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ABSTRACT: Whereas dye-sensitized lanthanide-doped nanoparticles represent
an unquestionable advance for pushing linear near-infrared (NIR) to visible-light
upconversion within the frame of applications, analogous improvements are
difficult to mimic for related but intramolecular processes induced at the molecular
level in coordination complexes. Major difficulties arise from the cationic nature of
the target cyanine-containing sensitizers (S), which drastically limits their
thermodynamic affinities for catching the lanthanide activators (A) required for
performing linear light upconversion. In this context, the rare previous design of
stable dye-containing molecular SA light-upconverters required large S---A

NIR

distances at the cost of the operation of only poorly efficient intramolecular S

— A energy transfers and global sensitization. With the synthesis of the compact ligand [L2]*, we exploit here the benefit of using a
single sulfur connector between the dye and the binding unit for counterbalancing the drastic electrostatic penalty which is expected
to prevent metal complexation. Quantitative amounts of nine-coordinate [L2Er(hfac);]* molecular adducts could be finally prepared
in solution at millimolar concentrations, while the S---A distance has been reduced by 40% to reach circa 0.7 nm. Detailed
photophysical studies demonstrate the operation of a three times improved energy transfer upconversion (ETU) mechanism for
molecular [L2Er(hfac);]* in acetonitrile at room temperature, thanks to the boosted heavy atom effect operating in the close
cyanine/Er pair. NIR excitation at 801 nm can thus be upconverted into visible light (525—545 nm) with an unprecedented
brightness of B*(801 nm) = 2.0(1) X 10™> M™"-cm™ for a molecular lanthanide complex.

H INTRODUCTION

As soon as intense coherent laser radiation became available
during the early 60s," > the predictions for inducing large anti-
Stokes light upconversion processes (>100kT), relying on
either the non-linear optical (NLO) response of matter” or the
successive linear absorption of photons (upconversion),” could
be pushed within reality.”"'* Despite considerable efforts to
chemically design sophisticated polarized chromophores for
maximizing NLO responses,">~'* the recurrent faint second-
order () and third-order (y) hyperpolarizability tensors limit
the generation of NLO upconverted light to the use of ultra-
intense excitation beams. Nowadays, the easy access to intense
pulsed-femtosecond lasers (P = 10° W-cm™?) opens
perspectives for modern applications of NLO materials as
deeply penetrating biological probes'°™"? and as optical
limiting devices.””~>* The alternative use of efficient linear
absorption coefficients for the successive piling up of photons
via excited-state absorption (ESA) or energy transfer
upconversion (ETU) mechanisms proved to be much more
efficient, and reasonable power excitation sources (P & 1—10
W-cm™2) are compatible with the observation of upconversion
processes according to the fact that long-lived real intermediate
excited states are available (A* and S* in Scheme 1).*** For
optimizing linear light upconversion, chemists thus turned
their attention toward the exploitation of long-lived
intermediate excited states found as triplet levels in
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. 23,2530 :
polyaromatic molecules®**™" or as ***'L; spectroscopic levels

in trivalent lanthanides doped in low-phonon ionic sol-
ids.””'#?*31%% Some remarkable 15—25% upconversion
quantum yields have been reported in this context.”® Despite
its attractive efficiency, the triplet—triplet annihilation (TTA)
mechanism, which requires the diffusion and collision of two
excited aromatic triplet acceptors, limits this methodology to
intermolecular processes occurring in solution, rubbery
polymeric materials, or solid matrices under anaerobic
conditions since dioxygen can easily quench triplet excited
states. It therefore does not fit the criteria for being considered
a discrete molecular process. Consequently, miniaturization to
reach nanoscopic dimensions for individual objects possessing
specific light upconversion properties targeted for biological
applications or solar cell technologies focused on the design
and preparation of ionic nanoparticles doped with lanthanides
as activators and sensitizers.

Since two decades, myriads of ESA (Scheme la), ETU
(Scheme 1b), or related cross-relaxation and photon avalanche

Received: February 6, 2023
Published: April 5, 2023

=JACS

https://doi.org/10.1021/jacs.3c01331
J. Am. Chem. Soc. 2023, 145, 8621—-8633


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ine%CC%80s+Taarit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Filipe+Alves"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amina+Benchohra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laure+Gue%CC%81ne%CC%81e"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bahman+Golesorkhi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arnulf+Rosspeintner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandre+Fu%CC%88rstenberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandre+Fu%CC%88rstenberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claude+Piguet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.3c01331&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01331?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01331?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01331?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01331?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01331?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jacsat/145/15?ref=pdf
https://pubs.acs.org/toc/jacsat/145/15?ref=pdf
https://pubs.acs.org/toc/jacsat/145/15?ref=pdf
https://pubs.acs.org/toc/jacsat/145/15?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.3c01331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

Scheme 1. Kinetic Diagrams Pertinent to Linear
Upconversion Mechanisms Operating under Non-resonant
Excitation according to (a) a Single-Center Excited-State
Absorption (ESA) and (b) a Multi-Center ETU for a
Sensitizer/Activator Pair”

a) Excited state absorption b) Energy transfer upconversion
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“k;_’j is the relaxation rate constant (radiative + non-radiative) and

k;xc(i%") is the pump excitation rate constant (eq 1). W§_, , is the non-
radiative sensitizer-to-activator energy—transfer rate constant.

mechanisms have thus been systematically investigated in these
materials for pushing light upconversion into the domain of
practical applications.””~** The increase of the surface-over-
volume ratio accompanying the reduction in size from
macroscopic ionic solids to nanoparticles proved to be
damaging for global upconversion efficiency, but coupling to
surface plasmon%’47 or to organic dyesd'g_50 overcomes this
limitation by improving the linear absorption cross-sections of

ksexc(0—>1) in Scheme 1b). However, whatever

the sensitizers (
their photophysical performances, doped nanoparticles suffer
from evasive reproducibility and from a lack of controlled
clearance from in vivo systems. These limitations are obviously
removed in molecular objects, and coordination chemists first
considered to massively irradiate their preferred lanthanide
complexes in order to induce light upconversion by obeying
the ESA mechanism in molecules (Scheme 1a). A pioneering
attempt using a tunable continuous Ti—sapphire laser NIR
excitation source (780—950 nm, P = 1—10 W-cm™2) focused
on solid samples of triple-helical Na;[Ln(2,6-dipicolinate),]
(Ln = Nd, Yb, and Er) only failed. This deficiency was
attributed to the considerable vibrational thermal “bath”
characteristic of molecular complexes, which boosts non-

radiative relaxation processes (ky " is very large, Scheme 1a)
and limits the associated crucial lifetime of the intermediate

excited level A* (74 =1/ky"°, Scheme 1a).>' Since the

pumping rate constant k;xc(m_’"), modeled by eq 1, is
proportional to the incident pump intensity P (in W-cm™2), the
use of 10 ns laser pulses with peak powers near 100 kW (P >
10° W-cm™) compensates for any short lifetimes of the
intermediate excited states (4, is the pump wavelength, h is the
Planck constant, ¢ is the speed of light in vacuum, and o'~ " is
the absorption cross-section of the activator-centered m — n
transition (in cm?), which is related to the decadic molar
absorption coefficient ¢"”" (in M ':em™') according to

o_m—m =38 X 10—21£m—>n) 53
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ostn=n) = e pom—n _ 3 g 102128 pern
c he 1)
Consequently, ultra-intense NIR irradiation of aqueous
solution of the original Na,[Ln(2,6-dipicolinate);] (Ln = Er,
Tm) complexes®™ or even of more trivial triflate salts
Tm(CF;S80;); in DMSO,> displayed faint but detectable
NIR to visible-light upconversion processes. Returning to
reasonable power intensities, accessible with common
continuous-wave laser diodes (typically 01 < P25 W
cm™?), it required some efforts in chemical design for inducing
detectable linear light-upconversion. The first success along
those lines was reported a decade ago for an ETU mechanism
implemented in a heterometallic trinuclear helicate (Figure
1a).*® Following the report of mixed ETU/ESA mechanisms

542 nm

a) ETU

718 nm
718 nm

[CrErCr(dipy-bzpy);]°*
P=382W/cm?, @ =58.10% B»=23.10% M cm’!

542 nm

b) ESA

[Er(Et-bzpy);]**
P=25W/ecm?, @r=17-10° B"»=21-101" M- cm’!

¢) CU

545 nm
{[Yb(bipy-phos)],Tb}
P=103W/cmZ @»=1410% Bwr=42.108M'-cm!

Figure 1. NIR to visible-light upconversion observed in dilute
solution at room temperature under reasonable excitation power
intensities operating in discrete (a) [CrErCr(dipy-bzpy);]** (ETU,
data from ref 60), (b) [Er(Et-bzpy),;]** (ESA, data from ref 60), and
(c) {[Yb(bipy-phos)],Tb} [cooperative upconversion (CU), data
from ref 73].

operating in fluorobridged dinuclear erbium complexes,”” a
further delay was required for the reliable report of a single-
center ESA mechanism detected in mononuclear triple-
stranded erbium complexes under moderate NIR excitation
(Figure 1b).°**” The overall upconversion quantum yields
measured either for [CrErCr(dipy-bzpy);]°* (ETU, Figure 1a)
or for [Er(Et-bzpy),]** (ESA, Figure 1b) are similar and
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amount to @ (ESA) ~ ¥, (ETU) = 1.7 X 10~ (normalized
for P = 25 W-cm™2).%° This value remains modest as a result of
combination of (i) very low intrinsic visible erbium-based
quantum yields ¢, 1075 and (ii) short lifetimes of
intermediate excited relays, A* and/or S* (see Scheme 1),
that limits the upconversion efficiency factors to #73’(ESA) ~
e (ETU) ~ 10™* in these complexes (eqn 2, i = 0, 1).%°
2—-0
A rad
Zi (kzi,r_;zi + ki;(;n—rad (2)

Building on this analysis, the unfavorable visible erbium
molecular emitters (¢, ~ 107°) have been replaced with
strongly emissive terbium analogues (¢r, ~ 0.5),°" but the lack
of accessible intermediate excited states that could work as
relays for the successive linear piling up of photons in the 4f®
configuration requires two-center optical transitions,62 in
which the energy of two close sensitizers must be combined
via cooperative upconversion (CU; Figure 1c).”** The
double-operator nature of the latter process limits its efficiency
(n"?(CU)) by several orders of magnitude with respect to ETU
or ESA mechanisms, but this drawback is balanced by the
improved terbium-based intrinsic quantum yield to give the
largest reported global molecular-based upconversion quantum
yields @ = 1.0 X 1077 at P = 2.86 W-cm 2%~ The stepwise
and pioneering developments of molecular upconversion
performed during the last decade have been regularly
reviewed.”” "

Despite the systematic exploitation of highly absorbing
polyaromatic sensitizers for boosting lanthanide-based down-
shifting processes,”*~" it is only recently the community has
realized that the most useful parameter to assess potential
applications in upconversion materials also mainly relies on the
upconversion brightness B**(4) (eq 3).”® One can note that,
for an ETU mechanism, the decadic molar absorption

coefficients €,,((4) of the sensitizer at wavelength A (eg~")

~

@UP = ;’]uP¢A = ;,I“P,

contribute twice to the brightness via eq 3, with ¢, = e,

and eq 4 (T')&bs is the lifetime of the excited level 1) centered

on unit X, Scheme 1b).”>

BP(1) = £4(A)- @™ (A) = £, (D)™, (1) 3)

up

ng® (ETU) »

1 2 1) \2
Ws_aWs_a Ts,obs)

A
3.8 x 1072 led7'P
he

I1) toty ytot
Ta,obst VA Ng

(4)

With this in mind, cyanine-based sensitizers relevant to the
family of closed-chain cationic streptopolymethines,””*” which
display among the largest available NIR absorption coefficients
(67" > 10° M~tem™),****! have been regularly grafted
onto the surface of lanthanide-doped nanoparticles for rising
ETU processes.””*>* Inspired by these successes, miniatur-
ization to reach the molecular size was first attempted by
Hyppannen and co-workers, who measured solution-based
NIR-to-visible upconversion assigned to an ETU mechanism
operating in prospective [IR-806][Er(tta),] ion pairs formed
in chloroform (Figure 2a).** Beyond their connections to
terpyridine- or phenanthroline-binding units for exploring the
non-linear two-photon sensitization of [Nd-
(dibenzoylmethane),] in ethanol, followed by light-down-
shifting (Figure 2c),” a cationic cyanine has been connected
only once, to the best of our knowledge, to a terdentate unit

8623

a) [IR-806][Ex(tta),]

530 nm

808 nm

b) [L1Er(hfac);]*

801 nm
P=14W/im? @"=19-10"1° Bw =35.10-M-'-cm!

¢) [(IR780-ph-tpy)Nd(DBM);,]*
865 nm

[(IR780-Phen)Nd(DBM),]*

865 nm 865 nm

865 nm

Figure 2. Closed-chain cationic streptopolymethines used as
sensitizers for linear light upconversion via the ETU mechanism
operating in solution for (a) a prospective ion pair and** (b) a
molecular complex.*® (¢) Non-linear two-photon absorption, followed
by light-downshifting operating in cyanine-containing neodymium

85
complexes.

for inducing molecular upconversion in the mononuclear
[L1Er(hfac);]" complex according to the ETU mechanism
(Figure 2b).*° Further improvements of the upconversion
quantum yields and brightness in dye-sensitized molecular
complexes require (i) an increasing number of cyanine
sensitizers per activator and/or (ii) a closer approach between
the cyanine sensitizer and the lanthanide emitter. Both options
are severely limited by the cationic nature of these cyanines,
which tends to prevent the formation of stable molecular
complexes with trivalent lanthanide cations.

We here propose to address the second strategy with the
removal of the phenyl bridge found in ligand [L1]* (Figure
2b) to give the more compact terdentate receptor [L2]*
(Scheme 2). The stability and reliable speciation of its adducts
with [Ln(hfac);] in solution will be critically established prior
to exploring the light upconversion process, which can then be
unambiguously assigned to the molecular [L2Er(hfac),]*
complex in solution.

B RESULTS AND DISCUSSION
Synthesis, Molecular Structures, and Thermodynam-
ic Stability of Ligand [L2]* and Its Lanthanide Adducts

https://doi.org/10.1021/jacs.3c01331
J. Am. Chem. Soc. 2023, 145, 86218633
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Scheme 2. Jablonski Diagram Established for
[L2Er(hfac);]* Hllustrating the Mechanisms for Inducing
Light Upconversion through (1) Ligand-Sensitized ETU
and (2) Erbium-Centered Excited-State Absorption upon
801 nm Excitation (ESA)“
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“ET = intramolecular S — A energy transfer; ISC = intersystem
crossing. The dye-centered triplet states are located according to ref
83.

[L2Ln(hfac);]* in Solution. The cationic ligand [L2]I is
obtained in seven steps from the starting materials 1, 8, 9, and
10 (Figure 3).

Once chelidamic acid 3 was obtained,”” two alternative
synthetic strategies were considered to prepare the desired
bis(methyl-benzimidazole)-bromopyridine S. The first one
consisted in reacting 3 with N-methylbenzene-1,2-diamine
(10) in H;PO, to give the intermediate 4a via Philips-type
coupling.”® Subsequent bromination using PBrs provided $ in
fair yield. The second strategy exploited amidation reaction
with N-methyl-2-nitroaniline (9) to give the intermediate 4b,*’
which finally provided § after cyclization using sodium
dithionite.”” Subsequent reaction with S-methylisothiourea
hemisulfate yielded 6,”' which was deprotected with tert-
butylthiolate to give 7 in good yield.”> The ultimate
nucleophilic aryl attack with the TR-780 iodide dye (8)***
provided the desired ligand [L2]I with excellent yield (90%).
All the NMR peaks could be successfully assigned (Figures
S1-S6), and a fully satisfying high-resolution ESI-MS
spectrum could be recorded (Figure S7). Finally, treatment
of [L2]I dissolved in a minimum amount of dichloromethane
with a saturated aqueous solution of KPF, quantitatively
produces [L2]PF; after phase separation and evaporation. The
removal of I” counter anions aims at limiting complications
with parasitic electron exchange reactions.

8624

The X-ray crystal structures of [L2]I (Tables S1—S2, Figure
S8) and [L2]PF6 (Tables S3—S4, Figures 4a and S9) are
almost superimposable. One can notice that the original red
crystals give dark green solutions when dissolved in organic
solvents. Care must be taken when dealing with this product,
which is sensitive to light and dioxygen and should be kept in
the dark under nitrogen (Figure S10). The molecular structure
of the cationic ligand [L2]* shows the usual transoid—transoid
arrangements of the nitrogen donor atoms, leading to a
roughly coplanar terdentate benzimidazole-pyridine-benzimi-
dazole polyaromatic binding unit (interplanar angles in the
18—33° range, Figure 4a).”” The observed C—S—C angle of
103.9(1)° results in a close-to-orthogonal orientation of the
cyanine dye with respect to the polyaromatic terdentate ligand.
For comparison purposes, a similar arrangement has been
reported for the cyanine segment in the extended ligand [L1]%
which is connected to the phenyl bridge through a sulfur atom
with a C—S—C angle of 100.3(1)°.% Initial attempts to
crystallize the target [L2Ln(hfac);]* adducts by slow diffusion
of diethyl ether into concentrated acetonitrile solutions in the
presence of excess of triflate salts indeed provided some
crystals of the biprotonated ligand [H,L2]** formed by minor
and slow hydrolysis of the complex. Its crystal structure with
triflate counter-anions (Tables SS—S6, Figures 4b and S11)
shows that the terdentate biprotonated binding unit [H,L2]*"
adopts the quasi cis—cis conformation (interplanar benzimida-
zole-pyridine angles in the 23—27° range) stabilized by
intraligand hydrogen bonding as previously found in
[H,tpy]**, where tpy stands for 2,2;6',2"-terpyridine.”* The
geometry of the pseudo-isosceles triangles drawn by the three
nitrogen donor atoms in the two latter protonated ligands is
very similar, with the central pyridine nitrogen atom occupying
the apex position (Figure 4c). This leads to a flattened
arrangement of the three nitrogen donor atoms compatible
with the terdentate encapsulation of large guests (dygistal—Naistal
= 4.55—4.58 A).”® The close-to-orthogonal arrangement of the
cyanine dye with respect to the terdentate ligand backbone is
maintained in [H,L2]* with a C—S—C angle of 102.2°.

The thermodynamic formation of the adduct [L2Eu(hfac);]
taken as a model for the whole lanthanide series has been
studied by the NMR titration of a millimolar solution of
[L2]PF, with the europium container [digEu(hfac);] in
CD,Cl, with an excess of diglyme (ldigl,,, = 0.14 M; Figure
S12). The '"H NMR spectra recorded after each addition of the
lanthanide salt show the stepwise replacement of the signals of
the diamagnetic free ligand [L2]* with those of the fast-
relaxing paramagnetic [L2Eu(hfac);]* complex according to
the exchange reaction summarized in eq 5. Since the
concentration of diglyme is constant, equilibrium (S) is
transformed into the conditional association process shown
in eq 6, for which the occupancy factors G52 and the free
europium concentration of metal |Eul = [Euly,, — O52FIL2l,,
can be computed with eq 7 by simply using the integrated 'H
NMR signals of the same proton in the free ligand I} and in
the adduct I, .”° Please note that, for the sake of clarity, |Eul
stands for |Eu(hfac);| for the rest of this work.

[L2]" + [digEu(hfac),] = [L2Eu(hfac),]* + dig

ﬂ L2,Eu
1,1,exch

(8)
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Figure 4. Molecular structures of the cationic ligands (a) [L2]*
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blue; S, yellow; H, white. Counter-anions and solvent molecules are
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[L2]" + [Eu(hfac);] = [L2Eu(hfac),]*
L2,Eu __ L2,Eu .
1,l,ass0 I,I,exch/ldlgltot (6)
H
Laexp _ [Eulpgyng _ [L2Eul )
E - ~ TH
' |L2|t0t ILzlmt ILZ + ILZEu
L2,E
— lEu'tot — |Eul _ llas:o |Eul
B - L2,Eu
L2l 1+ ﬂl 1 asso -|Eul )

The resulting binding isotherm, i.e., O§2®F plotted as a
function of log(IEul) in Figure S (black diamonds), can be
fitted with eq 7 to give the target conditional thermodynamic
association constant fi7he, = 809(74) (rebuilt red dashed
trace in Figure 5), from which the exchange constant 15y =
113(11) can be deduced with eq 6 (Table 1).

As expected from simple electrostatic considerations, the
connection of the cationic dye to the terdentate binding unit
reduces the affinity for catching the [Ln(hfac),] lanthanide
container by a factor of 3 when going from the non-substituted
reference ligand in [L3Eu(hfac);] to [L2Eu(hfac);]" (Table
1). Surprisingly, the destabilization is even amplified for the
elongated ligand [L1] since %,li’:sso for [L1Y(hfac),]" is five
times smaller than in [L3Y(hfac);]. One concludes that the
damaging effect on the thermodynamic affinity for fixing

[Ln(hfac);] produced by the approach of the cationic cyanine
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Table 1. Thermodynamic Stability Constants %}‘f};:so and oM e M W
T4 » Determined for the Titrations of [L1]%, [L2]*, and 14, 16 15)13 12

L3“ with [digLn(hfac),] in CD,Cl, + 0.14 M Diglyme at
293 K

complex If,]}”];;‘m ]ljl{‘rlg,‘:ch references
[L1Y(hfac),]* 414(56) 60(8) 86
[L2Eu(hfac),]* 809(74) 113(11) this work
[L3Eu(hfac),] 2700(300) 380(40) 96
[L3Y(hfac),] 1900(400) 270(50) 96

“L3 corresponds to the model terdentate ligand where the X = S-
cyanine group attached at the 4-position of the central pyridine ring in
[L2]* has been removed and replaced by X = H in L3.

dye in going from [L1]* to [L2]" is more than counter-
balanced by the connection of a strong sulfur donor in the 4-
position of the central pyridine ring in [L2]* (Figure 3).

With 155, = 113(11) in dlchloromethane (Table 1), one
calculates that an equimolar mixing of [L2]* and [digEu-
(hfac);] results in 91% of [L2Eu(hfac);] in solution at
equilibrium, in good agreement with the associated exper-
imental 'H NMR spectra recorded for a 1:1 mixture at 107> M
(91%) and at 107°> M (90%) (Figure S13). One, however,
notices that the ratio [L2Eu(hfac);l/IL2| decreases stepwise
upon dilution (ie., decomplexation becomes larger) to reach
80% at 10™* M (Figure S13). Attempts to take into account
some variable activity coefficients occurring in organic solvents,
as illustrated by the dotted green trace in Figure S (see
Appendix 2),”° do not significantly improve the thermody-
namic model and cannot rationalize the observed drift. A more
convincing hypothesis assigns the latter decrease of the
[L2Eu(hfac),|/IL2| ratio to some competitive binding with
traces of water, which are present at constant concentrations in
deuterated dichloromethane to give [(H,0),Eu(hfac);]" (n =
2,3). This hypothesis is corroborated by the '"H NMR spectra
recorded for 1:1 mixtures of [L2]" and diamagnetic [digY-
(hfac);] in more polar and hygroscopic deuterated acetonitrile,
where a constant quantity of residual water below 20 ppm
(1.11 x 107* M) is very difficult to obtain (Figure 6).”8
Finally, "F NMR spectra recorded on freshly prepared
solution of complexes do not show traces of trifluoroacetate
anions within a period of one day.
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Figure 6. Aromatic parts of the '"H NMR spectra recorded for the
ligand [L2]* (1 X 107> M) and for its 1:1 mixture with [digY(hfac);]
at different total concentrations in CD;CN at 293 K.

Consequently, decomplexation of the dye ligand is more
pronounced and almost quantitative at 107" M in standard
deuterated acetonitrile (Figure 6, bottom). One concludes that
total concentrations equal to or larger than 10™* M are
required to ensure the quantitative formation (>90%, Figure 6,
middle) of the target adducts [L2Y(hfac);]* and [L2Er-
(hfac);]* in strictly dried acetonitrile (CaH,), the solvent used
for investigating the photophysical data (see next part). Finally,
additional "H MMR and "’F NMR titrations of [L2]* in the
presence of strongly paramagnetic [digEr(hfac);]* display
broadened signals, which confirm (i) the quantitative
formation of [L2Er(hfac);]* in solution for total millimolar
concentrations (Figures S14 and S15) together with (ii) the
well-known partial hfac-based exchange process operating
aroung the smallest lanthanides in these adducts (eq 8, Figure
$16).%

2[L2Er(hfac),]* = [L2Er(hfac),]’* + [L2Er(hfac),]

(8)

Molecular Structures of Lanthanide Adducts [L2Er-
(hfac);]1X in the Solid State. Reaction of stoichiometric
amounts of [L2]PF; (1.0 equiv) with [digEr(hfac);] (1.0
equiv) in a dichloromethane/acetonitrile mixture, followed by
slow diffusion of tert-butyl methyl ether, yielded (with
difficulty) 60% of a microcrystalline powder, the elemental
analysis of which is compatible with the formation of the
[L2Er(hfac);](PF;) complex (Appendix 1). The preparation
of single crystals appeared to be a challenge because of the very
large solubility of the complex in organic solvents, which
requires the presence of competitive salts to obtain materials
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suitable for X-ray diffraction studies. Systematic crystallization
attempts in excess of nitrate, chloride, or triflate anions provide
serendipitously small amounts of single crystals suitable for X-
ray diffraction studies. The crystal structures of the complexes
[L2Er(hfac)(NO;),](PF,)-2.75(C,H,Cl,) (Tables S7 and S8,
Figure $17), [L2Er(CF,CO,),Cl,]-(CH,CH,),0 (Tables $9
and S10, Figure S18), and [L2Er(hfac),(CF;CO,),slys]T-
C4H,,0 (Figure 7 and Tables S11 and S12, Figure S19) could

[L1Ex(hfac),(CF,CO,)|*

[L2Er(hfac),(CF;CO,)]*

Figure 7. Molecular structures of [L1Er(hfac),(CF;CO,)]" (left,
CCDC 2091959)* and [L2Er(hfac),(CF,CO,)]* (right)* as found
in the crystal structures of their salts. The distances between the atom
erbium and the carbon atom of the dye connected to the sulfur bridge
are highlighted. Color code: C, gray; N, blue; S, yellow; O, red; F,
light blue; Er, green.

be finally obtained. In all crystallized complexes, the cationic
ligand [L2]*, as illustrated for [L2Er(hfac),(CF;CO,)]* in
Figure 7 (right), is meridionally tri-coordinated to the erbium
metal with geometries and Er—N bond lengths analogous to
those previousléy reported for [L1Er(hfac),(CF;CO,)]*
(Figure 7, left).*® A shrinking by 40% of the average distance
between the cyanine dye and the erbium activator represents
the major difference in going from [L1Er(hfac),(CF;CO,)]*
to [L2Er(hfac),(CF;CO,)]*, together with a decrease of the
coordination number from nine to eight (bidentate toward
unidentate trifluoroacetate anion, Figure 7). Upon complex-
ation, the C—S—C angle of the coordinated [L2]* ligand
remains essentially the same, as previously noticed for [L1]*.*°
No erbium complex containing one terdentate ligand and three
hfac™ anions could be crystallized with either [L1]* or [L2]",
whereas the neutral parent ligand L3 (free of cationic cyanine
dye) provided [L3Er(hfac);] without any complication.”® It
seems reasonable to attribute these different behaviors to some
improved retro-Claisen condensation of the bound hfac™ co-
ligand operating in the cationic adducts [LkEr(hfac);]* (Lk =
L1, L2), which slowly provides small amounts of coordinating
trifluoroacetate anions in solution.*

Photophysical Properties of Ligand [L2]* and
Molecular Light-Upconversion Induced in Its Adduct
[L2Er(hfac);]* in Solution at Room Temperature. The
electronic absorption spectrum of [L2]* recorded in
acetonitrile globally mirrors that of [L1]* previously reported
in the same solvent (Figure 8a).”" It is composed of two
groups of bands, the first one appearing in the UV region due
to electronic transitions centered on the terdentate N"N"N
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Figure 8. (a) Absorption spectra of the ligands [L1]**® and [L2]* and
(b) emission spectrum of [L2]* (Ae = 310 nm, 7, = 32,258 cm™")
recorded in acetonitrile at 293 K (107¢ M).

binding unit (bzpy; e3yxm = 38,750 M~":cm™ for [L2]*).'"
The second group occurs in the NIR and corresponds to the
intense band assigned to the cyanine part (dye, &fe., =
221,000 M~ !.cm™1) .20

We also noticed that the absorption spectra of [L2]PF, or
[L2]I are identical in solution because the counter ions do not
participate in any significant intermolecular interactions. The
dye then adopts the symmetrical and completely delocalized
polymethine state.'’ Additionally, the absorption spectrum of
[L2]* roughly corresponds to the sum of those of (i) the
terdentate binding unit 6 and (ii) the IR-780 iodide dye 8
taken separately (Figure S20). Due to the existence of charge-
transfer (CT) bands in the cyanine part,' [L2]* slightly
absorbs in the visible domain from 22,000 to 28,000 cm ™! with
a fluctuating & = 4800—6000 M~"-cm™" (Figures 8a and S20).

Upon xenon lamp excitation at 310 nm into the bzpy(z* «
7) transitions centered onto the terdentate binding unit, the
induced emission spectrum of [L2]* is dominated by the
strong dye-centered '7* — 'z transition with a maximum at
820 nm (Figure 8b), which corresponds to a 260 cm™" Stokes
shift (Figure $21).'°* This suggests some eflicient electronic
communication between the terdentate binding unit and the
cyanine emitter in the ligand [L2]*. The associated excitation
spectrum recorded for [L2]" (s = 800 nm) can be
superimposed with its absorption spectrum (Figure S22),
which corroborates the operation of an efficient electronic
communication through the sulfur connector. Finally, a minor
part of the ligand-based radiative relaxation detected in the
visible range (inset of Figure 8b) originates from the terdentate
binding site. We were, however, unable to detect delayed
phosphorescence, even at 77 K in frozen solutions, in complete
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agreement with the operation of negligible spin—orbit coupling
and intersystem crossing processes operating in the free
cyanine-containing ligand.*” The resulting Jablonski diagram
established for [L2]" appears to be very similar to that
previously found for [L1]* (Figure $23).°° As a last control
experiment for the adequate interpretation of future linear light
upconversion processes (see below), laser excitation in the
dye-centered absorption band of [L2]* (4., = 801 nm, P = 7.1
W-cm ™2, acetonitrile) did not display any non-linear optical
response, and no induced emission could be detected in the
visible domain (Figure S24).

The mixing of stoichiometric amounts of [L2]* and
[digLn(hfac),] at millimolar concentrations in dry acetonitrile
produces more than 90% of the target [L2Ln(hfac);]* adducts
(Ln = Er, Y; Figure 6). These solutions are used for the
photophysical studies. The absorption spectra recorded for
[LkEr(hfac);]* (Lk = L1, L2) in the visible and NIR domains
(Figure 9a, 400 < 4 < 900 nm) are very similar and mirror
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Figure 9. (a) Absorption spectra of the adducts [L1Er(hfac),]**® and
[L2Er(hfac);]" and (b,c) emission spectra of [L2Er(hfac),]* recorded
upon (b) lamp excitation (Ao = 310 nm, 7, = 32,258 cm™) and (c)
laser excitation (1, = 801 nm, 7, = 12,284 cm™" at P = 9.9 W-cm™2)
in acetonitrile (107 M, 293 K).

I‘/exc
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those recorded for the free ligands (Figure 8a) because they
are dominated by the allowed electronic transitions centered
on the non-perturbed cyanine parts. On the contrary, the UV
domain (4 < 400 nm) is sensitive to the complexation process
since the trans—trans to cis—cis reorganization of the terdentate
binding unit required for its meridional coordination to
Ln(III) is accompanied by the splitting of the n* « =«
transition of the lowest energy (bzpy-7(S,,;, < S,); Figures 9a
and $25).'% Moreover, additional 7z* <« 7z transitions,
characteristic of the bound hfac™ co-ligand, reinforce the
absorption band around 305 nm (Figures 9a and S25). Due to
the huge broad dye-centered absorption NIR band, the much
weaker erbium-centered transitions occurring in the same
domain (0.01 < &;, < 1 M"cm™") cannot be distinguished.

Upon excitation on the terdentate binding unit at 310 nm (
D, = 32,258 cm™'), the emission spectra of the adducts
[L2Ln(hfac);]* (Ln = Er, Figure 9b, Ln =Y, Figure S26) fairly
match those of the free ligand (Figure 8b) with a strong NIR
dye-centered 7#(S;) — #(S,) emission, which is slightly
downshifted at A.,, = 840 nm as the possible result of either
partial charge localization onto the sulfur atom upon
complexation in [L2Er(hfac);]*'* or the secondary inner-
filter effect due to the unavoidable millimolar concentration.
An additional residual emission arises from the polyaromatic
terdentate binding unit around 385 nm together with two faint,
downshifted, erbium-centered visible (green) emissions (inset
in Figure 9b), which could not be distinguished in the emission
spectrum of [L2Y(hfac);]. Their intensities are unfortunately
too weak to get reliable experimental lifetimes, and the
associated intrinsic quantum yields remain inaccessible. Upon
subnanosecond pulsed excitation at Ao, = 375 nm, the
characteristic lifetime of the latter dye-centered 7(S;) excited
state (emission at 820—840 nm) amounts to 1.26(5) ns for
[L2]* and reduces to 640(12) ps for [L2Er(hfac);]* in
acetonitrile at 293 K (Figure S27). This might suggest the
operation of a L2(dye) — Er energy transfer in the complex

with a global rate constant kgt = 1/ — 17, = 7.7(2)
L2—Er
=1

ET — T/ T2 =
49(1)%. The latter interpretation corresponds to that
previously proposed for rationalizing the titration of
[(IR780-Phen)]* with Nd(DBM); in acetone, where

kiigand=Nd _ 55 x 10° s and ng“Tiga"d_’Nd = 75% were
reported for [(IR780-Phen)Nd(DBM),;]* (Figure 2¢).%
However, as a control experiment, we additionally recorded
the dye-centered 7(S;) emission lifetime in [L2Y(hfac),]*, and
we found that it indeed closely mirrors that found for
[L2Er(hfac);]* with 7,y = 670(13) ps (Figure S27). One
concludes that the shortening of the dye-centered emission
lifetime in going from [L2]* to [L2Er(hfac);]* does not reflect
the operation of the sensitizer to activator energy transfer as
proposed in ref 85, but it is mainly due to the heavy atom effect
and spin—orbit coupling (Z = 68 for erbium), which allow
non-negligible intersystem crossing with
ke =1/Tppp — 1/7, = 7.7(2) X 10 s7' (efficiency
nI]S“éEr Tan/ Ty = 49(1)%). Because of the smaller
spin—orbit constant of yttrium (Z = 39), the latter rate
constant is slightly reduced and reaches kjge=1/7y5y — 1/7,
=7.0(2) X 10° s (efficiency 7, = 1 — Typy/ 7, = 47(1)%)
in [L2Y(hfac);]*. The ultimate step of indirect erbium
sensitization then occurs through a ligand-to-metal energy

x 10° s7' and an efficiency of 7

https://doi.org/10.1021/jacs.3c01331
J. Am. Chem. Soc. 2023, 145, 86218633


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01331/suppl_file/ja3c01331_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01331/suppl_file/ja3c01331_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01331/suppl_file/ja3c01331_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01331/suppl_file/ja3c01331_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01331/suppl_file/ja3c01331_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01331/suppl_file/ja3c01331_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01331/suppl_file/ja3c01331_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01331?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01331?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01331?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01331?fig=fig9&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c01331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

transfer, which implies the triplet state of the donor, in
agreement with the well-accepted antenna mechanism
proposed for lanthanide sensitization since several decades
(Scheme 2).7*77° Attempts to detect the emissions (and
associated lifetimes) of the dye-centered triplet states z(T,) in
[L2Ln(hfac);]* (Ln =Y, Er) in the NIR domain only failed in
our hands because of the negligible emission intensity arising
from this level. As a support to our proposed dye — Er energy
transfer mechanism, NIR excitation within the dye excitation
band at 4, = 801 nm results in a weak downshifted emission
signal corresponding to the expected Er(4l;, — *I;5,)
transition (Figure 9c). One notes that the latter erbium-
centered NIR emission could not be detected upon UV
excitation for [L2Er(hfac);]" (de = 405 nm, Figure S28).
Alternatively, the continuous NIR diode laser excitation of
[L2Er(hfac);]* at 801 nm (1.13 X 10~ M in acetonitrile at
room temperature) exhibited two reasonably well-resolved
upconverted emission bands detected in the visible region
centered at 542 nm (18,450 cm™") and 522 nm (19,157 cm™"),
which can be unambiguously assigned to the erbium-centered
Er(4S;,, — *;5,) and Er(*H,;,, — %;5,,) transitions,
respectively (Figure 10a). No upconverted emission following

a) Wavelength /nm
5?0 54}5 525 S(IJO
1
Hyyp s,
30 mW
—50 mW
E, S50 > 'L, 60 mW
= —70 mW
>
= —80mW
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—MeCN
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4.7 - log(I*) = 1.81(2)-log(P)+ 4.32(3)
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4.5 I',KI
[
= 43 [
g,
E“ 4.1 5
3.9
3779 .
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35§ +—/————7—
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log(P /W-cm?)

Figure 10. (a) Upconverted visible Er(*H;,,, — *I;5,,) and Er(*S;,
— *1;5/,) emission bands observed for [L2Er(hfac);]" in acetonitrile
solution (1.13 X 107 M, 293 K) upon laser excitation at A, = 801
nm (&, = 12,284 cm™") for variable intensity power and focused on a
spot size of ~0.07 cm® The blank corresponds to pure acetonitrile
excited at 801 nm with P = 5.1 W-cm® (b) Associated log(I'?)—
log(P) plot with P expressed in W-cm™.

XC

801 nm NIR excitation could be recorded for solutions of
either [L2Y(hfac),]*, [digEr(hfac);], free [L2]*, or pure
acetonitrile at room temperature (Figure S29).

Taking extreme care for (i) limiting laser exposition time for
avoiding photobleaching (the solution is replaced after each
measurement) and (i) working in front face geometry for
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limiting absorption so that the Lambert—Beer law is obeyed for
the selected incident excitation power intensities P (see
Appendix 3) allows the safe and unbiased record of the
intensity of the upconverted Er(4S,;, — *I;5;,) emission IP
with respect to P (Table S13). The associated log(I*?)—log(P)
plot is roughly linear and returns an average slope of n =
1.81(2) (Figure 10b), which confirms the successive
absorption of two photons according to an ETU mechanism
(Scheme 2). This value is not an integral number; this can be a
consequence of many factors, such as the absorption of the
upconverted emission and the involvement of nonradiative
decays in populating the emissive level.”” It can be compared
with n = 1.51(4) previously reported for [L1Er(hfac),]* in
similar conditions.”® The upconversion process operating in
[L2Er(hfac);]" amounts to ®* = 6.0(1)-107'% at P, = 1.44
W-cm ™%, which is three times larger than ®* = 1.9(2)-107"°
(Pye = 144 W-cm™2) reported for the extended complex
[L1Er(hfac);]," where an additional phenyl ring separates the
dye sensitizer from the erbium activator (Figure 7).%° It is
worth stressing here that the huge absorption of the dye at 801
nm is difficult to make compatible with the use of the
comparative method applied here with front-face geometry for
estimating the upconverting quantum yields (see Appendix 3).
Since the same method was used for [L1Er(hfac),]**" and
[L2Er(hfac);]*, comparison remains pertinent, and Table 2
collects experimental upconversion quantum yields normalized
for P = 25 W-cm™? (assuming the expected linear dependence
of (Iggpnwith P in the absence of the saturation phenomen-
on).®”

Upon excitation at 801 nm, both ETU (® in Scheme 2) and
ESA (® in Scheme 2) mechanisms may competitively
contribute to the light upconversion operating in [L2Er-
(hfac);]*. Their respective modeling for molecular systems
(reminiscent to Scheme 1) returns’” the theoretical quantum
yields summarized in eqs 9 and 10 (@ = emitted photons/
absorbed photons, 4, is the excitation wavelength at intensity
P; h and ¢ are the Planck constant and the velocity of light,
respectively, oy is the absorption crosssection for the i — j
transition on center X, TQ obs 1S the observed excited lifetime of
level li) located on center X (X = dye or Er),

radiative lifetime, and ¢y, is the intrinsic quantum yield of the
doubly excited erbium-centered emissive level responsible for

250 .
ke 1s the

the upconverted signal, Wéye_,Er is the intramolecular global

energy transfer rate constant, Figures S30 and S31).

A

P 1-2
— |og, P
[hC] Er

= 12(ESA) X ¢,

A
Pl _0-1
— |03 P
[hc] dye

I1)
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= n(:{;Pe,Er(ETU) x ¢Er

1)

250 _12)
TEr,obs

(I)EE(ESA) ~ X kEr,radTEr,obs

(9)

1)

up ~ 1 2 2
q)dye, Er (ETU) ~ Wdye - ErWdye —Er ( Tdye, obs)

2-0 _I2)
X kEr,radTEr,obs

(10)
1-2 >

Beyond the ratio afy?l/aEr > 250’000, which greatly
favors ETU over ESA in [L2Er(hfac);]*, the structural
similitude between [L2Er(hfac);]* and [L1Er(hfac);]" (Figure
7) implies equivalent and negligible contribution of ®P(ESA)
to the total upconversion quantum yields in these systems.*’
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Table 2. Upconverted Quantum Yield ®" and Brightness B Recorded for Molecular Complexes in Acetonitrile at Room

Temperature at P, = 25 W-cm™>

compound Aexe/NM € ma/ M—"-cm—1 o B*®?/M~'-cm~! mechanism” reference
[L2Er(hfac);]* 801 194,200 1.1(3) x 1078 2.0(1) x 1073 ETU this work
[L1Er(hfac),]* 801 237,000 3.4(4) x 107° 8.0(8) x 107* ETU 86
[GaErGa(dipy-bzpy);]°* 801 0.074 1.7(6) x 1070 1.3(5) x 1071° ESA 60
[CrEr(py-bzpy),]* 718 0.10 3.5(3) x 1078 3.5(4) x 107 ESA + ETU 60
[CrErCr(dipy-bzpy);]°* 718 0.20 3.8(4) x 1078 7.6(8) x 107 ESA + ETU 60

“ESA = excited-state absorption; ETU = energy transfer upconversion.

The gain by a factor of 3 in the total upconversion quantum
yield in going from [L1Er(hfac);]* to [L2Er(hfac);]* can be
therefore reasonably assigned to an increase in the global

energy transfer rate constants Wéye_,Er (including the ISC

process) contributing to CDEEE'EI(ETU) in the more compact
complex [L2Er(hfac);]* (eq 10). Finally, it is worth reminding
here that the useful parameter for application-oriented
technologies, for instance, as Iight-concentrators,33 relies on
the brightness B*(4) given in eq 3’* and collected in Table 2
(column 5). The maximum value of B*(801 nm) = 2.0(1) X
107 M"-cm™" obtained for [L2Er(hfac);]* overpasses by 7
orders of magnitude the standard erbium-based ESA process
measured in the triple-helical [GaErGa(dipy-bzpy);]®* com-
plex and by almost 6 orders of magnitude that recorded in
[CrErCr(dipy-bzpy);]°" where both single-center erbium-
based ESA and three-center Cr,Er ETU contribute to the
upconverted emission.”’

Bl CONCLUSIONS

Thanks to the delicate synthesis of the oxidizable terdentate
N"N"N binding unit 2,6-bis(1-methyl-1H-benzo[d]imidazole-
2-yl)pyridine-4-thiol (7, Figure 3), the direct connection
between the IR-780 cyanine dye (8) via a single sulfur atom
could be realized in the cationic ligand [L2]*. The benefit of
the later design becomes obvious when one realizes that the
thermodynamic affinities of [L2]* for [Ln(hfac);] (Ln = Eu,
Y) to give the adducts [L2Er(hfac);]" in solution are similar to
those previously reported for the extended [L1Er(hfac);]*
complex, where the dye-lanthanide distance is larger by 40%.
Consequently, close to the quantitative formation of the
molecular nine-coordinate [L2Er(hfac);]*, adducts could be
obtained at millimolar concentrations where the photophysical
investigations are performed. Despite the short single-atom
sulfur connection between the dye and the binding unit
attached to the erbium activator, the absorption and emission
spectra of [L2Er(hfac);]* mainly reflect the characteristics of
the dye and [Er(hfac);] taken separately. Compared with the
free ligand [L2]", the connection of [Er(hfac),] in the compact
[L2Er(hfac);]* adducts opens an efficient pathway for dye-
centered singlet to triplet intersystem crossing (ISC) with kjge"
=7.7(2) x 10° s7! and n}gE" = 49(1)% efficiency (acetonitrile,
293 K). Since dye(#S1) — Er(*ly/,) energy transfer is not
efficient enough to compete significantly with the sum of ISC,
radiative, and non-radiative processes affecting the excited
dye(#S1), the dye — Er sensitization implies dye(zT;) —
Er(41,,/,) energy transfers, which are limited by efficient
competition with the non-radiative relaxation of the low-
energy dye(nT,) induced by some harmonics or combination
bands exploiting the high-vibrational phonon bath existing in
molecular complexes (Scheme 2).°"'°* Consequently, ETU

results upon NIR excitation at 4., = 801 nm to give erbium-
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centered green emission in [L2Er(hfac);]* with quantum
yields and brightness, which are two to three times larger than
the previous landmark settled for molecular upconversion
found in [L1Er(hfac),]*.*® Further gain along this line would
require the connection of several cyanine dyes per erbium
activator, a tricky problem in terms of thermodynamic
stabilities, which is currently under investigation in our
laboratory.
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