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ABSTRACT: Five isostructural 2D metal—organic frameworks (MOFs),  Photo-Active 2D MOFs
based on a photoactive Cu' metallolinker and mixed mono-/dinuclear
secondary building units (SBUs), are reported. The MOFs 1(M) (M = ch:u
Mn, Co, Cu, Zn, and Cd) exhibit broad absorption across the visible-light Copper
spectrum and emission centered at ca. 730 nm. Upon photoexcitation, o

the rigidity of the framework hinders the pseudo-Jahn—Teller distortion
of the metallolinker’s excited state, providing efficient intersystem
crossing into the triplet state. Rapid luminescence quenching in 1(Cu)
and 1(Co) suggests photoinduced electron transfer (PET) to the SBUs,
whereas lifetimes of up to 22.2 ns are observed in 1(Zn). The quantum
yields relative to the parent photosensitizer (PS) decrease for metal nodes
containing transition metal ions with partially occupied d-orbitals but
increase for the d'* systems Cd" and Zn" by a factor of up to 6.
Importantly, the excited state decay rates directly correlate with the occupancy of the [M"(OH,)], moieties in the MOFs providing
nonradiative decay pathways via O—H oscillators. Cyclovoltammetry reveals minor changes in Cu”" oxidation potential, with
excited-state reduction potentials for 1(M) rivalling Ru analogues. These results establish bis(diimine)copper(I) photosensitizers as
viable metallolinkers for MOFs and present a rare example of an isostructural series obtained from a photosensitive metallolinker.
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B INTRODUCTION

Metal—organic frameworks (MOFs) are a novel class of
materials comprising inorganic nodes, or secondary building
units (SBUs), connected via organic linkers and containing
potential voids.' ™ Their tunability at a molecular level allows
for the precise assembly of modulated components in a

With respect to alternative PSs comprising earth-abundant
metals,”” Cu' species in particular have received significant
scientific attention, whereby the best performing PSs can be
divided into two major groups: Diimine-diphosphine copper-
(I) complexes featuring metal-to-ligand charge transfer
(MLCT) transitions in the (near-)visible region and
luminescence that is characterized by relatively long excited-

periodic environment. Thus, MOFs are outstanding candidates
for applications such as gas storage, separation, sensing,
catalysis, and solar energy conversion.” In the latter, notable
advances have been made by moving from band gap
engineering in second-generation MOFs to the incorporation
of photosensitizers (PSs) with long excited-state lifetimes in
third-generation MOFs.® This has enabled the use of metal—
organic materials for sensing, photocatalysis, and artificial
photosynthesis.”~"?

With respect to the conversion of solar energy, Ru- and Ir-
polypyridyl complexes in particular have been utilized as
remarkable PSs and can be immobilized as guests in MOF
pores or as structure-directing metallolinkers.”''*~"" The
latter is typically accomplished by functionalizing the
polypyridyl ligands with carboxylate moieties, yet the use of
Ru- and Ir-metallolinkers in practical application is stifled by
their exceptionally low crustal abundance and the associated
unsustainable and excessive cost requirements.
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state lifetimes, some of which exhibit excited-state reduction
potentials exceeding Ir-PSs.”' > In comparison, bis(diimine)-
copper(I) complexes feature higher extinction coefficients and
MLCT transitions centered in the blue region, but they
generally suffer from shorter excited state lifetimes. The latter
have been widely researched as dyes in dye-sensitized solar
cells (DSCs), where their anchorage to nanocrystalline TiO, is
accomplished by carboxylate/phosphonate functionalization of
the ligand, providing a vast landscape of metallolinkers to be
used in MOF synthesis.”*"*° A particular drawback of Cu! PSs
compared to Ru and Ir analogues are the lability of Cu'—ligand
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bonds and the associated possibility of ligand exchange,” as
well as excimer quenching of the pseudo-Jahn—Teller distorted
excited state by solvents or counterions.””*” In this regard,
their incorporation as metallolinkers in MOFs might lead to
increased stability derived from the framework rigidity.

So far, the use of Cu!'—PSs as metallolinkers remains scarce:
MOF-1040 is a triply interpenetrated analogue of the
archetype MOF-5, utilising heteroleptic Cu'-complexed
bisdiimine [2]pseudorotaxanates as metallolinkers, in which
oxidation and demetallation was accomplished while retaining
the parent framework.’® Moreover, the homoleptic Cu'
complex from 6,6'-dimethyl-2,2'-bipyridine-5,5’-dicarboxylic
acid has been combined with La™ nodes to form a MOF
exhibiting reversible vapor sorption.”’ However, neither of
these systems have been characterized with respect to photo-
and/or electrochemical properties. Recently, the UiO-type
mPT-MOF (comprising mixed quarterphenyl/phenanthryl
linkers and {Zrs} nodes) was post-synthetically modified to
bear diimine-diphosphine copper(I) complexes as PSs, as well
as Co/Fe- or Re-catalysts, to facilitate 2photocataly‘cic H,
evolution and CO, reduction, respectively,’”** yet as synthetic
approaches to MOFs are associated with a certain degree of
serendipity, the preparation of strictly isostructural MOFs with
directly comparable physicochemical properties remains
challenging. Particularly, variable electronic attributes and
ligand-field requirements of the elements across the fourth
period of the periodic table result in significant structural
variations associated with the transition metal nodes, and
inherent photophysical properties of MOFs containing a
specific PS are not directly comparable.****

Here, we report five new 2D MOFs 1(M) (M = Mn, Co,
Cu, Zn, and Cd) assembled from the photosensitive metal-
lolinker [Cu(H,L),]* (H,L = 6,6'-dimethyl-2,2-bipyridine-
4,4'-dicarboxylic acid). As 1(M) are isostructural, the system
provides a unique opportunity to investigate the variation of
node metals and their influence on the photophysical and
electrochemical properties of the resulting framework. The
reported networks exhibit broad absorption across the visible
light spectrum and strong red emission whereby the framework
rigidity suppresses the commonly observed pseudo-Jahn—
Teller distortion of the metallolinker’s excited state. Hence, the
framework structure enables rapid intersystem crossing into
the triplet states, whilst the nature of the transition metal node
determines the photoinduced electron transfer (PET) and
lifetime characteristics.

B RESULTS AND DISCUSSION

As outlined in Scheme 1, 1(M) form in good yields from 1:4
stoichiometric mixtures of in situ assembled [Cu(H,L),]PF;
and M(NO;), in DMF/H,0 (2:1, v/v) at 85 °C, with
trifluoroacetic acid (TFA) added as a modulator. It should be

Scheme 1. Synthesis of 1(M) and Hydrogen Bonding Based
on the Occupancy of [M(OH,),]

oM [
Ho - ;"l
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noted that in the absence of water from the reaction mixture
only dimethylammonium metal formates are formed,*®*” while
higher temperatures lead to the disassembly and oxidation of
the thermally labile Cu' complex. Variation of metal to
metallolinker ratios only affects yield and crystal size but not
the overall composition of the title compounds.

1(M) crystallize as dark red plates with yields based on the
metallolinker between 34% for 1(Mn) and 85% for 1(Zn).
Their single-crystal structures were solved and refined in the
monoclinic space group C2/c with the asymmetric units
(1(Zn) in Figure 1, remaining 1(M) in Figure S1), each

Figure 1. Thermal ellipsoid plots of the asymmetric units in the
coordination polymers 1(Zn) at 50% probability. Partially occupied
moieties drawn with dashed bonds.

comprising one metallolinker as well as a divalent metal ion (M
= Mn, Co, Cu, Zn, and Cd) and a partially occupied
tetraaquametal(II) moiety located on a two-fold symmetry
axis. The coordination environment of the metallolinkers’
central atom Cul is a distorted tetrahedron displaying virtually
identical bond distances (ca. 1.99 and 2.04 A to the pyridine
moieties with uncoordinated and coordinated carboxylates per
L, respectively) and ligand bite angles (ca. 82°) throughout the
1(M) series (Table S3), with non-crystallographic C,
symmetry. The dihedral angle ¢ around Cul deviates from
orthogonality by 0.4° in 1(Zn) to 2.1° in 1(Cu), less when
compared to 2.9° observed in [Cu(Me,L),]PFs*® Methyl
groups in the 6,6'-positions of H,L provide steric shielding of
Cul, facilitating retention of its oxidation state at +1. The
SBUs of 1(M) (Figure 2) are composed of a divalent metal ion
coordinated in a tetrahedral fashion (seesaw for Cu) by four
carboxylate functionalities which are partially capped by a
tetraaquametal(II) moiety, in which the central metal ion is
coordinated in a distorted octahedral fashion. Yet, due to
spatial constraints in the packing (Figure S2), i.e., overlapping
tetraaquametal(II) moieties of SBUs adjacent along b, only one
of the chemically equivalent but crystallographically distinct
[M(OH,),] moieties can be occupied at a time. Interestingly,
[M(OH,),], only occupies one potential site for 1(Mn) and
1(Co), whereas they are disordered with approximate ratios of
1:1 for 1(Cu) and 1(Zn) and 3:1 for 1(Cd) (Table S2).
The two-fold connection of each Cu' metallolinker to two
four-connected SBUs results in corrugated 2D nets that extend
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1(Mn)

1(Co)

Figure 2. Coordination polyhedra of the divalent metal ions in 1(M)
and occupancies of respective [M"(OH,)] moieties. Note that only
up to one tetraaquametal(II) site can be occupied per SBU.

parallel to the (001) plane, which are characterized by the
topological symbol sql. Packing diagrams of these monolayers
and stacked nets are portrayed in Figure 3. Moreover, the non-
coordinating carboxylate moieties of L exhibit varying degrees
of protonation depending on the tetraaquametal(I) occupancy
x (in order to achieve charge balance) and engage in strong
hydrogen bonds with their equivalents that are generated
through inversion symmetry. These H-bonds interconnect the
2D coordination networks, whereby the metallolinkers can be
envisaged as four-connected nodes. The topology of the
resulting 4,4-connected binodal 3D net gives rise to a point
symbol {6.8*}{6*.8%},. Additional hydrogen bonding involving
the [M(OH,),] moieties leads to a 6,10-connected 3D net
with the point symbol {3%.47.5%.6},{3°4'%.5'7.6°} (Figure S3).

The packing in 1(M) is quite dense but features solvent
pockets filled with approximately 0.75 molecules of DMF and
0.5—1 molecules of water per metallolinker. On top of the
aforementioned coordination and hydrogen bonds, parallel
displaced m—m-stacking is observed between bipyridyl moieties
of adjacent layers that displays centroid-centroid distances of
approximately 3.7 A.

Powder X-ray diffraction (PXRD) reveals that 1(M)
crystallize phase pure (Figure S4). The M/Cu ratios in
1(M) where investigated by energy-dispersive X-ray spectros-
copy (EDX, Figure S7—S10) and are in accordance with the
values obtained from single crystal X-ray diffraction analysis,
with observed (calcd) mole ratios of 1:1 (0.96:1) for 1(Mn),
0.82:1 (0.88:1) for 1(Co), 0.71:1 (0.75:1) for 1(Zn), and
0.78:1 (0.82:1) for 1(Cd). Moreover, the Fourier-transform
infrared (FTIR, Figure SS) spectra of 1(M) are virtually
identical, exhibiting differences between averaged asymmetric
and symmetric carboxylate vibrations typical for bidentate
bridging modes, i.e, 203 cm™" (1(Mn), 1(Co)), 205 cm™
(1(Cu), 1(Zn)), and 202 cm™ (1(Cd)).*”

[Cu(H,L),]" is a well-established photosensitizer in DSCs,
where it is adsorbed onto TiO,.** To investigate whether it
retains its optical properties upon immobilization in MOFs,
solid-state photophysical studies were carried out on [Cu-
(H,L),]PFs and crystals of 1(M). The absorption and
emission spectra of [Cu(H,L),]PF and crystals of 1(M), as
well as their photoluminescence decay profiles are presented in
Figure 4. Solid [Cu(H,L),]PF exhibits broad absorption
across the visible spectrum, and its MLCT band displays a
bathochromic shift of 23—505 nm, when compared to
[Cu(H,L),]Cl in MeOH.* The photophysical data demon-
strates that the key attributes of [Cu(H,L),]" are maintained
within 1(M), whereby only minor differences are observed
within the series of compounds. The MLCT transitions are
identical with that of [Cu(H,L),]Cl in MeOH at 483 nm (S,
« 8,)."%*" A second band centered at 558 nm and a shoulder
showing strong absorption up to 630 nm and tapering off at
700 nm likely stem from the S; « S transition which reveals
increased absorption due to reduction of symmetry."'

When excited at 405 nm, solid [Cu(H,L),]PF, exhibits a
broad emission spectrum that extends over 200 nm in the red
region, peaking at 728 nm. All 1(M) exhibit similar
photoluminescence (PL) behaviour, with the exception of
1(Cu) which is essentially non-emissive. The spectra of 1(Co)

Figure 3. (a) View onto single layers in 1(Mn) (Cu'-based metallolinker: orange; SBUs: pink). (b) Partial and full topological reductions to a
corrugated mesh wire and the underlying sql net (green). (c) View onto monolayers in 1{Mn) in the direction of the crystallographic b-axis and

their partial topological reduction (d).
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Figure 4. Bright- and dark-field images of crystals of 1(M) used for solid-state photophysical investigations (a). Vis absorption spectra (b), steady-
state emission spectra (c), and normalized photoluminescence decays (d) of [Cu(H,L),]PF, and the coordination polymers 1(M). The inset
shows the initial decay characteristics. Samples were excited at A, = 405 nm with P, = 0.2 gW.

and 1(Zn) are virtually identical with that of [Cu(H,L),]PF,,
whereas 1(Mn) and 1(Cd) exhibit additional bands which
appear as shoulders at ca. 780 nm (Figure S6). Taking into
account the relative PL and relative absorption, the 1(Zn)
sample has a quantum yield (QY) almost six times that of the
[Cu(H,L),]PF, sample, while the relative QYs of the 1(Co)
and 1(Mn) are respectively 0.2 and ~0.6 times that of
[Cu(H,L),]PF,, and 1(Cd) has a relative QY of ~1.2 (Table
1).

Time-resolved photoluminescence decays of [Cu(H,L),]-
PFg and 1(M) show fast initial decays of the 'MLCT states,

Table 1. QYs and MLCT-State Decay Rates of 1(M)
Relative to [Cu(H,L),]PF;

compound (7) [ns] Ly Y
Qe kfref

[Cu(H,L),]PF, 26.8
1(Mn) 112 0.6 14
1(Co) 3.0 02 19
1(Zn) 22 59 72
1(Cd) 10.0 12 33

which occur on the picosecond time scale but could not be
resolved as they overlap with the instrumental response
function (IRF). The residual photoluminescence associated
with the MLCT state did not decay in a mono-exponential
fashion, and their average lifetimes (7) were extracted from a
biexponential fit (see Table S4). [Cu(H,L),]PF, exhibits an
average lifetime of the triplet state of 26.8 ns. For 1(Cu) and
1(Co), excitation of the metallolinker is followed by rapid
electron transfer to the SBU, effectively quenching the
photoluminescence. For the former, quenching occurs excep-
tionally fast so that no meaningful lifetimes could be extracted,
while the latter exhibits an average lifetime of 3.0 ns. PET to
the SBUs in 1(Mn) and 1(Cd) is stifled, leading to longer
average lifetimes of 11.2 and 10.0 ns, respectively. Interestingly,
the transition to the triplet state is fastest in 1(Zn), which
exhibits an average PL lifetime of 22.2 ns. Notably, the
transition from the fast-decaying singlet to the slow-decaying
triplet state, i.e., intersystem crossing (ISC), occurs faster in
1(M) when compared to the parent PS, especially for 1(Zn).
This is due to a dependency of 75 on the dihedral angle ¢,
ie., the less ¢ is distorted from orthogonality (or flattens due
to formal oxidation of the Cu center upon excitation), the
faster the ISC occurs. This observation is in agreement with
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the literature.*” The suppression of this distortion is commonly
accomplished using bulky substituents in the 2,9- and 6,6’-
positions of phenanthrolines and bipyridines, respectively,
which is accompanied by longer Cu—N bonds and further
destabilization of the already labile complexes.””** In the
extended networks of 1(M) however, the flattening distortion
of the excited state is suppressed by the intrinsic framework
rigidity.

The QY can also be expressed in terms of the PL decay

rates, QY = L, where k, and k, are the radiative and

k +k,,

nonradiative decay rates, respectively. The total decay rate, 7~
=k, + k,,, was estimated from the biexponential fit, as given in
Table S4. Using the relative QY, the relative radiative decay
rates were determined (Table 1). This is only considered for
the SMLCT state, as no meaningful PL lifetime can be

measured from the initial fast decay. In this case

Ko _ Tt

1

kr QY ref ™

ref

where the reference refers to [Cu(H,L),]PF. Interestingly, the
decay rates of 1(M) are higher compared to that of
[Cu(H,L),]PF, and seem to be inversely proportional to the
occupancy of the [M(OH,),] moieties. This is counterintuitive
with respect to framework rigidity, which should increase with
the amount of bridging carboxylates and thus further inhibit
the flattening distortion of the excited metallolinker. However,
a higher [M(OH,),] content also provides additional pathways
for nonradiative deactivation, as a result of more coordinated
water molecules.**

Furthermore, we investigated the electrochemical behaviour
of [Cu(H,L),]PF, when immobilized in 1(M) (Figure S and

[Cu(H,L)IPFg
50 pA] Mn

Co
Cu
Zn
—Cd

T
10  -05 0.0 0.5 1.0 15 2.0 2.5
E/V (vs. Fc)

Figure S. Cyclic voltammograms of [Cu(H,L),]PFs and 1(M).
Samples were drop-cast onto a glassy carbon electrode and fixed with
Nafion ink. A 0.1 M nBu,PF; MeCN solution was used as electrolyte.
Scan rates were 250 mV s™! (500 mV s~ for 1(Zn)).

Table 2). The Cu”! oxidation of [Cu(H,L),]PF, is observed
at 0.45 V vs. ferrocene (Fc) and is quasi-reversible, which is in
accordance with reported data in MeOH." Upon immobiliza-
tion in the MOFs 1(M), the oxidation becomes electrochemi-
cally irreversible due to electron transfer limitations between
the material and the electrode. If the divalent metal ion is Mn™
or Cd", then the oxidation potential is reduced to 0.42 V,

Table 2. Oxidation (E,,) and Excited State Reduction (E,})
Potentials of [Cu(H,L),]PFs and 1(M) (vs Fc"*, in V)

[Cu (H,L),]

PF, 1(Mn) 1(Co) 1(Cu) 1(Zn) 1(Cd)
E, 045 0.42 0.51 0.56 0.53 0.42
EX, -1.25 -128 -119 -114 -117 —128

whereas for Co', Cu', and Zn" it increases by 0.06—0.11 V.
The excited state reduction potential E¥; can be deduced by
the subtraction of the excited-state luminescence energy E,
from the electrochemical ground-state potential, viz. EXy = E
— Eg. " Assuming unitary charge transfer of Ey, = 1.70 V,
excited-state reduction potentials between —1.28 and —1.14 V
are obtained, making 1(M) indeed comparable to
[Ru"(bpy),]**-sensitized MOFs.

B CONCLUSION

In conclusion, 1(M) represents an isostructural series of 2D
MOFs assembled from a Cu'—PS metallolinker. As a rare
example of an isostructural MOF series featuring a photo-
sensitive polypyridyl-metallolinker, 1(M)-based MOFs grant
unique insight into the variation and influence of node metals
onto the photo- and electrochemical properties. Incorporation
of the PS in 1(M) leads not only to a broader absorption of
visible light, but the frameworks’ rigidity also allows for more
efficient ISC. MLCT lifetimes of the metallolinker are
retained when coordinated to Zn'", whereas fast PL quenching
is observed for Co" and Cu", due to photoinduced electron
transfer. The QYs relative to the parent PS decrease for metal
nodes featuring unpaired electrons, but they increase for Cd"
and up to almost six-fold for Zn". It is important to note that
the excited-state decay rates correlate with the occupancy of
the [M"(OH,)], moieties in the MOFs facilitating non-
radiative decay pathways via O—H oscillators. Upon
incorporation into the 1(M) frameworks, electrochemical
properties of the metallolinker are largely retained, with
excited-state reduction potentials being on par with those of
polypyridyl-Ru analogues. Hence, these results establish Cu'
dyes as potent earth-abundant substitutes for precious metal
complexes as metallolinkers for photosensitive MOFs. Future
efforts are directed towards the application of 1(M) in
photocatalysis as well as the incorporation of further Cu'
dyes into earth-abundant photosensitive materials.

B EXPERIMENTAL SECTION

Synthesis of [Cu(H,_,L),Mys1IM(OH,),I, (1(M)). [Cu-
(MeCN),]PF, (37.27 mg, 0.1 mmol) was added to H,L (54.45 mg,
0.2 mmol) in DMF (20 mL) resulting in a crimson solution. To an
aqueous solution of M(NOs;),-yH,0 (0.4 mmol, 20 mL), trifluoro-
acetic acid (TFA, 0.8 mL), and DMF (20 mL) were added. Both
solutions were combined, stirred, and divided into three 20 mL crimp
vials with butyl rubber seals. The reaction mixture was heated to 80°C
in a pre-heated oven for 16 h (43 h for 1(Co)). Subsequently, the
reaction mixture was cooled to room temperature, and the deep dark
red crystals were filtered, washed with DMF (10 mL), H,O (10 mL),
MeOH (10 mL), and dried in air, yielding the following:

e 1(Mn), x = 0.47: Mn(NO;),-4H,0 (100 mg). Yield: 24 mg
(34%).

e 1(Co), x = 0.38: Co(NO;),"6H,0 (116 mg). Yield: 34 mg
(49%).

e 1(Cu), x = 0.14: Cu(NO;),-3H,0 (96 mg). Yield: 40 mg
(60%).

e 1(Zn), x = 0.25: Zn(NO;),-6H,0 (119 mg). Yield: 57 mg
(85%).
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e 1(Cd), x = 0.32: Cd(NO;),"4H,0 (124 mg). Yield: 56 mg
(76%).

For further characterizations, see Supporting Information.
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