl,): 5y 8.83 (s,
4H, H™™), 825 (d, 2H, H™, *Jy 4y = 6.5 Hz), 7.51 (d, 2H, H™, ¥,y =
6.5 Hz), 5.73 (sept, 1H, C(H)(CHs),, ¥Juun = 6.2 Hz), 470 (s, 2H,
C(0O)CH,S), 4.16 (m, 2H, NCH,), 195 (m, 1H, C(H)(CH,CH,)-
((CH,);CH;)), 1.50—-1.25 (m, 14H, C(H)(CH;), + C(H)-
(CH,CH;)((CH,);CH;)), 1.05—0.85 (m, 6H, C(H)(CH,CH,)-
((CH,);CH3)). Mass Spectrometry (ESI'): m/z [C34H3N,046S,] +
(Na* 653.1756), (H" 631.1938).

Synthesis of 4-(4-Phenyl-N-(2-ethylhexyl)-naphthalene-dii-
mide)-1,3-dithiol-2-one (1). S-2-(4-phenyl-N-(2-ethylhexyl)-naph-
thalene-diimide)-2-oxoethyl O-isopropylcarbondithioate (1.00 g, 1.6
mmol) was dissolved in H,SO, (10 cm®, 98%). After 5 min, ice was
added until no further heat was generated; then the mixture was
diluted with deionized water to about 250 cm® and neutralized with
NaHCO;. CH,Cl, (100 cm®) was added and the CH,Cl, phase
separated. The aqueous phase was washed with CH,Cl, (3 X 50 cm?).
The CH,CI, extracts were combined, dried over anhydrous MgSO,;

the mixture was filtered and the solvent evaporated from the filtrate
under a reduced pressure to produce a sparingly soluble red solid (0.86
g, 95%). Analysis calculated for C5,H,¢N,0;S,: Expected (Found): C
65.24 (65.31), H 4.59 (4.64), N 4.91 (4.87). '"H NMR (270 MHz,
CDCly): &y 8.84 (s, 4H, H™), 7.65 (d, 2H, H™, 3y = 8.4 Hz), 7.41
(d, 2H, H™ 3y = 84 Hz), 696 (s, 1H, H¥™), 417 (m, 2H,
NCH,,), 1.95 (m, 1H, C(H)(CH,CH,)((CH,),CHj;)), 1.50—1.20 (m,
8H, C(H)(CH,CH,)((CH,);CH,)), 1.00—0.80 (m, 6H, C(H)-
(CH,CH;)((CH,);CH;)). Mass Spectrometry (EI"): m/z
[Cy,HyN,0,8,]* 570.1265

Synthesis of [Cp,Mo(dt-Ph-NDI)] (2). 4-(4-Phenyl-N-(2-ethyl-
hexyl)-naphthalene diimide)-1,3-dithiol-2-one (100 mg, 0.18 mmol)
was dissolved in H,SO, (2 cm® 98%), the solution was diluted with
deionized water (25 cm®), and the compound extracted into CH,Cl,
(25 cm?®). Anhydrous methanol (10 cm®) and cesium hydroxide (38
mg, 0.35 mmol) were added and the mixture stirred under argon for
30 min. Bis(cyclopentadienyl)molybdenum dichloride (57 mg, 0.19
mmol) was added and the solution stirred overnight; the solvent was
removed under a reduced pressure producing a dark brown solid. The
pure product was separated by column chromatography using 90%
CH,Cl, and 10% ethyl acetate as the eluant over silica gel (Kieselgel
60, 220—240 mesh) to produce a brown solid (27 mg, 18%).
Elemental Analysis for C,H;sMoN,0,S,; Expected (Found): C 62.49
(62.42), H 4.72 (4.68), N 3.64 (3.59). '"H NMR (270 MHz, CDCl,):
5y 8.80 (s, 4H, H™"), 7.87 (d, 2H, H™, *J,;_; 8.1 Hz), 7.18 (d, 2H,
H™, 3,y 8.1 Hz), 693 (s, br, 1H, HY™M°) 532 (s, 10H, Cp), 4.18
(m, 2H, NCH,,), 2.02 (m, 1H, C(H)(CH,CH,)((CH,);CH,)), 1.50—
120 (m, 8H, C(H)(CH,CH,)((CH,),CH,)), 1.00—0.80 (m, 6H,
C(H)(CH,CH,)((CH,);CH;)). Mass Spectrometry (ESI): m/z
[C4oHeMoN,0,S,] 770.1172.
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