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ABSTRACT: Gaining chemical control over the thermodynamics
and kinetics of photoexcited states is paramount to an efficient and
sustainable utilization of photoactive transition metal complexes in
a plethora of technologies. In contrast to energies of charge transfer
states described by spatially separated orbitals, the energies of spin-
flip states cannot straightforwardly be predicted as Pauli repulsion
and the nephelauxetic effect play key roles. Guided by multi-
reference quantum chemical calculations, we report a novel highly
luminescent spin-flip emitter with a quantum chemically predicted
blue-shifted luminescence. The spin-flip emission band of the \ ‘
chromium complex [Cr(bpmp),]** (bpmp = 2,6-bis(2-pyridyl- - relative
methyl)pyridine) shifted to higher energy from ca. 780 nm 100 10000 abundance
observed for known highly emissive chromium(III) complexes to
709 nm. The photoluminescence quantum yields climb to 20%, and very long excited state lifetimes in the millisecond range are
achieved at room temperature in acidic D,O solution. Partial ligand deuteration increases the quantum yield to 25%. The high
excited state energy of [Cr(bpmp),]** and its facile reduction to [Cr(bpmp),]** result in a high excited state redox potential. The
ligand’s methylene bridge acts as a Brensted acid quenching the luminescence at high pH. Combined with a pH-insensitive
chromium(III) emitter, ratiometric optical pH sensing is achieved with single wavelength excitation. The photophysical and ground
state properties (quantum yield, lifetime, redox potential, and acid/base) of this spin-flip complex incorporating an earth-abundant
metal surpass those of the classical precious metal [Ru(a-diimine),]** charge transfer complexes, which are commonly employed in
optical sensing and photo(redox) catalysis, underlining the bright future of these molecular ruby analogues.

B INTRODUCTION character based on earth-abundant 3d metals (except from the
special case of copper(I)) are 0.001% (Cr°),** 0.7% (Co'™),*
and 2.1% (Fe'™).*®

Fundamentally different from charge transfer states, which
involve spatially separated metal and ligand frontier orbitals,*’
are metal-centered spin-flip states.””*>~** Such localized spin-
flip states can be phosphorescent, in particular in the near-
infrared spectral region.””*** These excited states could be
useful for optical applications (sensing, imaging, and lasing) as
well as excited state electron and energy transfer reactions.
However, most transition metal complexes with a d* or d*
electron configuration suitable for a spin-flip luminescence® are
only weakly emissive (® < 0.15%).”*” With the development

In optical sensing, imaging, and photo(redox) chemistry,
complexes with de (e.g, Ru", I, Os™, or Re! and recently
Mo%),' " d® (Pt Au™),'* or d'® (Cu!)'*7** electron
configuration and electron deficient ligands are typically
employed. Complexes of these metal ions with suitable electron
accepting ligands such as 2,2'-bipyridine (bpy) or 2,2":6',2"-
terpyridine (tpy) can possess favorable long-lived, luminescent,
and/or redox active triplet metal-to-ligand charge transfer
(®MLCT) states. Such complexes are hence ubiquitous in
photosensitized reactions, OLEDs, bioimaging probes, optical
sensors, photodrugs, and dye-sensitized solar cells." ™'’ In the
past few years, the substitution of precious metals by earth-
abundant base metals has become a vivid and important research
area aiming at sustainable photochemistry and photophysical Received:  June 9, 2021
applications.””~*’ Luminescent ligand-to-metal (LMCT) states Published: July 23, 2021
of earth-abundant Fe" and Co™ complexes have emerged very

recently as alternative useful excited states of 3d transition metal

complexes.”* ™’ The highest quantum yields achieved so far

with charge transfer (CT) emitters of MLCT or LMCT
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of the so-called molecular ruby [Cr(ddpd),]** (ddpd = N,N'-
dimethyl-N,N’-dipyridine-2-ylpyridine-2,6-diamine”">*), we
achieved record photoluminescence quantum yields of ® =
11% (® = 30% with a partially deuterated ddpd ligand) of the
NIR luminescence (A, = 775 nm).”*>* Several applications in
the fields of sensing, photocatalysis, upconversion, and circularly
polarized luminescence already emerged in the past few
years.”>~®* Variations of the ligand and the complex symmetry
increased the lifetime of the luminescent excited spin-flip state
up to the current record value of 4500 ys.°> However, all these
highly emissive chromium(III) complexes based on the
molecular ruby motif emit in the near-infrared spectral region
(>>700 nm; <«1.77 €V) up to now (Scheme 1).55768

Scheme 1. NIR-Emissive Chromium(III) Complexes and
Classical Red-Emissive Complexes Based on Ruthenium(II)
and Europium (I1I)
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Red, long-lived emission (i.e., <~700 nm) has been achieved
by using europium(IH)“’67 and ruthenium(II) complexes
(Scheme 1). Consequently, complexes of these metals are
heavily exploited for example in biosensing.”*~""*® However,
these metals are dramatically less abundant than chromium by
factors of ca. 100 and 10000. This scarcity is also reflected by the
prices of ca. 30, 7300, and 16250 € mol™" for CrCl;, EuCl,, and
RuCly, respectively (based on the hydrated chlorides;
commercial supplier, May 2021). Bright red emission from
spin-flip excited states has only been realized in solid Cr™
materials such as ruby Al,O;:Cr** itself (695 nm)”'~"* and in

Mn"-doped solids, e.g., K,SiF¢:Mn** (630 nm),”” but remained
elusive for molecular chromium(III) complexes. Either the spin-
flip states of previously reported molecular Cr'! complexes are at
atoo low energy as in the molecular rubies (Scheme 1) ,33,5764,85
or the quantum yields are extremely poor (0.024%—
0.000005%).*

Unlike the straightforward and well-founded correlations
elucidated for charge transfer complexes with MLCT, LMCT, or
LL'CT excited states and organic emitters with donor—acceptor
character, shifting of the excited doublet state levels of such spin-
flip emitters and hence the emission color by chemical measures,
such as donor atom variation or substitution patterns of the
ligands, is extremely difficult to predict. A clear-cut correlation
with ligand types for chromium (III) spin-flip emitters*’ remains
elusive beyond the classical ligand field parameters of the
covalently reduced d—d interelectronic repulsion (B and C
ligand field parameters), that is, the nephelauxetic series of
simple classical ligands such as halides.”*””® The accurate
descrigtion?g_82 of the relevant excited quartet and doublet
states™ 5% g challengin§ due to the required consideration of
interelectronic repulsion.”’ The localized spin-flip character
instead of the charge transfer nature of the classical CT
luminophores with separately addressable spatially distinct wave
functions has furthermore precluded reliable predictions for
spin-flip levels so far. However, recent method developments in
quantum chemistry and coding suitable for open-shell
complexes of realistic size in general and chromium(III) in
particular conceptually tackled this challenge.”” ™

In this study, we address the challenge to increase the energy
of the spin-flip state in molecular chromium(III) complexes,
while concomitantly maintaining a high quantum yield by
providing a large enough energy gap between the detrimental
metal centered quartet states and the emissive spin-flip level(s)
using high-level quantum chemical calculations and the
translation to synthesis, spectroscopy, and first applications of
the resulting complex.

B RESULTS AND DISCUSSION

Quantum Chemical Screening. To identify a ligand
modification, which shifts the energy of the emissive spin-flip
state(s) (°E and *T,) of chromium(II) complexes to higher
energy while maintaining a large enough quartet state energy
(*T,), we screened six-coordinate chromium(III) complexes
with several monodentate and chelate ligands (NH;, CN-,
acac”) and in particular pyridine-based ligands (py, bpy, tpy,
ddpd) by high-level quantum chemical methods. As density
functional theory (DFT) methods failed to give the correct
ordering of doublet (*E, °T,) and quartet excited states (*T,),”'
an ab initio multireference method was selected.*~*® Complete
active space self-consistent field (CASSCF) calculations
combined with N-electron valence state perturbation theory
(NEVPT2) to account for dynamic electron correlation based
on a fully internally contracted (FIC) wave function have been
successfully used for open-shell metal complexes.**~****** This
method was employed in the following for the complexes
selected.

First, DFT calculations on the CPCM (acetonitrile)-UB3LYP-
D3BJ-ZORA/def2-TZVPP level deliver the optimized geo-
metries of the chromium(III) complexes in their respective *A,
ground states. Subsequently, CASSCF-FIC-NEVPT2 calcula-
tions with an active space comprising the five 3d orbitals and the
three d electrons CAS(3,5) estimate the required excited state
energies (Table S1, Supporting Information). These calcu-
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lations were followed by an ab initio ligand field theory (AILFT)
analysis to yield the Racah parameters B and C and the ligand
field splitting A, (Table $2).%>**

This initial screening of DFT-optimized chromium(III)
complexes coordinated by monodentate and chelate ligands
Cr(acac);, [Cr(NH,)s]*", [Cr(py)s)**, [Cr(tpy),]*, [Cr-
(bpy);]**, [Cr(ddpd),]**, and [Cr(CN)¢]*~ yielded ligand
field splittings A, (*T, energies) increasing in the order of acac™
< py < tpy < ddpd < NH; < bpy < CN™ (Table S1). The
experimental spectrochemical series acac™ < tpy < ddpd < bpy <
CNT, that is, the experimentally observed ligand field transitions
*A, — *T,, confirms this approach. As the ligand field splitting
A, of all these complexes is large enough to enable luminescence
from doublet states, the decisive parameter is the Racah
parameter B, which determines the energy of the doublet states.
The calculated B values increase in the order CN™ (888 cm™) <
tpy < ddpd < py < acac™ = bpy < NH; (988 cm™) (Table S2).
Clearly, this nephelauxetic series is difficult to explain or even to
predict based on simple guidelines. As the tridentate ddpd ligand
performed well in previous luminescence studies of its
chromium(III) complex due to its large enough A, and relative
rigidity,”*>*** we attempted simple modifications of ddpd
maintaining the tridentate ligation and the six-membered
chelate rings.

Replacing the NMe groups of the ddpd ligand by CH, bridges
provided a hit structure based on the two conditions of high
energy doublet and high energy excited quartet levels. The
chromium(III) complex [Cr(bpmp),]*" with the ligand 2,6-
bis(2-pyridylmethyl)pyridine (bpmp) shows the highest calcu-
lated B = 1003 cm™! in the series, while maintaining a large
enough A, = 20882 cm™" (Tables S1 and S2).

For [Cr(bpmp),]** and its parent complex [Cr(ddpd),]*" the
active space was then expanded to CAS(7,12) with the two filled
Cr—N o-bonding orbitals and a second d shell.**®” This
methodology had proven to be sufficiently accurate to predict
the relative energies of excited quartet and doublet states and
even the energy gap between the two lowest doublet states for
[Cr(ddpd), """

The refined calculation of the doublet and quartet excited
states of [Cr(bpmp),]*" using CASSCF(7,12)-FIC-NEVPT2
confirmed the relative doublet and quartet energies (Figure 1;
Tables S1 and S3). Interestingly, one doublet microstate of *T,
parentage drops below the lowest energy doublet microstate of
°E parentage in the CASSCF(7,12)-FIC-NEVPT2 calculation,
similar to the doublet state ordering of the parent complex
[Cr(ddpd),]*" (Figure 1 and Table S3).>® The energy gap
between the lowest doublet state and the lowest excited quartet
level (from the *T, set) in [Cr(bpmp),]** amounts to 6010
cm™ (>70 kJ mol™") on this level of theory. After excitation,
intersystem crossing (ISC), and vibrational cooling (VC), this
large gap prohibits back-intersystem crossing (back-ISC) at
room temperature. Consequently, the detrimental nonradiative
relaxation via the *T, state is eliminated. Importantly, the
calculated energy of the lowest emissive doublet level of
[Cr(bpmp),]*" exceeds that calculated for [Cr(ddpd),]** by
766 cm™" at the same level of theory as desired (Figure 1 and
Table S3).

Synthesis, Structure, and Ground State Reactivity of
[Cr(bpmp)2]3+. Encouraged by the quantum chemical
predictions and the facile synthesis of the proposed suitable
ligand bpmp,*® the corresponding chromium(III) complex
[Cr(bpmp),]*" was prepared. However, unlike the straightfor-
ward synthesis of [Cr(ddpd),]*,** simple mixing of bpmp and

E/eV  [Cr(ddpd),]*
A
k(IC+VCy)
= = -7, |,
I1ISC P R —_— T2
IC : T k(ISCy
+
VC: k(IC+VCy)
2.0 2 {é ... =}
2 2
T ¢ T
(350 nm)
red
10- NIR light (515 nm)
light (709 nm)
(775 nm)
0.04 ‘A, ‘A,

Figure 1. DFT-optimized geometries and Jablonski diagrams derived
from CASSCF(7,12)-FIC-NEVPT2 calculations of [Cr(ddpd),]**
(left)*® and [Cr(bpmp),]* (right). The energy difference between
the two lowest doublet levels of the complexes is indicated by arrows
and highlighted in yellow. ISC = intersystem crossing, IC = internal
conversion, and VC = vibrational cooling. Decay cascades starting from
*LMCT and *T, states are indicated with dotted purple and green
arrows, respectively. The experimentally employed excitation and
observed emission wavelengths are given in parentheses.

CrCl, resulted in redox reactions instead of the desired
complexation. Consequently, a stepwise route starting from
chromium(III) chloride®”” instead of chromium(II) chloride
was applied (Figure 2a).

Refluxing the inexpensive starting material CrCl;-6H,0O with
1 equiv of the ligand bpmp in isopropanol gives the green
chlorido complex Cr(bpmp)Cl; in nearly quantitative yield
(Figure 2a). The heteroleptic complex Cr(bpmp)Cl; was
characterized by IR spectroscopy, mass spectrometry, and
elemental analysis (Figures S1 and S2). Quantitative sub-
stitution of the three coordinated chlorido ligands of Cr-
(bpmp)Cl, by more labile triflates with triflic acid yields the red-
brown complex Cr(bpmp)(OTf), under release of gaseous HCI
(Figure 2a). An analogous procedure starts from CrBry6H,0
but gives no further advantage (Figures S3 and S4). The
constitution of Cr(bpmp)(OTf); is confirmed by IR spectros-
copy, mass spectrometry, and single crystal X-ray diffraction
(Figure 2b, Figures SS and S6).

XRD analysis of a single crystal of Cr(bpmp)-
(OTf);'/,CH,CN confirms the meridional configuration of
the cation (Figure 2b). Interestingly, the triflato ligands form
intra- and intermolecular CH:--O hydrogen bonds to the
methylene bridges of the bpmp ligand, indicating a significant
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J. Am. Chem. Soc. 2021, 143, 11843 11855


https://pubs.acs.org/doi/10.1021/jacs.1c05971?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05971?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05971?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05971?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c05971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

a)

N N N
| B | ) +crolx6H0 —
rClz X 2
Z Z (97 %)
bpmp

Figure 2. (a) Synthesis of [Cr(bpmp),][OTf]; via Cr(bpmp)Cl; and
Cr(bpmp)(OTf); and (b) molecular structures of the complexes in the
solid state. Hydrogen bonding of triflate ions to the CH, groups is
illustrated in [Cr(bpmp),][OTf]; by dashed lines. Hydrogen atoms
(except for the CH, groups) are omitted.

CH acidity of the coordinated ligand (d(C-+-Oy,) = 3.00—3.36
A; d(C+Opper) = 3.52—3.56 A). Ligand exchange by a further
equivalent of bpmp furnishes the cationic paramagnetic orange
complex as triflate salt [Cr(bpmp),][OTf]; (Figure 2a)
substantiated by IR spectroscopy, mass spectrometry, elemental
analysis, and SQUID magnetometry (Figures S7—S9). Its
constitution and meridional configuration was confirmed by
single crystal X-ray diffraction of [Cr(bpmp),][OTf];:
CH,CH,OH (Figure 2b and Table S6).

The experimental structure of the cation fits to the geometry
calculated by DFT (Figures 1 and 2b, Table S6). Notably, the
[CrNg] core is highly octahedral with balanced Cr—N distances
and N—Cr—N angles close to 90°. This ensures a large Cr/N
orbital overlap and consequently a large ligand field splitting and
high energy excited quartet levels.

In the solid state, the methylene bridges of the bpmp ligands
form CH--O hydrogen bonds with the triflate counterions
(d(C-O) = 3.12—3.49 A; Figure 2b) similar to Cr(bpmp)-
(OTf);. Exchange of the triflates could be achieved with
["Bu,N][BF,], ["Bu,N][PF,], or ["Bu,N][ClO,] as shown by
IR spectroscopy, mass spectrometry, elemental analysis, and
single crystal XRD analysis of the tetrafluoroborate salt (Figures
$10—S14). Hydrogen bonds of the ligand’s CH, bridges to BF,~
counterions are present with C+~F distances between 2.90 and
3.70 A in the solid state (Figure S14).

At pH above 7—8, [Cr(bpmp),]** converts to a dark yellow to
brown complex in solution (Video S1). Even a solid sample

reacts with gaseous ammonia to the brown complex and back to
starting material with gaseous HCl (Video S2). UV/vis
spectroscopy in H,O reveals intense broad bands at ca. 350,
455, 540, 615, and 730 nm tailing up to 950 nm (Figure S15).
This reactivity is associated with the acidity of the bridging CH,
units in the cationic complex, which is already reflected in the
hydrogen bonding of the triflates to the CH, groups in the solid
state (Figure 2b). Comparing the experimental UV/vis
spectrum with the time-dependent (TD-)DFT calculated
transitions for the corresponding base [Cr(bpmp)(bpmp-
H)]** supports this acid/base chemistry (Figure S15 and
Table S7). Photometric titration yields a pK, value of 8.6 (Figure
S16). [Cr(bpmp),]** is similarly acidic as the NH analogue
[Cr(H,tpda),]*" with NH bridging units (pK, 8.8; Scheme 1).>7
The methylene bridge can be reversibly de- and reprotonated by
NaOH and HCl,; or HOTf, respectively, several times as
demonstrated optically and photometrically (Figure S17).
However, above ca. pH 10 further processes set in which are
partially irreversible, as suggested by the optical spectra (Figure
S17). ESI mass spectra of [Cr(bpmp),][OTf]; display peaks at
mass-to-charge ratios of 191.4 (7%), 286.6 (13%), and 572.2
(100%), corresponding to {[Cr(bpmp),]}**, {[Cr(bpmp),]-
H}*, and {[Cr(bpmp),]-2H}", respectively (Figure S7). The
BF,” and PF," salts exhibits similar mass spectroscopic patterns
(Figures S10 and S12). This further underscores the high acidity
of [Cr(bpmp),]**. To ensure full protonation of the bridge and
prohibit any decomposition, pertinent optical measurements
were performed in the presence of aqueous perchloric acid.

A reversible [Cr(bpmp),]>*/*" reduction wave appears at
—0.81 V vs ferrocene in the cyclic voltammogram followed by
the waves for the [Cr(bpmp),]**/*, [Cr(bpmp),]*’°, and

[Cr(bpmp),]”'~ couples at —1.80, —2.13, and —2.31 V,
respectively (Figures S18 and S19). The [Cr(bpmp)2]3+/2+
wave is shifted anodically by 0.3 V compared to that of the
[Cr(ddpd),]*/** couple.”® The more electron-deficient nature
of the bpmp ligand as compared to ddpd accounts for this redox
potential shift. Indeed, DFT calculations of [Cr(bpmp),]*
suggest an electronic structure of a low-spin chromium(II) ion
admixed with a chromium(III) ion antiferromagnetically
coupled to a ligand-centered radical (Figure S20). With this
assignment, the electronic structure of [Cr(bpmp),]*" is
between a §enume chromium(II) ion as found for [Cr-
(ddpd),]**> and a h§and centered radical found for
[Cr(bpy) 1% /[Cr(tpy),]** 7% and [Cr(tpe),]** *° complexes
(Figure 1, tpe = 1,1,1-tris(pyrid-2-yl)ethane).

Excited State Properties and Dynamics. The absorption
spectrum of [Cr(bpmp),]** in solution (H,O or CH;CN) can
be divided into three spectral regions (Figure 3a). According to
TD-DFT calculations (Figure S21), bands at 239 and 270 nm
are assigned to 7—7* transitions of the ligand, the band at 340
nm to *LMCT transitions, and the weak band at 465 nm (& = 60
M~ cm™!, Figure 3a) to Laporte-forbidden *A, — *T,
transitions.

The latter absorption band reflects the ligand field splitting
(Agexp & 21500 cm™"). This splitting is somewhat smaller than
that of [Cr(ddpd),]*" with A, ~ 22990 ecm™'>® The
CASSCE-NEVPT2 calculations confirm this smaller ligand
field splitting (Figure 1). The splitting is still sufficiently large to
prevent nonradiative decay via back-ISC. Yet, this lower energy
for excitation might be beneficial for future applications.
Excitation with 462 nm light gives rise to a very sharp emission
band (FWHM 280 cm™") peaking at 709 nm (Figure 3a). This is
at the lower energy side of the visible spectral region giving a
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Figure 3. (a) UV/vis absorption spectrum (black), excitation spectrum
(Agps = 709 nm, green), and emission spectrum (A¢, = 462 nm, red) of
[Cr(bpmp),][OTf]; in deaerated H,0 (0.1 M HCIO,) at room
temperature; the inset shows the emission decay curves of
[Cr(bpmp),][OTf]; in D,O (0.1 M DCIO,) deaerated (red) and
saturated with O, (black). b) Photographs of the red/orange emitters
[Ru(bpy),]**, [Eu(H,0)(OTf),(tpy),]*, and the deep red emitter
[Cr(bpmp),]* in H,O under irradiation with A, = 340 nm.

deep red emission with CIE coordinates of x = 0.7326 and y =
0.2674 at the utmost corner of the CIE 1931 diagram (Figure 3b
and Figure $22).*

The excitation spectrum (44, = 709 nm) closely follows the
absorption spectrum in the region of 300—600 nm. This
confirms that the emission arises from the [Cr(bpmp),]**
chromophore. Furthermore, higher energy *LMCT states
around 350 nm efficiently evolve to the luminescent state as
well bypassing further loss channels (Figure 3a).

Gratifyingly, this emission band is higher in energy than that
of [Cr(ddpd),]**>® by 1200 cm™, in agreement with the
predicted trend of the CASSCF-NEVPT?2 calculations (Figure
1). The experimentally determined excited state energies
(lowest excited quartet and doublet states) reflect the quantum
chemically predicted trends and confirm the validity of our
screening strategy. The most important aspect is the red
emission of [Cr(bpmp),]** which is readily detected with
conventional detectors. Although only a fraction of the sharp
emission band tails into the visible red region (Figure 3a), the
red emission under illumination in solution can even be

observed by the naked eye (Figure 3b).

Upon cooling, the emission band sharpens further with a
FWHM = 230 cm™" at 130 K in frozen butyronitrile solution.
Fine structure appears at the lower energy side of the emission
band at lower temperature. The pattern can be fitted by five
Voigt functions centered at 14140, 14017, 13788, 13483, and
13099 cm™" (Figure S23). At lower temperature, the intensity of
the three lower energy bands increases relative to the prominent
709 nm band at room temperature. This behavior is similar to
that of [Cr(ddpd),]*" describing a Boltzmann distribution
between two equilibrating emissive states.””>> The higher
energy state is more emissive, that is, less prone to thermally
activated nonradiative decay. This is confirmed by the
luminescence spectra of a KBr pellet of [Cr(bpmp),][BF,];
cooled to 10 K. Below ca. 130 K the low-energy emission (719.5
nm; 13900 cm™") dramatically increases in intensity, suggesting
less efficient nonradiative decay pathways for this state at low
temperature (Figure 4). Concomitantly, the high-energy

a) v/em-1
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Figure 4. (a) Temperature-dependent luminescence spectra of
[Cr(bpmp),][BF,]; in a KBr matrix recorded between 10 K (purple)
and 290 K (red) with A, = 355 nm. The inset shows the
spectra between 130 and 290 K. (b) Photographs of crystalline
[Cr(bpmp),][OTf]; under ambient light and under irradiation with
Aexe = 340 nm.

emission (709 nm; 14105 cm™") vanishes. The energy difference
is in the range predicted by the CASSCF(7,12)-NEVPT2
calculations for the two lowest doublet states (AE,y, = 245 cm™;
AEpsscr = 154 cm™). The thermally activated nonradiative
decay could be enabled by a surface crossing with the ground
state, similar to the effects observed for [Cr(tpe)2]3Jr.65 For this
path to be operative, the lowest emissive state should be
distorted relative to the ground state. This fits to a slightly
distorted microstate of *T, parentage which has been predicted
by CASSCF(7,12)-NEVPT?2 as the lowest doublet state. The
presence of a vibrational fine structure of the low energy band
confirms the distortion of this excited doublet state. Tentatively,
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the vibrational progression of ca. 290 cm™" could correspond to
a Cr—N vibration (in the xy-plane) of the ground state according
to the DFT calculations (308 cm™’, scaled by 0.98:302 cm™;
Figure $24). For [Cr(NH;)¢]*", vibrations of odd symmetry
5(T,, N=Cr—N) and v(T,,, Cr—N) have been found at 267
and 458 cm™!, respectively.”

The much higher integrated emission intensity upon cooling a
sample of [Cr(bpmp),][BF,]; in a KBr pellet from 290 to 10 K
parallels an increase of the average photoluminescence lifetime
from 38.0 to 1900 us, respectively (Figure S25 and Table S8).
The observed temperature dependence supports the model of
reduced thermally available nonradiative decay pathways below
ca. 130 K.

The photoluminescence quantum yield of [Cr(bpmp),]-
[OTf], reaches 12.3% at room temperature in deaerated H,O
solution (Table 1). This is similar to the quantum yield of the

Table 1. Quantum Yields ® and Luminescence Lifetimes 7 of
[Cr(bpmp),][OTf]; and [Cr([D,]-bpmp),][OTf], in
Various Environments at Room Temperature (4, = 462 nm)

solvent acid” 0,° @ (%) 7 (us)
[Cr(bpmp),J**
H,0 - 12.3 1360
H,0 HCIO, - 15.8 1550
H,0 HCIO, + 9.8 880
D,0 Dpclo,’ - 19.6 1800
D,0 DClO,” + 9.8 840
CH,CN - 0.8 840
CH,CN HCIO, - 11.4 1290
CH,CN HCIO, + 4.6 390
CD,CN DClo,” - 15.5 1340
CD,CN DClO,” + 43 380
PBS (pH 6.6) - 1.4 600
PBS (pH 6.4) + 1.4 470
(Cr([D,]-bpmp),]**

D,0 DCIO, - 24.6 2500
D,0 DClO, + 9.5 990

“Final HCIO, (DCIO,) concentration ¢ = 0.1 M. “Under these
conditions, H — D exchange at the methylene bridge is expected. ““+”
refers to atmospheric conditions and “—” to inert conditions.

NIR emissive molecular ruby [Cr(ddpd),]*" and larger by
several orders of magnitude compared to other reported
chromium(II) emitters with emission in the red spectral
region.”” In pure and dry CH;CN as well as in phosphate-
buffered saline (PBS) buffer (0.1 M) the quantum yield drops
below 2%, likely due to the deprotonation of the coordinated
bpmp ligand in the ground state. Preventing CH, bridge
deprotonation by adding HCIO, increases the quantum yield to
15.8%. In the deuterated environments CD;CN (DCIlO,) and
D,0 (DClO,) the quantum yields increase to record numbers of
15.5% and 19.6%, respectively (Table 1). Other salts of
[Cr(bpmp),]** (ClO,~, PF,~, BF,”) show a similar behavior
under acidic conditions (Table S9). The PF;™ salt even reaches a
quantum yield of 20% in D,0/DCIlO, solution (Table S9). The
acid/base chemistry and consequently the luminescence depend
on the counterion in neutral to basic environments (Table S9).

In line with the above-mentioned acid/base chemistry, the
CH acidic protons of the CH, bridges readily exchange with
deuterium in D,O (Figures $S26 and S27). Replacement of CH
by CD oscillators reduces the nonradiative excited state decay
via multiphonon relaxation®**”*® involving the aliphatic CH/

CD oscillators with Cr=H distances of 3.1—4.3 A. Indeed, the
quantum yield of [Cr(bpmp),][OTf]; increases from 15.8 to
19.6% by replacing H,0/HCIO, by D,0/DClO, (Table 1).
This gain results from the combined effect of the CH/CD
replacement in the ligand methylene bridges and the OH/OD
replacement in the aqueous solution. As the bridges rapidly
exchange H/D in H,O or D,0, these first- and second-sphere
isotope effects cannot be disentangled.

[Cr(ddpd),]** with a lower emission energy has some
spectral overlap with the third aromatic CH vibrational overtone
Viey at 211493 cm™' with a comparably high extinction
coefficient.”* Deuteration of [Cr(ddpd),]*" to
[Cr([D,]-ddpd),]*" (>95% D at the pyridine a-positions
which are closest to the metal center) increased the quantum
yield to 30% in CD;CN.>* The spectral overlap integral of the
sharp [Cr(bpmp),]** emission band at 14124 cm™' with
overtones of aromatic CH oscillators is rather small as the
accepting energy level derives from the fourth vibrational
overtone 1°y; at 14065 cm™".>* This high overtone possesses a
very small extinction coefficient.”* To ascertain whether a
further boost of the quantum yield could be achieved by
deuteration of aromatic ligand protons, the ligand [D,]-bpmp
with the pyridine’s a-positions deuterated and its chromium
complex [Cr([D,]-bpmp),]*" were synthesized as detailed in
the Supporting Information (Figures $28—S37). This deutera-
tion at the a-position increases the luminescence quantum yield
from ® = 19.6% to ® = 24.6% in D,0/DClO, (Table 1).
Concomitantly, the lifetime increases from 1800 to 2500 us
(Table 1). This substantial increase in luminescence efficiency
can be traced back to the comparison of spectral overlap of the
relevant isotopologic C—(H/D) overtones with the doublet
emission of chromium (Figures S38—S43). The fourth CH
overtone (1°cy) shows good spectral overlap (Figure S42),
leading to a substantial nonradiative relaxation, while CD
oscillators have a much smaller spectral overlap (Figure $S43), in
addition to the generally decreased oscillator strength compared
to CH oscillators.

The photophysical properties of [Cr(bpmp), and
[Cr([D,]-bpmp),]** outperform the record NIR photolumi-
nescence data of the molecular ruby [Cr(ddpd),]>"** and the
standard red-orange emitter [Ru(bpy);]** (®(CH,CN) =
9.5%; 7(CH,CN) = 1.1 us; ®(H,0) = 6.3%; 7(H,0) = 0.65
us; Scheme 1).777%7

In the solid state, the details of the photoluminescence
quantum yield and lifetime depend on the counterion. The
quantum yield increases in the series BF,”, ClO,~, PE4~, and
OTf (® = 0.5, 1.7, 2.0, and 7.1%) under aerated conditions.
The luminescence decay was fitted mono-, bi-, or triexponen-
tially and follows the same increasing trend with 36 us, 89/230
us (52:48), 530/250/110 ps (13:66:21), and 1100/520/190 us
(54:41:5), respectively. Clearly, the different packing and
possible counterion association modify the solid state
luminescence. Counterion effects on solid state and solution
luminescence and photoreactivity have been reported previously
for MLCT emitters,'*”'"" yet a clear structure—activity
relationship of counterion and luminescence in general, and
spin-flip luminescence in particular,102 is still elusive and more
data are required.

The very long lifetime of the emissive state(s) allowed
recording step-scan FT-IR spectra*®®>'%~1% after excitation of
[Cr(bpmp),][BF,]; in a KBr pellet with 355 nm excitation at
290 and 20 K (Figure Sa and Figures S44—S49). This high
energy pulse likely populates allowed ‘LMCT states with

]3+

https://doi.org/10.1021/jacs.1c05971
J. Am. Chem. Soc. 2021, 143, 11843 11855


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c05971/suppl_file/ja1c05971_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c05971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

a)
Aabs / mOD
4] ——290K
——20K 1588
1603 1586
2
1565 1451 1417 1269
-4 1609 1466 abs / OD
1610 L 0.6
i
128 Tagap 1445 1333120 02
2 10 12601225 [
1227
T T T T 51 0.0
1700 1600 1500 1400 1300 1200
v/cm!
b) int./a.u.
1.2
——290K
—20K
1.0 4
0.8
0.6
0.4
0.2
0.0 A . FaV.\ | /j\ ]l\ r
1700 1600 1500 1400 1300 1200
v/cm?!

Figure S. (a) Ground state (bottom) and step-scan FT-IR spectra (top,
Aexc = 355 nm; 0—1 us) of [Cr(bpmp),][BF,]; in a KBr pellet at 20 K
(blue) and 290 K (red) and (b) excited state FT-IR spectra of
[Cr(bpmp),][BF,]; in a KBr pellet obtained from step-scan FT-IR
spectra (A = 355 nm; 0—1 us) (small contributions of 2% and 0.8%
added to the respective ground state spectrum) at 20 K (blue) and 290
K (red). At 20 K, essentially the lowest doublet state is populated.

pyridine — t,; CT character according to TD-DFT calculations
(Figure 1 and Figure S21). The absorption and emission spectra
are hardly affected by the matrix (solution, KBr pellet, thin film;
Figures SSO and SS1). The ground state FT-IR spectra are
essentially superimposable at 290 and 20 K (Figure S44). On the
other hand, the normalized excited state spectra show significant
differences around 1600 cm™), 1550 cm™), and between 1400
and 1450 cm ™" at 290 and 20 K (Figure Sb). This is an indication
for a temperature-dependent population of the contributing
long-lived excited doublet states. With an estimated energy
difference of the two lowest doublet microstates of >T, and *E
parentage of 245 cm ™" from the luminescence spectra (155 cm™
from the CASSCF-NEVPT2 calculations), the derived
Boltzmann population ratio amounts to 77:23 (CASSCF:
68:32) and 100:0 (CASSCE: 100:0) at 290 and 20 K,
respectively. Consequently, only the lowest energy excited
state is populated at 20 K. At 290 K, the rise and decay of the
most prominent IR bands at 1612, 1603, 1588, and 1451 cm™
were considered in a global fit to yield biexponential decays of 37
and 2.5 ps with contributions of 77% and 23%, respectively
(Figure S48). This ratio matches the population ratio estimated
from the luminescence energies. At 20 K, the higher doublet
state is hardly populated. Indeed, the global fit of the IR bands

yields a major time constant of 372 ys (96%) and a minor one of
13 us (4%) (Figure $49). As thermal equilibration is not feasible
at 20 K, the minor component might arise from the branching
dynamics along the decay cascade after ‘LMCT excitation to the
final excited “E/>T, states (Figure 1, purple arrows).

To experimentally probe the initial dynamics after excitation,
subpicosecond transient absorption (TA) spectra of
[Cr(bpmp),][OTf]; in CH;CN (HCIO,) were recorded with
excitation at 515 nm (*T,), 460 nm (*T,), and 350 nm
(*LMCT) (Figure 6 and Figures S52—S54). The TA spectra of
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Figure 6. Transient absorption spectra of [Cr(bpmp),][OTf]; in
CH,CN (HCIO,) excited with femtosecond laser pulses (a) at S15 nm
(*T, states) and (b) at 350 nm (*LMCT states).

the 515 and 460 nm excitation are very similar apart from the
lower pump laser power at 460 nm, confirming that the same
initial states are populated (Figure 6a and Figure S54). The TA
spectra after *T, excitation with 515 nm (Figure 6a) were fitted
with three time constants 1'5151‘2‘3 of <200 fs, 300 ps, and a
nondecaying component within the 8 ns time window,
respectively. The fast decaying component 7°'° is attributed
to a coherent artifact necessary for the fit. The slow decaying
component 7°'%; is straightforwardly assigned to the long-lived
E/?T, states. As the evolution-associated difference spectra
(EADS) relating to 7, and 75 are similar lacking significant
spectral shifts (Figure S52), they correspond to states of similar
nature. A kinetic model assigns 7°'°, = 300 ps to internal
conversion (IC) and vibrational cooling (VC) within doublet
states k(IC,+VC,) (Figure 1) while intersystem crossing (ISC)
is faster than the instrument’s time resolution (7', (ISC,) < 200
fs). The combined ISC,, IC;, and VC, processes are slower than
observed for [Cr(ddpd),]** with 3.5 ps,56 Cr(acac); with 1.1 ps
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(z(ISC) < 100 fs),"”” Cr(tBuacac); with 1.6 ps,'”® and
[Cr(CN)¢J*~ ina Cr'™"—V™ Prussian blue analogue with z(ISC)
=250 fs and 7(VC) = 1.1 ps'* after *T, excitation, while ISC
occurs in the ultrafast time regime within hundreds of
femtoseconds. The density of doublet states in the *T, energy
region and spin—orbit coupling (SOC) determine the ISC rates.
For Cr(acac); with nearly isoenergetic *T, and ?E/>T| states,
SOC matrix elements between the *T, and the 2E/>T| states at
geometries close to potential energy crossing points were
calculated as 21—371 cm™" (at the SOC-CASSCFE(3,5) level of
theory).'”® SOC-CASSCF(7,12)-NEVPT?2 calculations for
[Cr(bpmp),]** (in the ground state geometry) deliver SOCs
between the lowest quartet state “T,(1) and the lowest doublet
states derived from “E and *T) states ranging from 6 to 97 cm ™'
accounting for an ISC pathway from *T,(1) to the doublet
states, in particular the *E(1) state (Table S4). These values
closely match those obtained for [Cr(ddpd),]** (Table S4). The
different SOCs for states of *E and *T| parentage might account
for the population of both *E(1) and states *T,(1) at very low
temperature without equilibration of these states.

The TA spectra after ‘LMCT excitation at 350 nm excitation
(~Figure 6b) were fitted with three time constants 7°°, , ; of
540 fs, 75 ps, and a nondecaying component within the 8 ns time
window. Again, 13503 is assigned to the lifetime of the ’E/*T,
states. The first EADS comprises a broad excited state
absorption (ESA), with peaks at 560 and 740 nm (Figure
S53). This decays in 540 fs to yield the second EADS, which
shows an ESA at 525 nm. This evolves in 75 ps to the final EADS
with a broad ESA, spanning 500—750 nm. The ESAs of the
second and third EADS are rather similar and distinct from the
first EADS. A plausible kinetic model assigns the fast component
7%, t0 ISC (and possibly electron redistribution) from *LMCT
states to the metal-centered or charge-transfer doublet manifold
[Figure 1; 7(ISC,) = 540 fs] and the picosecond component
7%, to IC and VC within the doublets (Figure 1; 7(IC,+VC,) =
75 ps). "LMCT excitation of Cr(acac); yielded a process of ~50
fs which had been tentatively assigned to the ‘LMCT to °E
population transfer.'”” With these assignments, the conversion
from the LMCT to the ligand field manifold is ~10 times slower
in [Cr(bpmp),]** than in Cr(acac); which might be ascribed to
a different density of (electronic and associated vibrational)
doublet states in the respective CT energy regions and the very
different ligand types.

Irrespective of the excitation energy and the decay pathway,
the relaxed long-lived doublet state(s) of [Cr(bpmp),]*" are
characterized by an ESA around 500—750 nm (Figure 6 and
Figure S54), similar to the excited doublet states of
[Cr(ddpd),]* (530 nm)*° and Cr(acac), (510 nm).'*®

Singlet Oxygen Generation, Photoredox Chemistry,
and Optical pH Sensing. The excited state reactivity of the
long-lived doublet states of [Cr(bpmp),][OTf]; was probed by
excited state quenching with oxygen in H,O/HCIO, and
CH;CN/HCIO, (Table 1). In air-saturated solutions, the
luminescence quantum yields were diminished by factors of
1.6 and 2.0, respectively. This is considerably less than observed
for [Cr(ddpd),][BF,]; with factors of 5.2 and 17, respectively.>
The product of this reaction is singlet oxygen 'O, as confirmed
by the observation of its characteristic emission at 1275 nm
(Figure SSS). Steady-state and time-resolved Stern—Volmer
analyses yield Stern—Volmer constants Kgy = 0.44 X 10* and
0.46 X 10* M7, respectively (Figures S56 and $57),
demonstrating the dynamic character of the Dexter-type energy
transfer quenching without significant static contributions.""’

With 7 = 1550 s, the bimolecular quenching rate constant k,
amounts to 029 X 107 M™' s7. The longer lifetime of
[Cr(bpmp),]** and the lower Kg, as compared to those of
[Cr(ddpd),]*** yield a lower bimolecular quenching rate
constant k;. The Stern—Volmer constants of the tetrafluor-
oborate salt are even lower than those of the triflate with Kgy =
0.35 X 10* and 0.36 X 10* M™' (intensity and lifetime based;
Figures SS8 and S59). The quenching rate constant was
calculated to k; =0.25 X 10" M™" s™' (7 = 1400 s). The singlet
oxygen quantum yields of [Cr(bpmp),][X]; were determined
by using the comparative method as 55, 44, and 39% in DMF/
HCIO, for X~ = OTf, PE4, and BE,”, respectively. These
values are smaller than those of [Cr(ddpd),][BF,]; in DMF
(61%)°° and in DMF/HCIO, (86%) (Figure SSS and Table SS).

Although the driving force for energy transfer to oxygen is
larger for [Cr(bpmp),]** by 1200 cm™" than for [Cr(ddpd),]*",
and although the chromium center is somewhat less shielded by
the CH, bridges than by the larger NCHj bridges of the ligands,
[Cr(bpmp),]*" is less sensitive to oxygen than [Cr(ddpd),]**. A
hypothesis for explaining this surprising result might be the
dynamic association with the X~ counterions at the C—H acidic
methylene bridges of the ligands, fully analogous to the
coordination of triflates and tetrafluoroborates in the solid
state structure (Figure 2b and Figure S14). Possibly, this
dynamic coordination of the anions to the bridges in solution
shields the chromium center in [Cr(bpmp),]** from successful
quenching encounters with O, more efficiently than the larger
NCH; bridges which cannot hydrogen-bond to counterions.
Consequently, the pockets spanned by the tridentate ligands are
on average more often filled by counterions in the bpmp
complex. These results might pave the way to successfully design
oxygen-insensitive and anion-sensitive spin-flip emitters in the
future.

Apart from excited state energy transfer, photoinduced single
electron transfer could occur from suitable substrates to the
excited chromium(III) complex. The favorable redox and
excited state properties suggest the use of [Cr(bpmp),][OTf];
as photoredox sensitizer. The excited state is strongly oxidizing
(0.94 V vs ferrocene), slightly more oxidizing than
*[Cr(tpe),]**/[Cr(tpe),]** (0.87 V vs ferrocene)® and
significantly more oxidizing than *[Ru(bpy);]**/[Ru(bpy);]*
(0.41 V vs ferrocene) or classical ground state ruthenium(III)
oxidants [Ru(bpy),]** (0.84 V vs ferrocene) and [Ru(phen);]**
(0.87 V vs ferrocene).'""

In fact, azulene (E,,, = 0.50 V vs ferrocene) "% quenches the
emission of [Cr(bpmp),]** (Ksy = 3.73 X 10* M~ ky=4.4 X
10’ M™' s7" in CH;CN; 7 = 840 us; Figure S60) slightly more
efficiently than that of [Cr(tpe),]*" (Kgy = 4.17 X 10* M} ky=
1.4 X 10’ M~ s7"). The larger driving force and hence a smaller
activation barrier for the electron transfer between
*[Cr(bpmp),]** and azulene might account for this small
difference. The small quenching rate constants of both
complexes might be associated with a weak electronic coupling
in the collision complex as a result of the metal-localized excited
state and the formation of contact ion pairs with the counterions
shielding the sensitizer. Unfortunately, photoinduced oxidation
of amines as useful redox partners is not feasible due to the
deprotonation of the CH, bridge of the coordinated ligand by
amines already in the ground state (Figure 7). Yet, this intriguing
feature can be turned into an advantage for sensing applications.

The reversible ground state acid/base chemistry forms
dearomatized/rearomatized pyridine ligands."'”> Deprotonation
at the methylene bridge leads to a coordinated nitrogen donor
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Figure 7. (a) Deprotonation/reprotonation equilibrium of an aqueous
solution of [Cr(bpmp),]* with concomitant dearomatization/rear-
omatization of a pyridine donor. (b) Intensity of the emission band at
709 nm during deprotonation/reprotonation cycles with NaOH and
HOTf (A = 466 nm). (c) Normalized pH-dependent emission
spectra of a mixture of [Cr(bpmp),]** and [Cr(ddpd),]** (molar
fraction 25:2; A, = 452 nm) in H,O under ambient conditions. Note
that dissolved O, reduces the quantum yield of both complexes
especially at higher pH, and the nonemissive deprotonated complexes
absorb strongly at the excitation wavelength. Both effects result in a
poorer S/N ratio at high pH.

atom with enamide character dramatically changing the donor
properties (Figure 7a). As a result, the luminescence of
[Cr(bpmp),]*" at 709 nm is completely quenched at higher
pH and reinstalled at lower pH (Figure 7b). As the emission of
[Cr(ddpd),]*" at 777 nm is pH-insensitive, the combination of
these two emitters gives a ratiometric optical pH sensor
operating in the red to near-infrared spectral region with
single-wavelength excitation in the blue (Figure 7c). The sharp

emission bands of both complexes in the red/near-IR spectral
region and the excitation with blue light would even allow
combination with further luminophores utilizing the visible part
of the spectral region.”” Consequently, this luminophore
combination will be further developed towards multicolor
multianalyte optical probes in the future.*’

B CONCLUSIONS

On the basis of high-level computer-aided design, we developed
the first molecular highly luminescent chromium(III) complex
emitting in the red spectral region. After excitation of the
[Cr(bpmp),]*" luminophore, ultrafast and efficient population
transfer by intersystem crossing and vibrational cooling to the
long-lived doublet states of *[Cr(bpmp),]*" occurs. These
doublet states emit in the deep red spectral region with
photoluminescence quantum yields up to 20% and excited state
lifetimes up to 1800 us. Deuteration of the a-positions of the
terminal pyridines increases the quantum yield to 25% and the
lifetime to 2500 us. The key photophysical properties of the
purely red-emissive molecular ruby [Cr(bpmp),]** (emission
color, photoluminescence quantum yield, excited state lifetime,
and excited state redox potential) outperform those of the
classical ruthenium (II) sensitizers and the often-used europium-
(IIT)-based red-emissive complexes. Furthermore, the reversible
ground state (de)protonation of [Cr(bpmp),]** coupled with
an off/on luminescence enables ratiometric optical pH sensing.
Future work will further exploit this novel red emitter with an
earth-abundant chromium center in bioimaging, multicolor
sensing (e.g, pH, O,, and anions), photocatalysis, molecular

. 61,114 : : :
upconversion, and circularly polarized lumines-

63,64,115—117
cence.
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