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In this work we describe a new strategy for designing photoluminescent Cu(l) complexes. At its core are simple cyclophane

inspired N-donor ligands featuring intramolecular interactions between aromatic units within a single molecule. Variation
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of the steric bulk inflicted a change of intramolecular stacking distances, that in turn affected the emission colour of

copper(l) complexes tunable in a 0.5 eV range from green to red. As the interactions driving emission are confined to the

single molecule, no intermolecular aggregation is required to enable photoluminescence in solution, pristine crystals, or

solution-cast polymer films. Crystallographic study provides a link between the spatial proximity of the aromatic rings of

the ligands (ranging from 3.349 to 3.731 A) and the enhancement of emission efficiency, which increases dramatically

from 0.02 to 0.78 at 296 K as the rings spacing contracts. Photophysical and theoretical analyses confirm the involvement

of intramolecular interactions in the formation of the emissive state and describe the observed phenomena on a

molecular level.

Introduction

The vast class of photoluminescent (PL) compounds holds
great importance in modern technology. Comprised of purely
organic molecules or transition metal complexes, luminescent
compounds have found broad application in light emitting
devices,1 smart materials for sensing2 and imaging
applications.3’ * As the demand for such emitters steadily
grows, new strategies for designing PL materials and
modulating their properties become increasingly important.

Conventional transition metal (TM)-based luminophores
rely heavily on the use of m-extended ligands required to
create the desired bandgap that facilitates excitation and
emission. This design strategy yielded remarkably efficient PL
complexes with recent examples including Ir,5 Pt,6’7 Zn,8 and
AU°. Since noble metals currently comprise the most numerous
class of TM-based PL complexes, the search for a cheap yet
efficient and sustainable alternative remains an important
objective.10

Over the last two decades, Cu(l) complexes have been
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recognized as a sustainable alternative to noble metal-based
PL materials."*™ These compounds include mono- and
binuclear complexes with chelating phosphines,ls'18
mononuclear phenanthroline-w'21 or diimine-based
complexes22 and trigonal NHC-based and amide-bound
Iigands.za"29 Similar to the rest of the TM-based emitters, the
control over emissive properties in Cu(l) compounds is
typically achieved by tuning the electronic properties of their
Iigandsao’ 3 or addressing the ligand conformational
dynamics.32 This implies that the emission of TM-complexes
mainly relies on covalent interactions within one molecule
while the intermolecular and non-covalent interactions

typically remain unutilized.

Aggregation-based This Work
emmiters
= Na macrocyclic ligand Cu(l) emissive complexes
Y
driven by intermolecular +intramolecular stacking 4 tunable emission color
interactions + tunable ring spacing + no aggregation required

=require aggregation

Figure 1. Comparison between inter- and intramolecular interactions as the driving
factor for photoluminescence. Structure of L1 pyridinophane macrocycle (N,) adopted
from Ref. 33.

One conceptually opposite approach for designing PL
compounds makes use of the intermolecular non-covalent
interactions. Coined in 2001 by Tang, this strategy is referred
to as Aggregation Induced Emission (AIE) and it exploits the
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intermolecular arrangement in solid or aggregated state to
enable photoluminescence.34' 3 This arrangement can, for
example, restrict the molecular motions responsible for non-
radiative relaxation or induce photoluminescence in m-1t
stacked assemblies that emit when aggregated in contrast to
the non-emissive isolated molecular state.

The AIE behaviour is not limited to organic dyes and can be
found in TM complexes. For example, non-covalent
interactions were found to contribute to emission of Zn, Au,
Pt, Ir, Al and Cu compounds.36'41 However, with very few
exceptions,“’ “3 the non-covalent interactions involved in
modulating photoluminescence are intermolecular and
therefore are highly sensitive to the structure of the bulk
material and thus hard to control and rarely translated to
solution state.

Potentially one can overcome the limitations of the AIE
approach if the non-covalent interactions driving the emission
are intramolecular and therefore not affected by
intermolecular arrangement. Such intramolecular interactions
can be found in pyridinophane macrocycles (e.g. N,N’-dialkyl-
2,11-diaza[3.3](2,6)-pyridinophane, Figure 1). For example, the
N-tert-butyl substituted pyridinophane ligand is
conformationally flexible in transition metal complexes“' 43
and features tight m-m spacing of 3.275 A between two
pyridine rings in the solid state in the free ligand (Figure 1). If
the interaction between non-conjugated pyridine rings can be
utilized to enable emission in TM-complexes, the use of
pyridinophane ligands would mark a conceptually new strategy
for designing emissive TM complexes based on purely non-
covalent interactions.

In this work, we demonstrate that such intramolecular
interactions can be successfully employed to design a new
class of photoluminescent Cu(l) complexes. The colour and
quantum yield of the emission could be altered by controlling
the conformation of the pyridinophane macrocyclic ligand by
simply varying N-substituents (R group, Figure 1). Namely, the
variation of the spatial proximity of two non-conjugated
pyridine rings within the macrocycle allowed for emission in a
wide range of 524-665 nm with the quantum yield reaching
0.74 at room temperature. The photoluminescence of the
complexes most emissive in the solid state was also
successfully translated to dichloromethane solutions, thus
overturning the prerequisite for emitters driven by the non-
covalent interactions to be in the aggregated state.

Experimental Section

All manipulations unless stated otherwise were performed
using Schlenk or glovebox techniques under dry argon
atmosphere. Anhydrous solvents were dispensed from an
MBRAUN solvent purification system and degassed prior to
use. Anhydrous deuterated solvents were purchased from
Eurisotop and stored over 4A molecular sieves. All chemicals
unless noted otherwise were purchased from major
commercial suppliers (TCl, Sigma-Aldrich and Nacalai Tesque)
and used without purification. Ligand L1,33 2,11-
diaza[3.3](2,6)pyridinophane (LNH)46 and NaBArF (sodium
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tetrakis[3,5-bis(trifluoromethyl) phenyl]borate)47 were
prepared according to literature procedures. [Cu(MeCN),]*
precursors were prepared by dissolving Cu,O in acetonitrile
solutions in the presence of aqueous HBF, or HPF; followed by
two consecutive recrystallizations from cold acetonitrile.*®
Polymer blends of complexes 4-6 were prepared by mixing
saturated solution of 2-3 mg of the corresponding complex in
CH,Cl, with 1 mL of PMMA (poly(methyl methacrylate))
solution in CH,Cl, containing ca. 100 mg of the polymer. The
films were prepared from these blends by drop casting in a
rectangular PTFE mold followed by drying in vacuo.
Instrumentation: NMR spectra were measured on JEOL
ECZ600R 600MHz, JEOL ECZ400S 400 MHz and Bruker Avance
Il 400 MHz spectrometers. Full spectra are available from the
Supporting Information. Electrospray lonization Mass
Spectrometry (ESI-MS) measurements were performed on a
Thermo Scientific ETD apparatus. Elemental analyses were
performed using an Exeter Analytical CE440 instrument.

The photoluminescence  measurements in  degassed
dichloromethane solutions at varying concentrations were
performed using a Hitachi F7000 apparatus. Absorbance
spectra were collected using an Agilent Cary 60 machine.
Photoluminescence lifetime measurements were performed
using the second harmonics of Spectra-Physics Mai Tai pulsed
laser and a Hamamatsu Photonics Streak Scope camera. The
decay data were fitted with a single exponential decay
function unless specified otherwise. The same laser light
source equipped with a Thorlabs 1S236A integrating sphere
and an OceanOptics USB4000-ES spectrometer was used for
quantum yield measurements in solutions (CH,Cl,, ¢=0.5-1
UM) and in the solid state. The accuracy of quantum yield data
was confirmed using a Hamamatsu Photonics Quantaurus-QY
system that established the variations in absolute QY to be
within 5% for solid and solution samples. Emission spectra
were recorded using OceanOptics USB4000-ES (solutions,
Figure 6B) or Hamamatsu Photonics Streak Scope camera
(solids, Figure 6A). The IR spectra were recorded using Cary
630, ATR module. Cyclic voltammetry (CV) studies were
performed with an ALS/CHI Electrochemical Analyzer 660E.
Electrochemical grade NBu,ClO, supplied by Sigma-Aldrich was
used as the supporting electrolyte. Electrochemical
measurements were performed under nitrogen after the
sample solutions were purged with nitrogen for 10 minutes. A
glassy carbon disk electrode (GCE; d = 1.6 mm) was used as the
working electrode, and a Pt wire as the auxiliary electrode. The
non-aqueous Ag-wire reference electrode assembly was filled
with 0.01 M AgNO3/0.1 M NBu,ClO,/MeCN solution. The
reference electrodes were calibrated against ferrocene. The
ferrocene peak separation in acetonitrile and in CH,Cl, solution
was 105 and 210 mV at 23 °C, respectively.

Methods used for DTF calculations and optimized geometries
can be found in section S4 of the Supporting Information.

X-ray diffraction data for single crystal samples was collected
on a Rigaku XtaLlab PRO instrument using graphite
monochromated MoKa radiation (0.71073 A) at -180°C.
Fragments of the main residues of complexes 2, 3 and 6 and
anionic fragments in 3 and 6 were disordered and reported in

This journal is © The Royal Society of Chemistry 20xx
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full in the Supporting information. Complex 2 crystallizes as an
acetonitrile solvate. Complex 3 contained two independent
molecules in the asymmetric cell. Section S5 of the Supporting
Information contains full experimental details regarding data
collection and structure refinement.

Results and Discussion

Synthesis and structure.

Pyridinophane macrocycles can be prepared with various
alkyl or functionalized substituents using modifications of
known synthetic protocols.33’ “ We produced a set of ligands
bearing bulky tert-butyl substituents (L1) and less bulky ester
(L2) and alcohol functionalized (L3) side chains. In acetonitrile
solutions L1-L3 rapidly react with [Cu(MeCN),]" precursors to
form bright orange solutions of cationic acetonitrile complexes
1-3 (Scheme 1).

R
[Cu(MeCN),J*
MeCN

R
Li:R=Bu

Ly: R = -CH,-CH,-C(O)OEt
Ls: R = -CHy-CHy-CH,OH

1-PFg
1-BF,

Scheme 1. Synthesis of cationic Cu complexes 1-3
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Figure 2. Solid state structures of cationic Cu complexes 1-3. Thermal ellipsoids are
shown on 50% probability level, hydrogen atoms, minor disordered fragments, solvent
molecules and anions are omitted for clarity. Ring-ring spacing given for centroids,
substituents at amine groups are omitted in the side view projections. For complex 3
containing two molecules per the asymmetric cell only one molecule is shown. Selected
bond lengths and angles (A, °): 1PFs: Cul-N1 2.089(2), Cul-N2 2.099(2), Cul-N3
2.444(2), Cul-N4 2.470(2), Cul-N5 1.901(2), N1-Cul-N2 80.38(9); 2: Cul-N1 2.084(2),
Cul-N2 2.048(2), Cul-N3 2.341(2), Cul-N4 2.400(2), Cul-N5 1.869(2), N1-Cul-N2
82.71(8); 3: Cula-Nla 2.0770(17), Cula-N2a 2.1006(17), Cula-N3a 2.3687(17), Cula-
N4a 2.3963(17), Cula-N5a 1.8840(18), N1a-Cula-N2a 82.13(6).

Complexes 1-3 readily crystallize to yield analytically pure
solids suitable for single crystal X-ray diffraction studies. Figure
2 shows the solid state structures of these cationic complexes.
In all instances the macrocyclic ligand adopts the boat-boat
conformation and binds in a k*-mode with pyridine units
occupying two equatorial positions in the complex with
trigonal bipyramidal geometry. We found that the variation of
counterion in 1 had little effect of the structure of the

This journal is © The Royal Society of Chemistry 20xx

complex. Pyridine ligands in the axial plane feature Cu-N
distances 19-21A - a
pentacoordinate Cu(l) spet:ies.49 As expected, amine donors of

within common value for
all macrocycles occupy axial sites of the bipyramid and have
slightly longer Cu-N bonds of ca. 2.4 A Potentially weaker
bonding between the amine donors and the metal in both
complexes 1 is manifested in the elongated Cu-N distances in
these complexes compared to their less sterically hindered
counterparts 2 and 3 (A > 0.044 A).

An intriguing feature of complexes 1-3 in the solid state is
rings within the
macrocyclic ligand that may enable the intramolecular
interaction between these aromatic units. Interestingly, the
pyridine units of these cationic complexes are packed tighter
in complexes with greater steric bulk of the substituents at the
amine groups of the macrocycle (Figure 2). Namely, the 3.475
or 3.495 A distance between centroids of pyridine units in
complexes 1 is ca. 0.16-0.18 A shorter than that in the less
sterically hindered complex 2 (3.657 A). This trend is also
associated with a drastic change of the angle formed between

the tight placement of the pyridine

the pyridine unit planes — the latter is ca. 14% smaller for
complexes 1 compared to complex 2. Taken together, these
features suggest that the macrocyclic ligands with high steric
hindrance at amine donors allow for shorter intramolecular
contacts between pyridine units that can enhance their
interaction. Although the characteristic distance between the
centroids of two pyridine units in complexes 1-3 is longer than

that in the free L1 (Figure 1), only a few known complexes of

N,N-dialkyl-2,11-diaza[3.3](2,6)-pyridinophane complexes have
51-53

been reported to have similar Py-Py distances.

L:R="Bu
La: R = -CHy-CH,-C(O)OEt

1/2 eq NaBArF in CH,Cl,

Scheme 2. Synthesis of tetragonal halide complexes 4-6

In attempt to further alter the intramolecular contact
between aromatic units within Cu complexes we aimed at
changing the coordination geometry at the metal center. In
copper complexes this can be done by utilizing soft donor
ligands that promote the formation of tetrahedral complexes
where the pyridinophane ligand would be present in a boat-
chair conformation. Indeed, reactions of copper iodide with
ligands L1 and L2 (Scheme 2) rapidly resulted in the formation
of corresponding iodide complexes 4 and 5 that are readily
crystallized yellow-orange, analytically pure
Furthermore, inspired by recent remarkable examples of
luminescent compounds based on Cu,l, and Cuyl, cores®® 3 3%
> we attempted the preparation of dinuclear complexes
ligated by L1. Reaction of complex 4 with 0.5 equivalents of

as solids.

NaBArF as the iodide abstraction agent in dichloromethane

J. Name., 2013, 00, 1-3 | 3
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results in rapid precipitation of sodium iodide and formation of
complex 6 (Scheme 2).

X-ray structure analysis tetrahedral
coordination geometry in complexes 4-6. The macrocyclic
ligand in all complexes adopts a boat-chair conformation and

confirms  the

binds in a k*>-fashion with one amine donor group not bound to
copper center. Complexes 4 and 5 have nearly identical Cul-
N3 bond lengths that implies very similar donor ability of the
amine ligands of the macrocycles L1 and L2. Consequently, the
remote ester group as expected has little effect on the
donating strength of the amine group, but rather influences
ligand conformation via its reduced steric hindrance. Finally,
complex 4 features the shortest distance of 3.349 A between
the centroids of the two pyridine rings among all the
complexes studied in this work. The angle between two
pyridine rings in 4 is 28.25° that is significantly smaller than the
angle in complex 5, where the pyridine rings are aligned at
43.23°,

6vee
5282
zeLe
€zer

<

Figure 3. Solid state structures of neutral Cu complexes 4, 5 and 6. Thermal ellipsoids
are shown on 50% probability level, hydrogen atoms, minor disordered fragments and
BArF anion in 6 are omitted for clarity. Ring-ring spacing given for centroids,
substituents at amine groups are omitted in the side view projections. Selected bond
lengths and angles (A, °): 4: Cu1-N1 2.1292(16), Cu1-N2 2.1518(15), Cul-N3 2.2158(16),
Cul-11 2.4907(3), N1-Cul-N2 78.64(6); 5: Cul-N1 2.1153(16), Cul-N2 2.0887(17), Cul-
N3 2.2235(16), Cul-I1 2.4711(3), N1-Cul-N2 81.63(6); 6: Cul-N1 2.0812(13), Cul-N2
2.1395(14), Cu1-N3 2.2153(13), Cul-11 2.4904(2), N1-Cul-N2 80.12(5).

Almost exclusively, the shortest contacts between the
aromatic groups of 1-6 in the solid state are intramolecular.
For example, the X-ray diffraction data suggests that
complexes of L1 and L3 have no intermolecular Py-Py contacts
in the crystalline state. However, complexes 2 and 5 in solid
state demonstrate short intermolecular distances between
parallel displaced pyridine wunits in addition to the
intramolecular contacts. The shortest intermolecular Py-Py
centroid distances of 3.616 A (plane shift of 1.572A) and
4.740 A (plane shift of 3.305A) were found in 2 and 5,
respectively (see Figure S52 in the Supporting Information).
Being similar to the intramolecular Py-Py distance, these
structural features may potentially impact the properties of
crystalline 2 and 5.

The comparison of infrared spectra of solid samples
complexes 5 and 2 show the presence a C=0 stretching band
at 1718 cm™ and 1722 em™, respectively, typical for carbonyl
group of aliphatic esters. IR spectra of cationic complexes 1PFg,
2, and 3 exhibit strong band at ~830 cm'l, corresponding to a

4| J. Name., 2012, 00, 1-3
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non-coordinated PFg counterion. At the same time, complex
1BF, features strong bands at 1045 cm™ and 1030 cm™ due to
the presence of the BF, counteranion, while the region
between 1650 cm™ and 1410 cm™ corresponding to pyridine
ring vibrations remains essentially unchanged as compared to
1PF;. In addition, complex 3 featuring OH groups exhibits free
and hydrogen-bound OH stretching vibrations at 3593 em™
and a broad band at ~3416 cm"l, respectively.

Complexes 1-6 in solution.

Having observed the remarkable difference in structural
properties of 1-6 in the solid state we further studied how
these differences are manifested in solution using NMR
spectroscopy. Upon complexation with [Cu(MeCN),]* the
geminal protons of pyridylmethylenic groups in L1-L3 lose
equivalency and appear in "H NMR spectra at § 4.65 and 3.43
ppm in CD3CN as two doublets with 2JHH =15.2 Hz (See Section
S2 of the Supporting Information). The macrocyclic ligand in
complexes 2 and 3 coordinates exclusively in the k*fashion
that is evidenced by the C,, symmetry within the ligand moiety
observed by 'H NMR at 23 °C. Unlike 2 and 3, complexes 1BF,
and 1PFg feature broad resonances in 'H NMR at 23 °C that
resolve at -5 °C. Interestingly, a minor isomer with a i binding
mode could be observed in complexes 1BF, and 1PFg in a
|<3/|<4= 28.5/71.5 ratio. This conformation is easily
distinguished from its K* counterpart owing to the loss of
symmetry within the macrocyclic ligand. Namely, the two
pyridine backbone protons at meta positions appear as
separate doublets and pyridylmethylenic protons appear as
four doublets with different coupling constants 2JHH of 13 and
15.2 Hz in CD3CN. We attribute this behaviour of L1-ligated
complexes to the increased steric hindrance imposed by tert-
butyl substituents that may hinder formation of the k* isomer
and lead to the observed exchange.

In agreement with the X-ray diffraction data, the 'H NMR
analysis of iodide complexes 4-6 confirms their tetrahedral
geometry in CD,Cl, solution (See Supporting Information). This
can be deduced from a distinct change of the ligand backbone
symmetry in solution when compared to complexes 1-3
described above. Namely, the pyridine backbone protons in
complex 4 appear as a sharp triplet at 6§=7.25 ppm
corresponding to the proton at para position while meta-H
resonances appear as a broad feature at room temperature. At
-35 °C it resolves into two doublets at § =6.86 and 6.65 ppm
with identical 3JHH =7.7 Hz. Methylene groups on the
macrocycle appear as four doublets consistent with a Cg
symmetric structure. Two separate signals are also observed
for N'Bu groups. The 'H NMR spectrum of 6 is nearly identical
to that of 4 with the exception of resonances of BArF
counterion appearing as singlets at § = 7.71 and 7.54 ppm.

Interestingly, complexes 4-6 are dynamic on the NMR
timescale and their resonances are broadened at 23 °C. While
the dynamics in 4 and 6 does not involve changes in the
coordination mode of the ligand, complex 5 in
dichloromethane solution exists as a mixture of a major
tetrahedral complex and a minor trigonal bipyramidal complex
in a 61/39 ratio at -35 °C. Resonances of complex 5 in 'H NMR
coalesce at ca. 10 °C, suggesting a higher exchange rate in

This journal is © The Royal Society of Chemistry 20xx
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CD,Cl, in 5 compared to complex 4 with the coalescence
temperature of 25°C (See Figures S27 and S32 in the
Supporting Information).

Current, pA

T+ 1 T T
1.0 0.5 00 -05 -10 -15 10 0.5 0.0 05 -10

Potential, V vs Fc/Fc”

Figure 4. Cyclic voltammograms of solutions of complexes 1PFg (1 mM) and 2 (1.2 mM)
in 0.1M N Bu4ClO4/CHsCN at 23 °C and -35 °C. Scan rate 100 mvsY; 1.6 mm glassy
carbon disk electrode.

Conformational equilibria in acetonitrile solutions of 1 and
2 can also be readily observed with cyclic voltammetry when
temperature is varied. At 23 °C, both 1PFg and 2 show an
oxidation wave in MeCN solution with large separation
between anodic and corresponding reverse cathodic waves
(Figure 4). Similar E;; =-222.5mV and -229.5 mV vs. Fc/Fc*
measured at 23 °C for complexes 1PFg (Figure 4, left, red line)
and 2 (Figure 4, right, red line) respectively, implies that the
electronic properties of the remote ester functional group do
not significantly affect the electronics at the metal center. In
line with NMR data that suggests the existence of two
conformations in 1PFg, at-35°C this complex features two
oxidation waves, at 59 and 640 mV vs Fc/Fc’, assigned to the
species with k*- and x*-bound ligands respectively (Figure 4).50
By contrast, complex 2, shown to exist as a single conformer in
solution by 'H NMR, correspondingly revealed a single
oxidation event even at -35 °C (Figure 4).

Photophysical studies.

Complexes 1-6 absorb light in near UV region in the solid
state. Microspectrophotometry analysis of crystalline samples
revealed the broad absorption bands in the 300-500 nm range
with peak maxima of ca. 395-420 nm (see Figure S37 in the
Supporting Information). When dissolved in CH;CN or CH,Cl,,
complexes 1-6 feature similar intense absorption bands in the
deep UV region at 250-300 nm associated with ligand e
transitions and less intense broad metal-to-ligand charge-
transfer bands at 395-400 nm (see Figure 5 and Figure S38 in
the Supporting Information). The free ligands L1-L3 shows
similar m-m  transitions at 260-270 nm, having negligible
absorption above 300 nm (see Figure S37 in Supporting
Information).

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. UV-Vis absorbance spectra for complexes 1-6 in dichloromethane and
acetonitrile solutions in 300-600 nm region.

Upon irradiation with 400 nm light, complexes 1-6 emit
visible light in the solid state. Emission colour varied from red
to green depending on the complex used. While cationic
complexes 1-3 emit red light at 619 (identical for 1PFg and
1BF,;), 637 (2) and 665 (3) nm, the neutral iodide complexes
emit light at 585 (4), 564 (5) and 524 (6) nm (Figure 6 A). The
photoluminescence lifetimes determined by time-resolved
photoluminescence measurements were in range of 2-30 ps
(see Table 1).

Interestingly, complex 5 had a distinctly different
photoluminescence decay profile in the crystalline state (See
Figure S41 in the Supporting Information). Unlike its
counterparts, complex 5 was found to have two decay
components in the crystalline state with lifetimes of t = 0.97
and 6.59 ps. Such behaviour in crystalline 5 can occur due to
intermolecular interactions, i.e. formation of excimers, that
was consistent with our X-ray diffraction studies showing
relatively short intermolecular Py-Py distances (Figure S52 in
the Supporting Information) (vide supra). We found that the
emission of the long lived component was significantly red-
shifted compared to the short lived component (Figure S44 in
the Supporting information). To assign the decay components
to particular state of complex 5 we analysed the emission of
amorphous 5 blended into a PMMA film where the formation
of excimers would be less favourable. We found that
amorphous 5 emits at A, = 610 nm that is ca. 45 nm red-
shifted from the crystalline 5. We, therefore, conclude that a
long lived red-shifted component is produced by monomeric 5
rather than its excimers. Interestingly, complex 2 — the cationic
counterpart of 5, features a simple monoexponential decay
suggesting that the presence of intermolecular aggregation
does not necessarily contribute to emission.

J. Name., 2013, 00, 1-3 | §
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Figure 6. Normalized emission spectra of complexes 1-6 in solid state (a) and in CH,Cl,
solution (b) at T = 23 °C; excitation at 400 nm. Photographs of crystalline samples are
taken with 365 nm light excitation.

The absolute luminescence quantum vyield of copper
complexes varied significantly from 0.02 to 0.78. Interestingly,
the quantum yield and the spatial arrangement of the pyridine
rings within the ligand were correlated: complexes with tight
intramolecular distances between two pyridine rings were
more efficient emitters. Namely, cationic pentacoordinate
complexes 1BF, and 1PFg that have tight pyridine-pyridine
distances have a quantum vyield that is at least 10-fold higher
than analogous complexes 2 and 3. The same trend is
observed in iodide complexes 4, 6 and 5 where the latter has
the longest pyridine-pyridine centroid distance and the lowest
corresponding quantum yield.

Much to our satisfaction, the impact of intramolecular
interactions in complexes 4 and 6 is sufficient to enable

Table 1. Summary of absorption and emission characteristics of complexes 1-6 in the crystalline state

Complex Aemi, NM CIE color coordinates (x,y)® o? T, Us Krad, 103 dpy-py, A®

1PF; 619 0.5938,0.4043 0.35 30.05 11.64 3.4950(16)

1BF, 619 0.5889,0.4093 0.30 24.79 12.10 3.4752(12)
2 637 0.6036,0.3940 0.03 18.20 1.77 3.6568(13)
3 665 0.6486,0.3507 0.02 2.63 9.46 3.6211(12) and 3.5806(12)°
a 585 0.5142,0.4756 0.78 15.79 49.40 3.3494(10)
5 564 0.4388,0.5375 0.08 2.31¢ 34.63° 3.7315(12)
6 524 0.2798,0.5906 0.53 13.90 38.13 3.4647(11) and 3.595(7)/ 3.611(8)°

? absolute quantum vyield, all measurements performed with excitation at 400 nm; ® solid state distance between centroids built on pyridine units; weighed average
value derived from the two component fitting, see section S2 in the Supporting Information for decay profiles; 9 calculated using weight averaged lifetime value;
€ values for the symmetrically independent molecules A and B, respectively; fvalues for the first unit and both disordered components of the second unit of binuclear

complex 6, respectively; & CIE 1931, chromaticity diagram containing solid and solution state data can be found on Figure 546 of the supporting information .

photoluminescence even in solution. Complex 4 emits yellow-
orange light (CIE (0.527,0.4512)) at 600 nm in dichloromethane
with absolute quantum yield of 0.28 (Figure 6 B). Its halide-
bridged counterpart 6 emits green light (CIE (0.3719,0.5375))
at 545 nm with a quantum yield of 0.15. Interestingly, the
emission integral intensity and absorbance of 4 and 6 is
directly proportional to their concentration (See Figure S43
Supporting Information) confirming their nature as molecular
emitters that are unaffected by intermolecular forces.
Furthermore, the solution-like emission characteristics were
observed for PMMA films containing complexes 4 and 6.Very
marginally affected by a change of the aggregation state, films
containing 4 emit at 580 nm with a quantum yield of 0.29 and
films fabricated with complex 6 emit with ® = 0.26 at 548 nm
(See Figure S45 in the Supporting Information).

The emission lifetime of complexes 4 and 6 in
dichloromethane is considerably lower than that in the solid
state. Time resolved photoluminescence spectroscopy
measurements estimate the lifetimes to be 4.3 ps for complex
4 and 0.9 us for complex 6 in CH,Cl,. We attribute the lifetime

6 | J. Name., 2012, 00, 1-3

decrease to the prevalence nonradiative relaxation pathways
expected to take effect in solution. Namely, chemical exchange
associated with the solution dynamics of the pyridinophane
macrocycle may be one of the major contributors to the
nonradiative relaxation.

On the origin of the emission.

Our structural and photophysical data suggests that
intramolecular Py-Py interactions have a crucial effect on the
emissive properties of pyridinophane complexes. In this
respect, it is particularly important to reveal the electronic
transitions involved in photoluminescence. Having complex 4
as the representative example we analyzed its electronic
structure using DFT calculations to identify the photophysical
events leading to emission.

Frontier orbital analysis shows that the HOMO orbital in 4
in the ground state is confined mainly to Cu and | centers (57 %
and 23 %, Figure 7 A) with lower energy HOMO-1 orbital
having similar character. The spatially separated pyridine rings
are directly involved in the formation of the excited S; state of

This journal is © The Royal Society of Chemistry 20xx
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complex 4 since they form the LUMO orbital set that is
confined to both pyridine rings (44 % and 48 % for Py units in
LUMO, Figure 6 A). Interestingly, parts of LUMO confined to
different Py rings have a positive overlap, therefore,
population of LUMO should enhance the interaction between
the Py units.

A

o@ o) o'}b} X
SoHOMO So LUMO T1 SOMO

Figure 7. DFT computed (A) frontier HOMO/LUMO orbitals of complex 4 in the ground
state S and the highest populated SOMO orbital of T, state in CH,Cl, at isosurface value
0.03 and (B) optimized structures of Sy, S; and T states. 'Bu substituents omitted for
clarity, the values indicated correspond to the distances between centroids built on
pyridine units.

TD-DFT analysis predicts the Sy-S; transition to have mixed
metal-to-ligand and halide-to-ligand charge-transfer (M+X)LCT
character associated with calculated absorption at 385 nm. In
agreement with theoretical prediction the lowest energy
absorption band was experimentally observed at 400 nm, a
common value for MLCT/XLCT bands in Cu complexes.17 The
nature and localization of the LUMO orbitals that are
populated upon excitation is the major factor governing the
emission. When the LUMO orbital set is populated during
excitation one would expect the strong attractive forces to
emerge that, in turn, should alter the geometry of the excited
state. Indeed, the TD-DFT analysis indicates the contraction of
the Py-Py spacing by A =0.25 A upon the formation of the first
excited state S; (Figure 6 B).

As the emission lifetimes observed for complex 4 are
relatively long (15.79 ps in the solid state and 4.3 ps in
solution), the possible contribution of the triplet state to
overall emission is likely. In agreement with this suggestion,
DFT analysis estimates the emission maxima for the triplet
state at 614 nm while the S; state would emit at 557 nm.
Interestingly, the relaxation of the T, state geometry that
precedes the emission is also associated with the
rearrangement of the stacking pyridine units within 4. Similar
to S;, the T, state has a significantly shorter Py-Py contacts
compared to the ground state (A=0.23/°\). As expected,
formation of T, state strengthens the interaction between the
Py units in macrocyclic ligand as evidenced by the frontier
orbital analysis. Namely, the population of LUMO level in S,
results in formation of the new SOMO of T, featuring a positive

This journal is © The Royal Society of Chemistry 20xx

overlap between the Py units (Figure 6 A). Similar to the LUMO
of Sy, the higher energy SOMO of T, is almost exclusively
confined to pyridine units (52 and 41 % for each Py unit). This,
in turn, suggests stronger bonding between the Py units in T,
compared to the ground state.

In summary, pyridine units in complex 4 not only interact
but directly influence its emissive properties in two ways.
Firstly, they provide electron accepting LUMO orbitals in the
ground state (Sp) confined exclusively to the pyridine units.
Secondly, the interaction between pyridine units strengthens
upon excitation and directs the formation of stable geometries
of excited S; and T, states — the crucial step that precedes
emission.

Conclusion

In conclusion, we have developed a new class of transition
metal-based compounds that rely on intramolecular non-
covalent interactions to enable photoluminescence. In
contrast to the majority of emissive TM complexes that are
tuned via modification of the donor/acceptor properties of
their ligand, the compounds reported in this work are tuned by
the variation of steric properties of macrocyclic ligands that
impacts the intramolecular non-covalent interactions within
the ligand molecule.

As a result, simple pyridinophane macrocycles act as
potent and tunable ligands that yield copper(l) complexes
emitting in the range of 524-665 nm with a quantum vyield up
to 78% at 23 °C. Due to the molecular nature of emission,
complexes 4 and 6 are capable of solution state emission with
quantum vyields of 28 and 15% correspondingly. Our
experimental data suggests a strong link between the extent of
intramolecular aromatic interaction and the quantum yield of
photoluminescence and DFT calculations explain how these
interactions are involved in the formation of emissive states.
Finally, our results introduce a new strategy for designing
photoluminescent  compounds that employs subtle
conformational modifications as the main tuning motif. Being
intrinsically sensitive to the local steric environment, the new
emissive complexes hold a good potential to be utilized in
sensing and imaging applications.
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