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Matrix Effects on Photoluminescence and Oxygen
Sensitivity of a Molecular Ruby

Cui Wang*,®™ 9 Winald R. Kitzmann*,® Florian Weigert,” Christoph Férster,™ Xifan Wang,”

Katja Heinze,*™ and Ute Resch-Genger*™

The molecular ruby analogue [Cr(ddpd),’* (ddpd=N,N*-
dimethyl-N,N'-dipyridine-2-ylpyridine-2,6-diamine) exhibits near
infrared (NIR) emission with a high photoluminescence (PL)
quantum yield @, _of 11% and a lifetime of 898 us in deaerated
water at room temperature. While ligand-based control of the
photophysical properties has received much attention, influen-
ces of the counter anions and microenvironment are still
underexplored. In this study, the luminescence properties of the
molecular ruby were systematically examined for the counter
anions Cl~, Br-, [BF,]°, [PF¢~, [BPh,", and [BArF,,]- in

Introduction

For decades, luminescent transition metal complexes have
been in the focus of different research areas including
photovoltaics,™ bioimaging and biosensing,” photocatalysis,”
and solid state lighting (active materials for organic light-
emitting diodes (OLEDs)).” Until recently, such metal com-
plexes solely relied on precious and rare-earth metals, e.g.
platinum, ruthenium, iridium, or lanthanide ions.” Over the
past years, growing efforts have been dedicated to develop
and exploit new types of photoactive metal complexes based
on earth-abundant metals, such as copper,” zirconium,” iron,®
molybdenum,”” manganese,"” cobalt,"” and chromium,®*'?
which are considered as promising candidates for eco-friendly
luminescence and photocatalysis applications."
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acetonitrile (MeCN) solution, in crystals, and embedded into
polystyrene nanoparticles (PSNP). Stern-Volmer analyses of the
oxygen quenching studies in the intensity and lifetime domain
showed the highest oxygen sensitivity of the complexes with
the counter anions of [BF,]” and [BArF,,]-, which also revealed
the longest luminescence lifetimes. Embedding [Cr(ddpd),][PFl;
in PSNPs and shielding with poly(vinyl alcohol) yields a strongly
NIR-emissive oxygen-insensitive material with a record @; of
15.2% under ambient conditions.

Amongst these coordination compounds, chromium(lil)
complexes have received much attention as near infrared (NIR)
emitters."**™ Previously, we reported an NIR-emissive ruby-
analogue [Cr(ddpd),]*" (ddpd=N,N-dimethyl-N,N'-dipyridine-
2-ylpyridine-2,6-diamine) with a high photoluminescence (PL)
quantum yield (@) of 11% and a long luminescence lifetime
(zp) of 898 us in deaerated water at room temperature at the
emission maximum of 778 nm (1,,6)."® Excitation of the
complex at 435 nm from its *A, ground state to the *T, excited
state, followed by rapid intersystem crossing (ISC) and vibra-
tional cooling, leads to dual PL from the emissive doublet
states ’E/’T, at 738 and 775 nm. The luminescence of [Cr-
(ddpd),’* responds to temperature,"?" pressure and triplet
oxygen,"* enabling a series of applications like multianalyte
optical nanosensing,"™ singlet oxygen generation for
synthesis,"” photodynamic therapy,"* circularly polarized
luminescence,"® and NIR-to-NIR upconversion in molecular
chromium(lll) ytterbium(lll) salts at room temperature." In
addition, by selective deuteration of the ddpd ligand, a @, of
30% was observed, which presents a record value for an open-
shell 3d metal complex in solution at room temperature.['?

A major advantage of the Molecular Ruby [Cr(ddpd),]** over
the solid-state material ruby is that the photophysical proper-
ties can be tuned by changing the first coordination sphere, i.e.
the ligand."#*m1€<171 Eqr some cationic transition metal
complexes, e.g. Ru", Cd", Yb", I'" or Cu' complexes,"™® a strong
effect on the photophysical properties was also found for their
second coordination sphere. For instance, bulky counter ions
could help to reduce the molecular aggregation of a cationic
iridium(lll) complex and reduce quenching pathways in crystal-
line solids, resulting in a 12-fold increase in @,.'"" In our
recently reported second-generation Molecular Ruby [Cr-
(bpmp),** (bpmp = 2,6-bis(2-pyridylmethyl)pyridine), the sec-
ond coordination sphere, i.e. counter anions and solvent
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molecules, interacts with the chromium(lll) ion via the ligands’
acidic methylene bridges, thereby affecting its @;, values and
PL lifetimes."™ Conductivity measurements of [Cr(ddpd),][BF,];
(CrBF,) in acetonitrile revealed that on average a contact ion
pair of one complex cation and one [BF,]™ anion prevails, which
suggests a strong interaction between the triply charged cation
and the counter anions."™ This observation inspired us to
explore the untapped potential of the tuning of the optical
properties and photophysics of [Cr(ddpd),]*" by the choice of
the counter anion and encouraged us to systematically study
the influence of six counter anions of varying bulkiness on @,
75, and the O, sensitivity of the resulting [Cr(ddpd),]**
complexes in crystalline solids, acetonitrile (MeCN) solution,
and encapsulated in 100 nm aminated polystyrene nano-
particles (PSNP). Our study covers [Cr(ddpd),]*" salts with the
halide counter anions chloride ClI~ (CrCl) and bromide Br~
(CrBr), tetrafluoroborate [BF,]~ (CrBF,), hexafluorophosphate
[PFs]~ (CrPF¢), tetraphenyl borate [BPh,]” (CrBPh,), and
tetrakis[3,5-bis(trifluoromethyl)phenyllborate [BArF,,1~
(CrBArF,,) (Scheme 1).

Results and Discussion

Synthesis, Crystal Structures, and PSNP Encapsulation of
[Cr(ddpd),][X];

The known ligand ddpd was prepared in a 33 g scale reaction
according to a modified literature procedure (for details see
Supporting Information (SI)).?” The crude product was purified
by precipitation of [H,ddpd][BF,], using HBF,Et,0 and subse-
quent recrystallization, thereby elegantly circumventing col-
umn chromatography. Deprotonation with aqueous sodium
hydroxide solution and extraction yielded pure ddpd in a high
yield of 75%. The chromium(lll) salts CrBF,, CrPF; and CrBPh,
were synthesized according to literature procedures."*" The
salts CrCl, CrBr and CrBArF,, were obtained from CrBF, via
counter-ion exchange (see Supporting Information). An alter-
native method for the preparation of CrCl utilized CrCl,, ddpd
and NH,CI (route A, see Sl for details).

X =
Cl, Br
[BF4I", [PFe]”

CrCl, CrBr
CI'BF4, CrPFG

Q

Y Q.
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Scheme 1. Chemical structure of [Cr(ddpd),]** with various counter anions.
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Single crystals of CrCl, CrBr, CrBF,, and CrPF; suited for X-
ray diffraction analysis were grown by diffusion of diethyl ether
in concentrated solutions in MeCN, d;-MeCN, MeOH or EtOH
(see the Supporting Information for details).*? The crystal
structures were determined by X-ray crystallography (Table 1;
Sl, Table S1). NH,Cl, which co-crystallized in CrCI-A, stems from
the synthesis of CrCl via the CrCl,/NH,Cl preparation (route A).

Crystallization of CrCl from MeOH and EtOH gave rise to a
variety of pseudo-polymorphs differing in number and type of
co-crystallized solvent molecules (CrCI-A—CrCI-D). These results
underline the flexibility of the crystal packings containing a
highly charged cation like [Cr(ddpd),]*" in combination with
small counter anions. CrBr crystallized from MeCN under
ambient conditions as CrBrx3 H,0xMeCN (CrBr-A). Single
crystals of literature known CrBF,x 3 MeCN (CrBF,-A),"* which
are several millimeter in length, were reproducibly obtained
through the diffusion of diethyl ether in a complex solution in
MeCN/H,O (v/v, 100/1) (Sl, Figure S1). To investigate the effect
of solvent deuteration in the solid state, CrBF, was crystallized
from d;-MeCN yielding the same structure (sample denoted as
[D,]-CrBF,-A). In our crystallization attempts, CrPF, formed
crystals containing three equivalents of MeCN, instead of two
as in the previously reported pseudo-polymorphs.['?!

All Cr—N bond lengths lie in the range of 2.017-2.060 A and
the N—Cr—N angles are in the ranges of 84-97° and 171-180°
(SI, Figures S2 and S3), respectively, revealing the nearly ideal
octahedral geometry of [Cr(ddpd),]*". Thus, the counter anions
and the co-crystallized solvent molecules and salts barely
influence the structure of the complex cation. The distances
between the chromium(lll) centers and the nearest counter
ions range from d(Cr-F)=4.424(4) A) (CrBF,-A) to d(Cr-Cl)=
5.7160(17) A (CrCI-A) (Table 1). The shortest Cr--Cr distances
range from 9.2 to 10.5 A (Table 1) (discussion see below).

The complexes CrBF,, CrPF,, CrBPh, and CrBArF,, were
encapsulated into 100 nm-sized aminated PSNPs via a simple
one-step staining procedure (SI, Scheme S1) developed for
hydrophobic compounds.”” This loading procedure is not
feasible for the hydrophilic complexes CrCl and CrBr and apolar
PSNP. To avoid complex leaking, a thin silica shell with a
thickness of about 5-7 nm was coated on the surface of the
particles via an ammonia-catalyzed Stéber process,"*? yield-
ing silanized PS(Cr)-S particles which are water dispersible. The

Table 1. Composition and space group of the crystals of [Cr(ddpd),]*"
with different counter-ions with the shortest Cr--Cr distances d(Cr--Cr) and
shortest Cr--counter-ion distances d(Cr--X) (X=F/CI/Br) listed.”!

Crystals Composition d(Cr-Cr) d(Cr-X)
1Al 1Al
CrCl-A CrClx 3.5 MeOH, x0.5 NH,CI 10.106(2) 5.7160(17)
CrCl-B CrClx 3 EtOH, xH,0 9.705(2) 4.730(7)
CrCl-C CrClx 2 MeOH, x4 H,0 9.825(2) 4.8383(17)
CrCI-D CrClx 2 EtOH, x3 H,0 9.502(2) 4.9351(16)
CrBr-A CrBrx 3 H,0, xMeCN 9.8173(19)  4.953(1)
CrBF,-A CrBF,x3 MeCN 10.458(2) 4.424(4)
[Dy]-CrBF,-A  CrBF,x3 d;-MeCN 10.458(2) 4.424(4)
CrPFs-A CrPF4x 3 MeCN 9.198(2) 4.594(3)

[a] Note: Co-crystallized molecules are indicated with an “x”. The standard
deviations of the distances are given in brackets.
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complexes with the bulky counter anions CrBPh, and CrBArF,,
show a higher loading capacity due to their more pronounced
hydrophobicity than the water-soluble salts CrBF, and CrPF¢."*"
Additionally, the PS(Cr)-S particles were mixed with an oxygen-
barrier polymer poly(vinyl alcohol) (PVOH) and dried under
reduced pressure, resulting in a polymeric film PS(Cr)-S-PVOH
(see Sl for details).

Luminescence Properties of Crystals of CrCl, CrBr, CrBF,, and
CrPF,

Emission spectra of crystalline CrCI-A, CrCI-B, CrBr-A, CrBF,-A,
[Dy]-CrBF,-A and CrPF,-A suspended in paraffin oil were
recorded on a microscope setup using excitation at 405 nm
under ambient conditions (SI, Figures S4-S15, Tables S2-S7).
Exemplary microscopy and PL images of CrBF,-A crystals are
depicted in Figure 1c. Several crystals of each sample were
excited with the 405 nm laser and the resulting PL was
measured at different positions of the crystals. This gave two
strong emission bands peaking at 738-745nm and 775-
783 nm (°T,—"A, and *E—"A,, Figures 1a; S|, Figures S5, S7, S10,
S11, S13, S15), in accordance with measurements of [Cr-
(ddpd),’* in solution (see below and ref.[12b]). A slight
redshift of the emission bands was observed in some cases (SI,
Figures S5, S7, S10, S11, S13, and S15). This is tentatively
attributed to small local changes of the complex geometry due
to defects. The intensity ratios of the two emission bands were
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Figure 1. a) Normalized luminescence emission spectra, b) PL decays
(detection range 600-1000 nm; 2.5 ms excitation duration), and c) exemplary
microscopy (left) and PL image of the marked area (right, ., =405 nm,
Aem=600-1000 nm) of crystals of CrBF,-A. Excitation was done with a

405 nm laser. The scale bar is 20 pm. All measurements were performed
under ambient conditions.
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not constant during the PL experiments (Figure 1a). An earlier
study showed that the two emissive states °T, and ’E are in
thermal equilibrium."™ This suggests that these effects arise
from different local temperatures due to heating by the
focused excitation light. With the established intensity ratio
relationship of the two emission bands,"?" a temperature
difference of ca. 40 K can be estimated for example between
spot 4 and spot 5 (Figure 1a).

Luminescence lifetimes were determined from PL decay
measurements performed with the same microscope by
exciting the sample with a 405 nm laser with a focused laser
spot repeatedly for a duration of 2.5 ms and recording the PL
signal in the spectral window of 600-1000 nm (Figure 1b; S,
Figures S5, S8, S10, S11, S13, S15) within a time window of
17.5 ms. During recording the PL signal, the laser was switched
off. Laser excitation led to an increasing population of the
excited states® during the 2.5 ms-long period of laser
excitation, followed by the radiative depopulation of these
emissive levels. The obtained luminescence decays could be
well reproduced with a biexponential fit, yielding a long- and a
short-lived decay component (75,4 and 7). Exceptions are all
decays of CrBF,-A and three decays of CrCl-A, where a mono-
exponential fit was sufficient (SI, Tables S2-S7). While the
longer lifetime originates from the radiative depopulation of
the emissive doublet states 2E/*T,, the short-lived component
most likely arises from excited complexes formed by doublet-
doublet energy transfer between the chromium(lll) complexes
inside the crystal to trap states with slightly lower 2E/T,
energies. This assumption is supported by the shortest Cr--Cr
distances of 9.2-10.5 A (Table 1), which is close to the limit of
Dexter-type  energy  transfer  between  chromium(lll)
complexes.”” Additional luminescence studies of the exemplary
chosen water-insoluble CrBPh, salt in MeCN/H,O solvent
mixtures of varying water content revealed the water-induced
formation of aggregates. Upon aggregation, in the presence of
large amount of water (70-99vol%), the luminescence decay
kinetics of CrBPh, which are monoexponential in MeCN,
became biexponential (S, Figure S16 and Table S8). Aggrega-
tion of CrBPh, results in a shortening of the intermolecular
distances between the complexes and allows for energy
transfer between the chromium(lll) centers. This accounts for
the observed shorter lifetimes and supports our assumption of
a distance-dependent doublet-doublet energy transfer be-
tween the chromium(lll) centers in the crystals. Energy
migration between chromium(lll) complexes has been observed
in solution and in the solid state before.'*?* For example, in
Na[Ru(bpy);l[Cr(ox);]  (bpy=2,2"-bipyridine, ox*" =oxalate*"),
the excitation energy is transferred from excited [Cr(ox);]*~
moieties in the bulk to ground state molecules near the
microcrystal surface.”™ For [Cr(ddpd),]*", the ®; values, which
were determined absolutely using an integrating-sphere setup,
the fitted lifetimes (<Tipng> and <7g0> with their relative
amplitudes), and the averaged amplitude-weighted lifetimes of
all crystals are summarized in Table2 and illustrated in
Figure 2.

The crystals of [Do]-CrBF,-A grown from deuterated and
non-deuterated MeCN show similar <7,,,,> and @®p (Table 2).

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Table 2. Luminescence properties of [Cr(ddpd),]*" in different salts varying
in counter anion and crystal environments including the averaged lifetimes
< Tjong > and < 74y, > (averaged relative amplitudes given in brackets), the
average of the amplitude weighted lifetimes <7,,,>, and quantum yield
Dy,

Crystals <Tiong> [MS] <Tyho> [US]  <Tag> [us] Py [%]

CrBF,-A 1026 +36 1026 +36 13.8+£0.3

[Do]-CrBF,-A 1062442 620+ 100 947 £ 65 14.1+05
(0.71) (0.29)

CrPF¢-A 916+133 529+136 754+128 10.1+0.7
(0.58) (0.42)

CrCI-A 853+73 469+52 728+122 10.8+0.2
(0.63) (0.37)

CrCl-B 889+203 417+£179 663+214 11.2+0.2
(0.50) (0.50)

CrBr-A 394+94 193+£63 288+98 45+0.2
(0.45) (0.55)

[a] For lifetime measurements: 4., =405 nm, A.,, =600-1000 nm; for
quantum yield measurements: 4., =435 nm. All data were obtained under
ambient conditions. The standard errors of @, shown in the table are
derived from at least ten repetitive measurements of each sample under
identical conditions. The standard errors of 7 shown in the table are
obtained from at least eight measurements under identical conditions on
various spots of each crystalline sample.
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Figure 2. Luminescence properties of [Cr(ddpd),]*" in different crystal
packings with the separately averaged long and short lifetime components
< Tiong > aNd < Ty,0 >, the average of the amplitude averaged lifetimes

< T,q>, and the PL quantum yields @;,. For lifetime measurements:

Aexe =405 nm, 1., =600-1000 nm; for quantum yield measurements:

Aexe =435 nm. All data were obtained under ambient conditions and shown
with their error bars.

Also measurements in MeCN and d;-MeCN solutions revealed
matching results.'® These findings suggest that the second
sphere deuteration has only a marginal effect on the non-
radiative decay pathways in the crystal and in acetonitrile
solution. In contrast to CrBF,-A and [D,]-CrBF,-A, the crystals
CrCI-A, CrCI-B, CrBr-A, and CrPF,-A exhibited a broader
distribution of luminescence lifetimes. This possibly reflects a
more heterogeneous crystal size distribution of these samples
containing overall smaller crystals. PL lifetimes and &, of CrCl-
A, CrCI-B, and CrPF¢-A are similar with values between 850-
950 ps and 10-11% (Figure 2). This suggests only a minor effect
of the environment and the counter anion on their optical
properties.

However, a strong influence of the solid state was found for
CrBr-A. In this bromide salt, @y and <7,,,> are significantly
reduced to 4.5+0.2% and 394+94 ps. In principle, photo-
induced electron transfer (PET)*® from Br~ to excited *[Cr-
(ddpd),]** yielding Br" and [Cr(ddpd),]** is conceivable with

ChemPhotoChem 2022, 6, 202100296 (4 of 9)

the short Cr--Br distance of 4.953(1) A in the crystal. This PET
process is thermodynamically unfavorable with £ *([Cr-
(ddpd),’"?*)=049V in MeCN™ and E,(Br/Br)=1.28V/
0.82V (versus ferrocene/ferrocenium) in water and acetone,
respectively.”®®?” |n deaerated MeCN solution, CrBr did not
show a comparable reduction of @, and lifetime (P, =9.8+
0.5%, 7,7,3=2806=+40 ps, Table 3). However, the redox potentials
in the crystal lattice are unknown and hence, PET in the solid
state could be downhill in the specific environment of the
CrBr-A crystal. The bromide ions in CrBr-A are hydrogen-
bonded to crystal water and the shortest Br--Br distance
amounts to 6.2128(13) A. An alternative explanation for the
observed PL quenching could be the large spin-orbit coupling
constant of bromide that could accelerate non-radiative and
radiative decay processes to the ground state via ISC in the
crystal lattice.”® This phenomenon is known as external heavy-
atom effect and has been used to enhance room temperature
phosphorescence of organic dyes.”® In-depths mechanistic
investigations of the luminescence quenching mechanisms of
[Cr(ddpd),** via an external heavy atom effect, PET or a

Table 3. @, and 7,,; (with relative amplitude in brackets) data of
[Cr(ddpd),]*" with various counter anions in MeCN solution, in PSNP, and
in PSNP sealed in an oxygen-barrier PVOH film.”
MeCN solution PS(Cr)-S PS(Cr)-S-
PVOH
D [%] Dy, [%] D, [%] Dy [%] Dy,
(Tyir [s]) (T [us]) (Tqi [ps]) (Tar [usl) [%](t;,
[us])
Crcl 0.6+0.1 52+03
(48+2) (472+24)
CrBr 0.9+0.1 9.8+0.5
(52+3) (806 +40)
CrBF, 08+0.1" 1374+07  3.6+02 1004+£05 11.7£06
(52+3) (1122+£56) (277 +£14) (885 +44) (Tiong:
930+47
(0.94);
Tshort*
330+17)
CrPF, 0840.1" 11.7+06" 29+0.1 103405 152408
(52+3) (900 +45) (241+12) (928 +46) (Tiong:
980+49
(0.92);
Tshort*
360+ 18)
CrBPh, 0.740.1 9.2+0.5 2.7+0.1 6.4+0.3 11.3+£06
(45+2) (780+39) (254+13) (686 +34) (Tiong:
980+49
(0.90);
Tshort*
460 £ 23)
CrBArF,, 1.0+0.1 13.6+0.7 1.7+£0.1 144+0.7 134+0.7
(52£3) (1112£56)  (Tiong: (1200£60)  (Tiong:
280+ 14 960+48
(0.61); (0.90);
Tshort+ Tshort-
66+ 3) 410+£21)
[a] PS(Cr)-S: PSNPs doped with chromium(lll) complexes and coated with
silica shell; PS(Cr)-S-PVOH: PS(Cr)-S particles sealed in PVOH film. Measure-
ments were done with 4., =435 nm and ., =778 nm. The standard
errors of @, shown in the table are derived from at least ten repetitive
measurements of each sample under identical conditions. The errors of
7,76 are estimated with a relative uncertainty of 5%. [b] @, _and 7, are
cited from ref. [12b].
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combination of both processes are beyond the scope of this
study.

Overall, @, and <7,,,> are affected by changes in the
complex environment in the crystal structures. The observed
parallel trends for both quantities (Figure 2) suggest that only
the emissive doublet states are influenced by the second
coordination sphere. In contrast, ISC from the initially excited
“T, levels to the doublet manifold (3.5 ps in solution)™ is barely
affected, because otherwise the PL quantum vyield should
change, while the lifetime of the doublet state is expected to
remain constant. In our case, the observed strong correlation
between @p and <7,,,> suggest that the counter anions and
the microenvironment only influence the radiative and non-
radiative relaxation pathways from the emissive doublet states
to the ground state of the chromium complexes.

Luminescence Properties of [Cr(ddpd),][X]; in Acetonitrile
Solution

All luminescence experiments were performed in MeCN due to
the good solubility of all six complex salts in this solvent. All six
compounds show identical absorption and emission spectra in
MeCN (Figure 3a), indicating that the energy levels of the
involved electronic states are unaffected by the counter anion
X~ despite the formation of contact ion pairs in solution."?? A
comparison of complexes CrCl, CrBr, CrPF;, and CrBArF,,
reveals an enhancement of the PL with increasing bulkiness of
the anions (Figure 3b—c). @, and 7., of the bulkiest complex
salt CrBArF,, amount to 13.6+0.7% and 1112+56 ps, respec-
tively. This presents an enhancement by a factor of ca. 2.5
compared to the chromium(lll) complex with the smallest anion
of this series, here CrCl showing a @, value of 5.2+0.3%, and
a 7,75 of 472424 ps in MeCN (Table 3). This is attributed to a
steric shielding effect of the counter anion, which can partially
hamper non-radiative decay pathways caused by intermolecu-
lar interactions."” The lower @, and 7, values of the CrCl salt
are attributed to self-quenching caused by chloride anions,
which can act as bridges between the complex cations.9?
This was confirmed by Stern-Volmer studies with CrCl and
tetrabutylammonium chloride (TBAC) which revealed the
occurrence of static quenching at high CI~ concentrations (SI,
Figure S30).

Interestingly, new measurements of CrBF, in thoroughly
degassed MeCN reveal a lifetime (1122+56 ps) and quantum
yield (13.7+0.7 %) comparable to CrBArF,,. This 25 % increase
with regards to previously reported values” can be explained
by small traces of dioxygen which were present in earlier
measurements and which can quench the long-lived excited
states of [Cr(ddpd),]*" very efficiently (see below). The consis-
tently higher lifetime and quantum yield of CrBF, compared to
CrCl, CrBr and CrPF4 in MeCN and in single crystals (Tables 2
and 3) cannot be explained with the bulkiness of the counter
anions, which suggests that an unknown additional factor may
be at play for this salt.

The smaller @, and a shorter 7,,; of CrBPh, compared to
CrBF, (Figure 3c) is ascribed to m-m and CH-m stacking
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Figure 3. a) Absorption and luminescence emission spectra of [Cr(ddpd),]* "
with various counter anions in MeCN, b) luminescence decays of the
complexes in deaerated MeCN (298 K, 4., =435 nm, 4,,, =778 nm), and

¢) bar diagrams of the luminescence quantum yield @, and fitted lifetime
7,55 of [Cr(ddpd),]*" with various counter anions in deaerated MeCN (298 K,
Aexe =435 nm). Relative uncertainties of @, _and 7, are estimated to be 5 %.

interactions of the electron rich phenyl groups of the borate
anions with the pyridine rings of the ddpd ligands. Conse-
quently, C—H moieties of the borate anions can approach the
emissive Cr'" center and open additional multiphonon relaxa-
tion pathways'*? which reduce @;, and 7,,,."® To confirm this,
spectroscopic studies of CrBPh, were performed in deaerated
benzonitrile (PhCN). In this aromatic solvent, the complex
showed a significantly lower @, of 2.1+£0.1% and a t,,5 of
83+4 ps in the absence of oxygen compared to the data
obtained in deaerated MeCN under the same conditions (SI,
Figure S17). This, together with the shortened lifetime of the
longer decay component of CrBPh, aggregates compared to
the @, and 7,5 of CrBF, in pure MeCN solution discussed in
the previous section (Sl, Figure S16, Table S8), strongly support
our hypothesis of enhanced PL quenching via -z and CH-nt
stacking. Such an effect can be eliminated by introducing the
bulky fluorinated derivative [BArF,,]~, as substantiated by the
clearly improved @, and t,,5 of CrBArF,, in MeCN (Figure 3c,
Table 3).
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Luminescence Properties of [Cr(ddpd),][X]; In Polystyrene
Nanoparticles

In the polystyrene matrix of the PSNPs, the counter anions had
a negligible influence on the luminescence excitation and
emission spectra, regardless of whether the measurements
were performed in aqueous suspension or with dried polymer
films (SI, Figure S18). A comparison with the results of the
solution studies reveals increased @, and 7,4 for CrBF,, CrPFg,
CrBPh,, and CrBArF,, encapsulated in silica-coated PSNPs
(same loading concentration of T mM used for all particles, see
SI) in the presence of oxygen (Figure 4, Table 3). The thin and
most likely incomplete silica surface shell, which should be still
permeable for O,, can efficiently protect the [Cr(ddpd),*" from
leaking, but is expected to barely affect the PL properties and
quenching by oxygen, as shown in a previous study on a
temperature, oxygen. and pH sensor.'”® The only moderate
influence of the counter anion under these conditions is
ascribed to a combination of the lower oxygen solubility in
water (0.29 mM)B? than in MeCN (1.9 mM;®" 2.42 mMB"), the
reduced permeability of the polymeric matrix (oxygen perme-
ability coefficient of polystyrene: 1.9x 10" m?s™'Pa™"),*? and a
possible shielding effect of the silica shell.**

Sealing the complex-stained PSNPs with an oxygen-barrier
film of polyvinyl alcohol (PVOH)® led to &, of CrBF,, CrPF,,
CrBPh, and CrBArF,, of 11.7£0.6%, 15.2:0.8%, 11.3+0.6%,
and 13.440.7% under air, respectively. Simultaneously, the PL
lifetimes increased to values above 900 ps (Table 3). These PL
properties are similar or even better than those observed in
deaerated PSNP suspension or deaerated MeCN solution under
ambient conditions. For CrPF, in a PS(Cr)-S-PVOH film, a record
&, for non-deuterated [Cr(ddpd),]>" of 152+0.8% was
achieved, which is not affected by oxygen.

In summary, in solution, the counter anions and solvent
molecules can affect the PL properties of the chromium(lll)
complexes via different quenching mechanisms, e.g. self-
quenching caused by chloride ions or mm stacking. These
undesired quenching effects can be efficiently eliminated by
introducing bulky counter anions or the incorporation of
hydrophobic complexes into an apolar matrix like polystyrene.
In the crystalline state, these factors only slightly affect the PL
properties. The PL properties of the crystals are mainly

57 | @, (cHCN) [ ., (PSNP)
" 5 (CHON) | o 5, (PSNP)| | o0
) )

44
o 31
=
& 21
14
x|
0-

CrBF,

L0
CrPF, CrBPh, CrBArF,,

Figure 4. Bar diagrams of @, and T, of [Cr(ddpd),]*™ with various counter
anions in air-saturated MeCN and aqueous PSNP suspension at 298 K

(Aexe =435 nm, A.,,=778 nm). The relative uncertainties of @, _and 7,
measurements are estimated to be 5%.
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governed by the crystal packing, metal-~-metal distances, and
the underlying energy/electron transfer processes.

Oxygen Sensitivity

As shown above, oxygen can quench the phosphorescence of
[Cr(ddpd),I**. Dexter energy transfer from the excited
chromium(lll) complex to triplet oxygen yields singlet oxygen
'0, and the ground state complex."” Subsequently, Stern-
Volmer studies® in the intensity (PL intensity /,,) and lifetime
domain (lifetime 7,,) were performed in MeCN for all six Cr"
complex salts and oxygen (Figure 5; S|, Figures S19-S25). The
Stern-Volmer constants of all salts derived from intensity K (/)
and lifetime measurements Ks,(t) agree within the estimated
uncertainties (Table 4), pointing to dynamic quenching in all
cases. Kq(7) increases in the order of CrCl<CrBr< CrBPh,<
CrPF, < CrBF,~CrBArF,, with values of (5.66+0.13)x
1072 hPa™" to (12.5940.10)x 107> hPa™' (Figure 5, Table 4). This
trend is in line with the lifetimes 7, in the absence of oxygen. A
longer-lived emissive state has a higher probability for diffu-
sional quenching by oxygen, resulting in a stronger lumines-
cence response, i.e., change in PL (ly/] or 7y/z, i.e. a higher K,)
upon a change of the oxygen concentration.*>**

The same trend was also observed for the complex-stained
PSNPs (Table 4; SI, Figures S26-529). Thus, the oxygen sensitiv-
ity of [Cr(ddpd),]*" could be enhanced by bulky counter anions
like e.g. [BArF,,]~ due to the prolonged t,. However, within the
stated experimental uncertainties, the counter anions do not
affect the oxygen quenching rate constant k,=Ks/7, of ca.
116 hPa~'s™' on average in solution (Table 4). Consequently,
the counter anions have no shielding effect for oxygen
quenching in solution. In aqueous PSNP suspension, the k,
values of approximately 15 hPa™'s™" are about one order of
magnitude lower than in MeCN solution (Table 4). This is
ascribed to a combined effect of some shielding of the particle
matrix®¥ and the higher viscosity of H,0 compared to MeCN
(7(H,0):17(MeCN)~2.5 at 25°C),*” which can slow down oxy-
gen diffusion.>3

CrCl
20{ e cCrBr
CrBF,

15 v CrPF;
¢ CrBPh,
CrBArF,,

(4]
1

0 50 100 150 200

pO, / hPa
Figure 5. Lifetime-based Stern-Volmer plots of [Cr(ddpd),** with different
counter anions in MeCN in the presence of different oxygen concentrations

and the corresponding linear regressions. Lifetime measurements were done
with Ae, =435 nm and A.,,=778 nm, respectively.
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Table 4. PL intensity- and lifetime-based Stern-Volmer constants Kq(/) and Ks(7) as well as oxygen quenching rate constants k, of [Cr(ddpd),*" in MeCN
(top) obtained in the presence of varying oxygen concentrations and in aqueous suspension of PSNP loaded with these complexes. The corresponding data
obtained for aqueous dispersions of PSNP loaded with these complexes are provided as well (bottom).?!

CrCl CrBr CrBF, CrPF, CrBPh, CrBArF,,

MeCN
T, [us] 472 806 1122 900" 780 1112

+24 +40 +56 +45 +39 +56
Ksy() 5.42 8.69 11.96 10.45 9.40 1237
[1072hPa™"] +0.13 +0.08 +0.34 +0.13 +0.19 +0.10
Ksy(7) 5.66 9.13 12.59 9.86 9.60 12.42
[1072hPa™] +0.13 +0.09 +0.10 +0.07 +0.18 +0.10
kq[hPaJS”] 1207 113+6 112+6 110+6 123+7 112+6

PS(Cr)-S suspension in water
7, [ps] 885 928 686 12701

+44 +46 +34 +57
Keu(h) 1.22 1.44 0.95 1.97
[1072hPa™] +0.01 +0.05 +0.01 +0.16
Kg(0) 1.23 1.40 0.96 2.08
[1072hPa™] +0.02 +0.04 +0.03 +0.15
ky hPa™'s™] 139 15.1 14.0 164
+0.7 +0.9 +0.8 +14

[a] PS(Cr)-S: PSNPs doped with chromium(lll) complexes and coated with a thin silica shell. Measurements of 7, were done in deaerated MeCN or aqueous
water suspension with ., =435 nm and A.,,=778 nm. The relative uncertainty of the 7,,5 values is estimated to be 5%. The errors of the fitted K;, and
calculated k, are given in the table. [b] @, and 7,5 are cited from Ref. [12b]. [c] The luminescence decay was fitted biexponentially and the averaged
lifetimes were calculated from amplitude weighted fits.

Conclusion and Outlook

In summary, the photophysical properties of oxygen-sensitive
[Cr(ddpd),I*™ complexes with six different counter anions,
ranging from simple halide ions to bulky borate anions, were
systematically investigated in the crystalline state, in
acetonitrile  (MeCN) solution, in polystyrene nanoparticles
(PSNP), and in poly(vinyl alcohol) coated films of these nano-
particles. Contrary to the reduced self-quenching of typical
charge-transfer emitters such as Ir'"' complexes by large counter
ions,"? the metal-centered nature of the excited states of
[Cr(ddpd),*" renders its excited state properties less depend-
ent on the counter ion. In single crystals of various salts,
photoluminescence quantum yields varied between 4.5 and
13.7%. In MeCN solution, only tetraphenyl borate and high
chloride concentrations quench the photoluminescence (PL) of
the emissive doublet states *E/*T, of chromium(lll) by multi-
phonon relaxation and self-quenching, respectively. In the case
of the bromide salt, the reduced luminescence quantum yield
is attributed to photoinduced electron transfer (PET) or
enhanced intersystem crossing (ISC) to the ground state.

In deaerated MeCN solutions and in PSNP suspensions, @y,
and 7,,5 of the chromium(lll) complexes are improved by bulky
anions, e.g. [BArF,,]7, while the involved energy levels
remained unaffected. Consequently, the oxygen sensitivity is
enhanced with bulky anions. The microsecond-scale lifetimes
and the high PL response to oxygen suggest their application
potential for time-resolved biosensing.®® Interestingly, the
[BF,]” salt gave very high values for lifetime and quantum yield
similar to those of the [BArF,,]” salt.

The positive correlation between the PL quantum yields
and the PL lifetimes of the six [Cr(ddpd),]*" complex salts
shows that the surroundings hardly affect the intersystem

ChemPhotoChem 2022, 6, 202100296 (7 of 9)

crossing rate™ from the initially excited *T, state to the
emissive ’E/’T, states. Instead, they influence the radiative and
non-radiative deactivation pathways to the ground state
CE/T,—A)).

Encapsulating the [PF¢]™ salt in PSNP and embedding these
nanoparticles in oxygen-shielding poly(vinyl alcohol) yielded an
oxygen insensitive NIR-emitting polymer film that exhibits a PL
quantum vyield of 15.2% with a near millisecond luminescence
lifetime, which is a promising label for bioimaging studies.*®

Experimental Section

Experimental synthetic and spectroscopic details can be found in
the Supporting Information.
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