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ABSTRACT: A meta-terphenyl unit was substituted with an
isocyanide group on each of its two terminal aryls to afford a
bidentate chelating ligand (CN™"Ar,NC) that is able to
stabilize chromium in its zerovalent oxidation state. The
homoleptic Cr(CN*"Ar,NC); complex luminesces in solution
at room temperature, and its excited-state lifetime (2.2 ns in
deaerated THF at 20 °C) is nearly 2 orders of magnitude
longer than the current record lifetime for isoelectronic Fe(II)
complexes, which are of significant interest as earth-abundant
sensitizers in dye-sensitized solar cells. Due to its chelating
ligands, Cr(CN™Ar;NC); is more robust than Cr(0)
complexes with carbonyl or monodentate isocyanides,
manifesting in comparatively slow photodegradation. In the
presence of excess anthracene in solution, efficient energy transfer and subsequent triplet—triplet annihilation upconversion is
observed. With an excited-state oxidation potential of —2.43 V vs Fc*/Fc, the Cr(0) complex is a very strong photoreductant.
The findings presented herein are relevant for replacement of precious metals in dye-sensitized solar cells and in luminescent
devices by earth-abundant elements.
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Bl INTRODUCTION early study reported on low-temperature (77 K) emission of a
Complexes of precious d® metals such as Ru(1II), Ir(III), Os(II), homoleptic hexakis(isocyanide) complex of Cr(0).""" Against
this background, we focused on chelating diisocyanides with the
rationale that such ligands could potentially give access to more
robust Cr(0) complexes than monodentate isocyanides, which
could even exhibit long-lived emissive excited states at room
temperature in solution.

There has been relatively little prior work on the photo-
physics of metal complexes with chelating isocyanides,'* but
recently we communicated that a homoleptic Mo(0) complex
with a bidentate diisocyanide (Scheme 1a) exhibits very
favorable optical spectroscopic and electrochemical proper-
ties."” For the present study, we prepared a new ligand in which
the metal center is well shielded from the chemical environ-
ment through sterically demanding substituents, anticipating
that this would increase robustness and chances of obtaining
room temperature emission in a Cr(0) complex. The strategy
of using bulky monodentate isocyanides has been very useful
for stabilizing other metals in low oxidation states.'® In the case
of our bidentate diisocyanides, this design principle gives access

or Re(I) are very popular because they exhibit long-lived,
redox-active excited states when equipped with suitable ligands.
They are used, for example, as luminophores in light emitting
devices," as dyes in solar and photoelectrochemical cells,” as
sensitizers of photoredox reactions in organic chemistry,” or as
photosensitizers for the production of solar fuels.* There is a
long-standing interest in replacing these precious metals by
more earth-abundant elements,” but this is difficult because
nonradiative relaxation processes tend to deactivate the excited
states of first-row transition metals very efficiently. Cu(I)
complexes are an interesting alternative, which has been
explored in considerable depth,® and a less common example
is Cr(III).” Recently, important progress on the photophysics
of Fe(II) complexes has been made. Excited-state deactivation
channels were unraveled in unprecedented detail,® and new
guiding principles for the design of ligands have emerged,” in
some cases leading to record excited-state lifetimes (up to 37
ps) for Fe(Il) complexes.'” Many of these studies were
motivated by the idea to replace ruthenium in dye-sensitized to a homoleptic Cr(0) complex (Scheme 1b) that exhibits
solar cells by iron complexes. luminescence in deaerated THF at 20 °C. The excited-state
Cr(0) is isoelectronic with Fe(II), and it seemed worthwhile lifetime under these conditions is 2.2 + 0.4 ns, nearly 2 orders
to explore the possibility of obtaining homoleptic Cr(0) of magnitude longer than the re?(e))ntly reported record lifetime
complexes with long-lived emissive excited states, particularly in of Fe(II) complexes in solution.
view of known luminescent Mo(0) and W(0) isocyanides.11
Cr(0) isocyanide complexes can undergo photoinduced ligand Received: November 15, 2016
dissociation similar to Cr(0) carbonyl compounds,'* but an Published: January S, 2017
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Scheme 1. Molecular Structures of (a) Mo(CNAr;NC),
(from Ref 13) and (b) Cr(CN™®"Ar,NC), (This Work)

Bu

(b)

B RESULTS AND DISCUSSION

Synthesis, X-ray Crystal Structure, Infrared Spectros-
copy, and Cyclic Voltammetry. Ligand synthesis (Scheme
2) started with nitration of commercial 3,5-di(tert-butyl)-
bromobenzene (1) followed by Suzuki—Miyura coupling of the
nitrobenzene product (2) with a diboronic ester derivative of
1,3-bromobenzene (3). After reduction of the coupling product
(4) to the dianiline (S), formylation with HCOOH and
subsequent reaction of the diformamide (6) with POCI,
afforded the final ligand (CN"™"Ar;NC). The Cr(0) complex
was obtained by preparing CrCl;(THF), from CrCl;,'*" and by
reacting the precursor complex with CN"™Ar;NC ligand over
Na/Hg in dry THF at room temperature. Synthesis procedures
and product characterization data are in the Supporting
Information (SI).

X-ray diffraction at a single crystal of Cr(CN™"Ar;NC),
resulted in the structure shown in Figure 1b. The space-filling
representation is used to visualize the fact that the metal center
is well shielded from the chemical environment by the sterically
demanding CN'™"Ar;NC ligand. For comparison, our pre-
viously published structure of a homoleptic Mo(0) complex

Figure 1. Space filling representations of X-ray crystal structures of (a)
Mo(CNAr,NC); (from ref 13) and (b) Cr(CN™"Ar,NC), (this
work). The metal center (turquoise) is visible in the case of the Mo(0)
complex with the sterically less demanding ligand, but it is invisible in
the Cr(0) complex with the new, sterically more demanding ligand. H
atoms have been omitted.

with chelating diisocyanide ligands bearing methyl instead of
tert-butyl substituents, Mo(CNAr;NC);, is shown in Figure 1a.
The shielding of the metal center seen in Figure 1 seems to be
of key importance for the photophysical studies reported below.
Cr—C distances and C—Cr—C bond angles are similar to those
observed in prior X-ray studies of hexakis(arylisocyanide)-
chromium(0) complexes.'®

The C=N stretch frequency in the free CN'®"Ar;CN ligand
is 2112 cm™ (SI, Figure S1), and in the Cr(CN™"Ar;NC),
complex, it reduces to 1954 cm™ due to z-backbonding. This is
a common observation for Cr(0) carbonyl and isocyanide
complexes.'”

Three quasi-reversible waves appear in the cyclic voltammo-
gram of Cr(CN™"Ar;NC); recorded in THF with 0.1 M
TBAPF, (Figure 2a). These waves correspond to the Cr(1/0),
Cr(11/1), and Cr(III/II) couples, in analogy to hexakis(aryl-
isocyanide)chromium(0) complexes."® However, compared to

Scheme 2. Synthesis of the Chelating Diisocyanide Ligand CN"*"Ar,NC“
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(d) HCOOH, acetic anhydride, 100 °C; (e) POCI,, diisopropylamine.
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Figure 2. (a) Cyclic voltammogram of Cr(CN™Ar;NC), in THF
with 0.1 M TBAPF; at 20 °C. The potential scan rate was 0.1 V/s. (b)
Latimer diagram for Cr(CN"™Ar,NC), used for estimation of the
oxidation potential of the emissive *MLCT excited state.

Cr(0) complexes with monodentate aryl-isocyanides, the redox
potentials of Cr(CN™"Ar;NC); are shifted anodically (Table
1), for example, by ca. 0.4 V in the case of the Cr(I1/0) couple.

Table 1. Electrochemical Potentials (in V vs. Fc*/Fc)

Cr(1/0) Cr(11/1) Cr(1L/11)
Cr(CN™"Ar,NC);* —0.38 0.40 1.33
Cr(CN-C(Hy)4" —0.67 —0.05 0.73
Cr(CN-2¢P"CH,)," —0.78 0.16 127

“This work, measured in THF with 0.1 M TBAPF (Figure 2). “From
ref 19, measured in CH,Cl, with TBAPF.

This could either reflect a stabilization of the lower oxidation
states or a destabilization of the higher oxidation states in the
Cr(CN™"Ar;NC), complex."” It seems plausible that the latter

effect plays a significant role, because the bite angle of the
chelating CN"™Ar;NC ligand is expected to become more
unfavorable with increasing oxidation state as a result of
decreasing Cr—C bond distances.

Optical Spectroscopy. Dilute solutions of the Cr-
(CN™"Ar;NC); complex are orange-red due to the presence
of MLCT absorptions between 400 and 600 nm (black trace in
Figure 3a).""*% At shorter wavelengths, ligand-centered 7—n*
transitions appear. The UV—vis absorption spectrum of the
previously investigated Mo(CNAr;NC); complex is similar
(black trace in Figure 3c),'* but with a somewhat blue-shifted
MLCT absorption band. The overall appearance of the
absorption spectra in Figure 3a,c is reminiscent of those of
the isoelectronic complexes Fe(bpy);** and Ru(bpy),**.
Following excitation at S00 nm, luminescence from the Cr(0)
complex is observed in deaerated THF solution at room
temperature (red trace in Figure 3a), somewhat red-shifted
with regard to the emission detected from the Mo(CNAr;NC),
complex (red trace in Figure 3c).”" Slight blue-shifts of the
luminescence band maxima are observed when changing from
THF to toluene and n-hexane (SI, Figure S3), compatible with
MLCT emission in both complexes.

Following pulsed excitation at 532 nm, similar transient
difference spectra are obtained for the excited states of
Cr(CN™Ar;NC); and Mo(CNAr;NC); (green traces in
Figure 3b,d), but with higher signal-to-noise ratio for the latter
due to a longer excited-state lifetime (see below). The main
observation in both cases is a bleach of the MLCT absorption
between 400 and 600 nm. In the case of the Mo(0) complex,
the somewhat better data quality permits detection of a positive
signal around 350 nm (green trace in Figure 3d), which is
tentatively attributed to a m—a* transition on the reduced
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Figure 3. UV—vis absorption (black traces), luminescence (red traces), and transient absorption data (green traces) for Cr(CN™Ar;NC), (upper
half) and Mo(CNAr;NC); (Iower half)'® in deaerated THF at 20 °C. Excitation of the steady-state luminescence occurred at 450 nm (Cr) and at
500 nm (Mo). For transient absorption studies, excitation occurred at $32 nm using pulses of ~30 ps duration (Cr) or ~10 ns duration (Mo). The
luminescence decays in panels e and g were detected at 630 and 615 nm, respectively. Detection of the MLCT bleach recoveries in panels f and h

occurred at 485 and 420 nm, respectively.
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Figure 4. (a) Transient absorption spectrum recorded from a deaerated toluene solution containing 20 uM Cr(CN™Ar;NC); and 10 mM
anthracene at 20 °C. Excitation was at 532 nm with pulses of ~10 ns duration; detection occurred by time-averaging over 200 ns immediately after
excitation. (b) Upconversion luminescence observed from the same solution in the course of steady-state photoexcitation at 530 nm. Inset,
dependence of the relative upconversion luminescence intensity at 405 nm on the relative excitation intensity at 530 nm. (c) Decay of the transient
absorption signal from panel a at 430 nm. (d) Decay of the upconversion luminescence intensity from panel b at 405 nm following excitation at 532

nm with laser pulses of ~10 ns duration.

ligand, analogous to the transient absorption spectrum of
SMLCT-excited Ru(bpy);**.”

The luminescence of Cr(CN™"Ar;NC); at 630 nm decays
with a time constant of 2.2 + 0.4 ns in deaerated THF at 20 °C
(red trace in Figure 3e), and the MLCT bleach at 485 nm
recovers with an identical time constant (green trace in Figure
3f), following excitation at 532 nm with pulses of ~30 ps
duration. This clearly shows that the observed emission does
indeed result from the Cr(CN™"Ar,NC); complex and not
from a luminescent impurity. Analogous time-resolved
luminescence and bleach recovery data for the Mo-
(CNAr;NC), complex (Figure 3gh) indicate that the excited-
state lifetime in this case is 74 + 7 ns under identical
conditions, as reported earlier.”?

The luminescence quantum yield (¢p) of Cr(CN""Ar,NC),
in deaerated THF at 20 °C is ~107° whereas for Mo-
(CNAr;NC); we found ¢ = 6 X 10° under identical
conditions."> The significant differences in luminescence
quantum yields and excited state lifetimes are attributed to
the weaker ligand field in the Cr(0) complex, leading to
efficient nonradiative depopulation via metal-centered d—d
states (see below).*“%"*3

In deaerated toluene and n-hexane, biexponential excited-
state decays are obtained for Cr(CN™"Ar;NC); (SI, Figure SS),
unlike in Mo(CNAr;NC),; where the decays remain single-
exponential (SI, Table $2)."* The excited-state decay times for
Cr(CN™"Ar,NC); are 0.32 ns (80%) and 3.73 ns (20%) in n-
hexane, compared to 0.64 ns (83%) and 4.33 ns (17%) in
toluene at 20 °C. In the crystal structure of Cr(CN™"Ar;NC),
(Figure 1b), the three ligands are not equivalent, as seen for

988

example when considering the relative orientations of the
central aryls in the three CN"®"Ar;NC ligands relative to one
another (SI, Figure S6). Interconversion between different ring
orientations is sterically hindered by the tert-butyl substituents,
and thus it is possible that the biexponential decays in
Cr(CN™"Ar;NC), are a manifestation of two different
conformers, which are present in solution and which do not
interconvert on the relevant time scale. An alternative
explanation could be that within a given conformer, emission
occurs from different MLCT excited states in which the
electron is localized on nonequivalent ligands. This latter
explanation would imply that delocalization of the excited
electron over the three ligands occurs on a relatively slow time
scale. A prior transient infrared and DFT study of W(0)
isocyanide complexes demonstrated that localization of the
excited electron density on different ligands is indeed
possible.' "

In frozen matrices at 77 K, the luminescence decays of the
Cr(CN™Ar;NC); complex are biexponential in all glasses
considered (2-methyl-THF, toluene, 2-methylpentane), with
time constants ranging from 1.2 to 16.9 us (SI, Figure S7, Table
S3). The observation of microsecond lifetimes for Cr-
(CN™"Ar,NC); is in contrast to the prior finding that
Cr(CN-*P"C H;), exhibits a luminescence lifetime in the
nanosecond regime (<10 ns) at 77 K (in 2-methylpentane),
which suggested that the emissive excited state has significant
singlet character.''*** The microsecond decays of Cr-
(CN™"Ar;NC); at 77 K indicate that this complex emits
from a triplet excited state under these conditions, in analogy to
Mo(CNAr,NC),."
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Photoredox Properties. Based on the 77 K luminescence
spectrum in 2-methyl-THF (SI, Figure S8), an energy of 2.05
eV can be determined for the emissive "MLCT excited state of
Cr(CN™"Ar,NC);. Given a potential of —0.38 V vs Fc*/Fc for
the Cr(I/0) couple in the electronic ground state (Figure 2a,
Table 1), one can estimate a potential of —2.43 V vs Fc*/Fc for
Cr(0) oxidation in the emissive *MLCT excited state (Figure
2b). Thus, the Cr(CN™"Ar;NC); complex is a similarly strong
photoreductant as Mo(CNAr;NC); and as recently reported
W(0) aryl-isocyanide complexes (SI, Table S4). b= 1
principle, the Cr(CN"™"Ar;NC); complex should be amenable
to photoredox applications, which are thermodynamically as
challenging as that in our earlier report on Mo(CNAr;NC);,
because it is a far stronger photoreductant than Ru(bpy);>* or
Ir(ppy)s-

As far as possible applications in dye-sensitized solar cells are
concerned, the high reducing power of photoexcited Cr-
(CN™Ar;NC); suggests that semiconductors other than TiO,
could potentially be used to achieve good energy matching
between the sensitizer LUMO and the conduction band of the
semiconductor.

Photostability. Cr(0) complexes with monodentate
arylisocyanide or carbonyl ligands undergo photosubstitution
reactions in various solvents, due to the population of
dissociative d—d excited states.'”'”*****> When a 107> M
solution of Cr(CN™®"Ar;NC); is irradiated in deaerated THF at
455 nm (1 W), the MLCT absorption band between 400 and
600 nm disappears over time (SI, Figure S9a). In the case of
Cr(CNAr)¢ complexes, the primary photosubstitution product
Cr(CNAr)(THE) absorbs at 580 nm,'** but for Cr-
(CN™"Ar,NC); no such absorption band is detectable. In
THF, the absorbance of Cr(CN™'Ar,NC), at 450 nm
decreases in a biphasic manner with half-lives of 7.4 and 70.0
min under photoirradiation (SI, Figure S10a), but the
degradation products could not be identified. In n-hexane,
photodegradation is even slower (S, Figure 9b) with a half-life
of 25.5 min (SI, Figure S10b). The samples contained ~10'¢
complexes, and irradiation of solutions with OD = 0.3 occurred
with an incident flux of ~10' photons/s, yet significant
degradation only occurred on a minute time scale. Con-
sequently, these experiments (SI, Figures S9 and $10)
demonstrate that Cr(CN"™"Ar;NC), is relatively robust under
photoirradiation, at least in weakly or noncoordinating solvents
and under deaerated conditions.

Energy Transfer to Anthracene and Triplet—Triplet
Annihilation Upconversion. After pulsed excitation of 20
UM Cr(CN™"Ar;NC); at 532 nm in the presence of 10 mM
anthracene in deaerated toluene, the transient absorption
spectrum in Figure 4a was recorded. The typical absorptions of
the lowest triplet excited state of anthrancene (°An) are
prominent between 390 and 440 nm.*° The emission of
Cr(CN™"Ar,NC); is strongly quenched under these con-
ditions, indicating that its *"MLCT excited state is depopulated
efficiently via triplet—triplet energy transfer to anthracene. It is
possible that there is some preassociation between the complex
and anthracene, but we did not investigate this specific aspect.
Given a *MLCT energy of 2.05 eV (see above) and a *An
energy of 1.85 eV,” the driving-force for triplet—triplet energy
transfer is —0.2 eV. The An state then decays with a lifetime of
170 + S us, as seen from the transient recorded at 430 nm
(Figure 4c).

Following steady-state irradiation of this solution at 530 nm
in a spectrometer, anthracene fluorescence can be detected

989

(Figure 4b). After pulsed excitation at 532 nm, the fluorescence
signal at 405 nm decays with a time constant of 65 + 5 us
(Figure 4d), revealing that this is a case of delayed fluorescence,
which is compatible with upconversion via triplet—triplet
annihilation.”® Indeed, the fluorescence signal in Figure 4b
exhibits a nonlinear dependence on excitation power (inset in
Figure 4b), in line with a two-photon upconversion process
(see SI for further details).”” The broad transient absorption
signal extending from 560 to nearly 800 nm in Figure 4a is
attributed to an excited-state absorption band of the emitting
'An state,” and the finding of a decay time of 70 + S us (S,
Figure S11a), which is within experimental accuracy the same
as that of the delayed fluorescence (see above), supports that
assignment.

In the transient absorption spectrum from Figure 4a, a bleach
of the "MLCT absorption of the Cr(0) complex is observed,
and this bleach recovers with a time constant of 30 + 5 us (SI,
Figure S11b). Normally, MLCT bleach recovery would be
expected to occur with the time constant corresponding to
triplet—triplet energy transfer. The observation of a bleach in
Figure 4a and its slow recovery can be explained by
repopulation of the MLCT manifold of Cr(CN®"Ar;NC),
from the 'An state, for example, via Forster-type (singlet—
singlet) energy transfer (SI, Scheme S1). Under the conditions
of our experiments, there was no direct evidence for anthracene
dimerization as a result of upconversion.’!

B SUMMARY AND CONCLUSIONS

A chelating diisocyanide ligand with sterically demanding
substituents allowed the synthesis of a homoleptic Cr(0)
complex that is emissive in solution at room temperature. The
excited-state lifetime (2.2 + 0.4 ns in THF at 20 °C) of this
complex is nearly 2 orders of magnitude longer than the current
record lifetime for isoelectronic Fe(II) complexes (37 ps),10
and the Cr(0) complex is remarkably photostable in weakly and
noncoordinating solvents. In Fe(II) polypyridyl complexes, the
ligand field is usually sufficiently weak that metal-centered *d—d
and °d—d excited states are energetically below the MLCT
manifold (Scheme 3a), leading to ultrafast excited-state
depopulation via nonradiative relaxation.”~'%** It seems that
in the Cr(CN™"Ar;NC); complex, the ligand field is
substantially stronger, leading to a significant barrier for

Scheme 3. Potential Energy Diagrams with the Key
Electronic States Involved in Excited-State Relaxation of 3d°
Metal Complexes (a) for Fe(II) Polypyridines and (b) for
Cr(CN™"Ar;NC),

(@

MLCT

energy

g.s.

r(M-L)

DOI: 10.1021/jacs.6b11803
J. Am. Chem. Soc. 2017, 139, 985-992


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11803/suppl_file/ja6b11803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11803/suppl_file/ja6b11803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11803/suppl_file/ja6b11803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11803/suppl_file/ja6b11803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11803/suppl_file/ja6b11803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11803/suppl_file/ja6b11803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11803/suppl_file/ja6b11803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11803/suppl_file/ja6b11803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11803/suppl_file/ja6b11803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11803/suppl_file/ja6b11803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11803/suppl_file/ja6b11803_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b11803

Journal of the American Chemical Society

population of the *d—d and *d—d states from the lowest MLCT
state (Scheme 3b). As a consequence, luminescence becomes
competitive with multiphonon relaxation even at room
temperature. The barrier for relaxation into nonemissive ligand
field states in Cr(CN™"Ar;NC); seems to be even higher than
in the recently studied Fe(Il) complexes with N-heterocyclic
carbene ligands.”"*"

In first row transition metal complexes, spin—orbit coupling
is comparatively weak, and consequently intersystem crossing
from '"MLCT to 3MLCT excited states in Cr(CN"™Ar;NC),
could in principle be relatively slow, even though intersystem
crossing rates do not necessarily correlate directly with the
magnitude of the spin—orbit coupling constant.”® Our energy
transfer and triplet—triplet annihilation studies demonstrate
that a MLCT state is ultimately populated in Cr-
(CN'™"Ar;NC),. Furthermore, the upconversion studies
illustrate the potential of Cr(0) diisocyanide complexes for
photophysical applications.

The luminescence lifetime of Cr(CN™"Ar;NC); seems
sufficiently long for photoinjection of electrons into semi-
conductors, particularly in view of recent studies that reported
on highly efficient light-to-electron conversion in TiO,-based
solar cells sensitized by Fe(I) complexes with much shorter
excited-state lifetimes.””'*® In conclusion, diisocyanide chelate
ligands provide access to robust and emissive Cr(0) complexes
with comparatively long excited-state lifetimes, and our findings
are relevant in the context of replacing precious metals in dye-
sensitized solar cells and luminescent devices by more earth-
abundant elements.
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