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Zhou Lu,® Mukundam Vanga,? Shan Li,2 Joseph Adebanjo,? Monika R. Patterson,” H. V. Rasika Dias, *®

Described herein is the synthesis, structure, and photophysics of the iodo-substituted cyclic, trinuclear copper(l) complex,

Cus[4-1-3,5-(CF3),Pz]; supported by a highly fluorinated pyrazolate and a detailed comparisons to its previously-reported 4-

Br/4-Cl analogues. The crystal structure is stabilised by multiple supramolecular interactions of Cus~l and hydrogen/halogen

bonding. The photophysical properties and supramolecular interactions are investigated experimentally/computationally

for all three 4-halo complexes vs relativistic effects.

Introduction

Multinuclear copper(l) azolate complexes with interesting
structures and luminescence properties have attracted
significant attention.1=3 Depending on the steric demands of the
pyrazolate substitutes, planar trinuclear, saddle-shaped
tetranuclear, and chain-like polynuclear copper complexes
could be obtained displaying fascinating photophysical
properties, including sensing abilities to temperature, solvent,
concentration, and volatile organic compounds.*° One
representative class is that of cyclic trinuclear complexes (CTCs)
of Cu(l)-pyrazolate, which could be easily synthesized through
one-pot method and readily form supramolecular stacks
through multiple types of interactions between the 9-
membered ring planar moieties.1211714 As reviewed in the
literature, supramolecular interactions involved in CTCs include
metallophilicity, m-acid/base interactions, hydrogen or halogen
bonding, and host-guest interactions, some of which could
reach interaction energies of ~10-20 kcal/mol alone or in
combination.»211  With strong interaction energies, such
supramolecular interactions are capable of influencing the
intrinsic properties, creating abnormal phenomena such as
charge-transfer, selective adsorption (including chemisorption),
and sensitized luminescence of arene- (3rtrt*) or metal cluster-
(3MC) centred phosphorescence.10:12,13,15-18
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Scheme 1. Chemical structure of Cusz[4-X-3,5-(CF3),Pz]3 (1).

Syntheses and crystal structures of highly-fluorinated, 4-Cl
and 4-Br copper(l) CTCs, Cuz[4-CI-3,5-(CF3),Pz]3 (1-Cl) and Cus[4-
Br-3,5-(CF3),Pz]; (1-Br) were reported in our previous work
(Scheme 1).% After fabricating 1-Cl and 1-Br materials into thin
films, a proof-of-concept sensing application was tested upon
exposure to vapours of benzene and its derivatives to exhibit
reversible luminescence colour change over multiple cycles.*
However, a detailed photophysical and theoretical investigation
of the emissive state and radiative mechanism has not been
studied to shed light on the design of such materials. In
particular, tuning or modulating both the phosphorescence and
its presumed underlying halogen---M interactions vs relativistic
effects requires investigating the 4-1 analogue (1-1, Scheme 1),
as done herein (spin-orbit coupling constant, £= 587, 2460, and
5069 cm for Cl (3p), Br (4p), and | (5p), respectively).?®

Experimental Section
Materials and methods

All manipulations were carried out under an atmosphere of purified
nitrogen using standard Schlenk techniques. Solvents were
purchased from commercial sources, purified prior to use. Glassware
was oven dried overnight at 150 °C. NMR spectra were acquired at
25 °C, on a JEOL Eclipse 500 spectrometer. 13C NMR are referenced
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to the solvent peak (*3C; CDCl; & 77.16). °F NMR values were
referenced to external CFCls. NMR solvents were purchased from
Cambridge Isotopes Laboratories and used as received. Elemental
analyses were performed using a Perkin-Elmer Model 2400 CHN
analyser. Solid-state diffuse reflectance UV-vis characterizations
were conducted on a Perkin-Elmer Lambda 900 UV/Vis/NIR
spectrometer. Steady-state photoluminescence (PL) emission and
excitation spectra were acquired with a PTI QuantaMaster Model
QM-4 scanning spectrofluorometer with a 75-watt xenon arc lamp.
A xenon flash lamp was used to acquire phosphorescence lifetime
data in the microsecond regime. Solid samples were placed in a
Suprasil quartz capillary tube inserted into a home-made liquid
nitrogen cold finger with Suprasil quartz inner and outer tube
irradiated components; this setup was used for PL measurements at
both room temperature and 77 K. All reactants and reagents were
purchased from commercial sources. Heating was accomplished by
silicone oil bath. [4-1-3,5-(CF3),Pz]H was synthesized using literature
procedure.?°

Synthesis procedure of Cus[4-I-3,5-(CF3),Pz]; (1-1)

To a mixture of Cu,0 (0.25 g, 1.75 mmol) and [4-1-3,5-(CF3),Pz]H
(1.05 g, 3.18 mmol) in a 100 mL Schlenk were added anhydrous
benzene (60 mL) and acetonitrile (5 drops) under inert
atmosphere. The reaction mixture was then heated to reflux for
12 h. After cooling, the solution was filtered through a bed of
celite to remove some insoluble material. The filtrate was
collected, and the solvent was removed under reduced pressure
to obtain Cus[4-1-3,5-(CF3),Pz];s as white-coloured powder. It
was then vacuum-dried at 80 °C for 5 h to remove trace solvent.
X-ray quality crystals were grown from a solution of hot hexane.
Yield: 1.1 g (88%) (based on the amount of pyrazole used). Anal.
Calc. for Cy5CusFiglsNg: C, 15.30; H, 0.00; N, 7.14; Found: C,
15.30; H, <0.10; N, 7.23. 1F NMR (471 MHz, CDCl3) 6 =-60.54 (s,
CF3) ppm. 13C NMR (126 MHz, CDCl;) & = 146.99 (q, Jcr= 34.8
Hz, C-3/C-5), 119.62 (q, Ycr= 271.1 Hz, CF3), 54.88 (s, 4-C) ppm.

Crystallography

Single crystals of 1-1, C;5CusF13lsNg were grown by slow cooling
of a solution in hot hexane. A suitable crystal was selected and
mounted on a Bruker D8 Quest Photon 100 diffractometer. The
crystal was kept at 100.00 K during data collection. Using
Olex2,2! the structure was solved with the SHELXT?2 structure
solution program using Intrinsic Phasing and refined with the
SHELXL?3 refinement package using Least Squares minimization.
CCDC No0.2204230 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: +44 1223 336033.

Computational details

All the computational models were extracted from the single
crystal structures and optimized in Gaussian 16 program
software,?* under the PBEO level of theory incorporated with
Def2-SVP basis sets.?>~2 Grimme’s dispersion correction with
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Becke-Johnson damping (D3-BJ) was also adopted.?®2° This
methodology has been tested vs others by previous work on a
similar CTC system, leading to better agreement with
experimental results.3° No imaginary frequencies were found to
ensure the energies were in minima. Energy decomposition
analysis (EDA) calculations were performed via the AMS
2020.103 software.3? Functional PBEO with D4 dispersion
correction and all-electron TZ2P basis sets were adopted.3%:33
The fragments were designated and set as neutrally-charged,
closed-shell states. The interaction energy AE = AE(entire
model) — Z[AE(fragment_i)]. The interaction energy (AE;,) is
further decomposed into four terms, electrostatic energy
(AEgistat), Pauli repulsion (AEp,y;), orbital interaction (AEorpint),
and dispersion correction (AEg;s).343%> Time-dependent density
functional theory (TD-DFT) calculations were conducted in
ORCA 4.2.1 program package in adopted PBEO functional with
Grimme’s D3(BJ) dispersion correction.3637 A relativistically-
recontracted all-electron DKH-Def2-TVZP(-f) basis set was used
for C, N, Cl, F, and H atoms;?” Sapporo-DKH3-TZP-2012 basis set
was adopted for Cu, Br, and | atoms.38 Relativistic effects were
considered via 2" order Douglas-Kroll-Hess (DKH2) method.3°4°
The electron density difference (EDD) maps and simulated
absorption spectra were generated by Mulwiwfn 3.8 program.*!

Results and discussion

Here we report the iodo-substituted Cus[4-1-3,5-(CF3),Pz]3 (1-1),
which was synthesized through a one-pot method and isolated
as a white powder, and a detailed experimental and
computational study of its supramolecular and photophysical
properties versus the 4-Cl and 4-Br analogues. The 1-I has been
fully characterized by NMR spectroscopy and X-ray diffraction
techniques. Single crystals of 1-1 were grown from hot hexane.
It crystalizes in monoclinic P2,/n (No. 14) space group. Detailed
crystallographic data and selected bond lengths and angles are
enclosed in ESI Tables S1 and S2. The asymmetric unit of 1-1 is
shown in Fig. 1a, which has the aforementioned 9-membered-
ring CTC structure. Three copper(l) atoms adopt linear
coordination modes and are bridged by three pyrazolate ligands
with N—Cu—N bond angles spanning 176.9(4)° to 179.8(3)°. The
intra-trimer Cu—Cu distances range from 3.1559(16) to
3.3272(15) A, all much longer than the summed van der Waals
radii (ryqw) of adjacent Cu atoms (2.80 A). 1-1 adopts a trigonal
bipyramidal-type stacking mode (Fig. 1b), consisting of I--Cus-I
species with the halogen atom located above and below the
metallacycle’s plane at approximately the same distances (vs
only one X~Cus in the 4-Cl/4-Br analogues). This packing mode
imparts slight puckering of trimer units, leading to ~20° dihedral
angle deviation of Cu-Pz rings from planarity. Like its two 1-Cl/1-
Br analogues, 1-1 only has X-M and no M-M interactions.
Hirshfeld surface analysis was conducted to find out the
contacting fragment within the bipyramidal stack (Fig. 1c).*?> A
noticeable point is the short F-F distances between two
contacting 1-1 monomers (red spots in Fig. 1c), suggesting the
existence of abundant F+F halogen contacts to stabilize the
structure. White regions on the Hirshfeld surface in the Cusz~I
contact site also indicate that the Cus plane to iodine atom

This journal is © The Royal Society of Chemistry 20xx
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distances (3.2 A) are close to the summed ryqw of Cu and | atoms
(3.38 A)43 To further investigate the supramolecular
interaction, an independent gradient model based on the
Hirshfeld partition (IGMH) was calculated for the optimized
trimer-of-trimer model shown in Fig. 1d.** The surface reflects
that the inter-trimer interactions are mainly comprised of non-
covalent interactions, including F~F halogen bonding and 1t
interactions between Pz rings. The strongest stabilization,
however, is the Cuz~I t-acid/Lewis base interaction, reflected by
the blue regions on IGMH surface in Fig. 1d.

(a) (b) 1

-0.02a.u.

Fig. 1 (a) Molecular structure of 1-l. (b) A view showing the
inter-trimer 1--Cus~l stacking mode. (c) Hirshfeld surface for 1-1
mapped with dnorm (-0.02 to +1.00) plotted on the promolecular
surface. (d) Sign(A,)p coloured independent gradient model
based on Hirshfeld partition (IGMH) &, = 0.002 a.u.
isosurfaces of a trimer of 1-I, showing inter-trimer interactions.
All distances labelled in the figure objects are in A unit.

Energy decomposition analysis (EDA) calculations have also
been performed for the three halogen-substituted 1-Cl, 1-Br,
and 1-1 as well as the 4-unsubstituted Cus[3,5-(CF3),Pz]; (as
reference), as shown in Table 1. Both 1-Cl and 1-Br stack in the
Cuz~X trigonal pyramidal geometry rather than the [-Cus-I
trigonal bipyramidal conformation in 1-l. The single-capped
stacking mode brings about lower interaction energy (AE) of -
37.1 and -40.1 kcal/mol in 1-Cl and 1-Br models, respectively, vs
-45.8 kcal/mol for 1-1 (based on trimer-of-trimer (TOT) models
of all complexes at their crystallographic geometries preserving
all Cu~X distances and association modes). To mimic the
conformation in 1-Cl and 1-Br, hence have comparisons on an
equal footing, we have investigated the dimer-of-trimer (DOT)
mode of 1-l structure with only one pair of Cus~l contact,

This journal is © The Royal Society of Chemistry 20xx
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attaining AE of -19.1 kcal/mol, close to half the values of -37.1
and -40.1 kcal/mol for TOT models of 1-CI and 1-Br,
respectively. At first sight, this result suggests that, under the
same stacking mode, AE between monomers of 1 would not
render significant additional stabilization for 1-1 vs 1-Cl or 1-Br.
However, the stacking mode in 1-1 of two pairs of Cus~| contacts
brings about significantly stronger interaction of -26.5 kcal/mol
even in the single-capped model. Moreover, by breaking down
the interaction energies, it can be noticed that the orbital
interaction energy (AEgmint) in 1-1 contributes to the overall
attraction energy more than that in 1-Cl and 1-Br, such that a
slight but significant, systematic increase is observed upon
proceeding to the heavier halogen. Dispersion energy (AEgs)
still dominates the total attraction energy, similar to our
previous finding in another supramolecular [AusPz;]@[Ag3Tzs]
charge transfer binary sytstem,? whereas the percentage of
AEgisp in 1-1 is significantly smaller than that in 1-Cl or 1-Br. The
change in AEompine and AEgs, is presumably caused by the
significantly stronger relativistic effect of the heavier iodine
atom and its filled 5p, orbital upon interactions with the empty
4p, orbitals of Cu atoms so as to impart greater orbital
interaction, comparing to the Cl- and Br-analogues.*> For
reference, EDA in a 4-unsubstituted {Cus[3,5-(CF3),Pz]s}, dimer
shows that, even though AE is stronger vs DOT models with one
pair of Cus~l contact, the orbital interaction contribution
thereof is still lower than that in all models of 4-halogen—Cus;
analogues, suggesting that the halogen-metal (X-~M)
supramolecular interaction can, not only be comparable with,
but, indeed, exceed metallophilicity (M~M).46

Table 1 Energy decomposition analyses (EDA) results of
associating Cus[4-X-3,5-(CF3),Pz]3 (1-X) models vs X; model 1-H
= Cuz[3,5-(CF3),Pz]s. (%) values = contributions to total attraction
energy between trinuclear units. All units = kcal/mol. See Fig.
S13 for model geometries.

Model AEels'tat AEPauIi AEOrbln't AEdisp AE
[1-cl]; -12.8 7.8 32,0
15.6 371
3 (] (] (]
(2*1Cu;-Cl) (24%) (15%) | (61%)
[1-Brl; -12.5 9.3 32,0
13.8 -40.1
(2*1Cu;-Br) (23%) (17%) | (59%)
-1 -30.5 175 | -386
. 40.8 -45.8
1+2Cuy - . 6 6
(1Cus-1+2Cuy’1') | (35%) (20%) | (45%)
9.7 5.8 -16.1
[1-1], (1Cus-1) 12.5 -19.1
(31%) (18%) | (51%)
(141, (2Cus 1) -20.9 g0 | 117|219 265
- Us . -26.
21T (38%) (21%) | (40%)
[1-H], (1Cu-Cu) | 11 | > | 208 236
? (28%) : (14%) | (58%) :
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Fig. 2 Steady-state photoluminescence excitation and emission
spectra of 1 solid at (a) room temperature and (b) 77 K. Emission
decay curves of 1 solid at (c) room temperature and (d) 77 K.

Time (ps)

We have further investigated the photoluminescence
properties of 1-l solid powder vs its two lighter halogenated
analogues on equal footing. To ameliorate any possible
influence of solvent residues and prevent the formation and/or
co-crystallization of CTC-arene adducts, all solid powders were
dried in a overnight before the

photoluminescence measurements.* As shown in Fig. 2a, 1-1 is

vacuum  oven
non-emissive under room temperature while 1-Cl and 1-Br
exhibit yellow emissions centred around 575 and 590 nm,
respectively. Excitation profiles of 1-Cl and 1-Br reveal a high-
energy band below 280 nm, which is beyond the instrument’s
detection limit, together with an excitation shoulder near 300
nm. When cooling to 77 K, as depicted in Fig. 2b, 1-1 shows a
bright emission peaked at 570 nm while the emissions of 1-Cl
and 1-Br room
temperature positions (albeit with a significant decrease of the
full width at half maximum, FWHM, as expected due to
decreased thermal broadening at cryogenic temperatures).*’

remain almost unchanged from their

The emission lifetime profiles of the three 1 solids are recorded
in Figs. 2c-2d. Fitted emission lifetimes are in the 60-us range,
revealing their Comparing the
absorption profiles of the three 1 complexes, a red shift could
be observed for 1-1 with a peak centred around 375 nm under
room temperature, whereas 1-Cl and 1-Br exhibit absorption
peaks near 325 nm (Figs. S3-S5). Although the emission and
lifetime properties of the three 1 complexes are similar,
suggesting a similar origin of their emissive triplet excited states,
the absorption and excitation bands suggest possibly different
photophysical pathways in response to the distinct packing
modes and interaction energies for 1-l vs 1-Cl or 1-Br.

phosphorescence nature.

4| J. Name., 2012, 00, 1-3
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Fig. 3 Electron density difference (EDD) maps of the lowest-
singlet excited states (S;) of (a) 1-Cl, (b) 1-Br, and (c) 1-1. EDD
maps of the lowest-triplet excited states (T,) of (d) 1-Cl, (e) 1-
Br, and (f) 1-1. White and green regions refer to the decrease
and increase of electron density, respectively. Heatmaps of
spin-orbit coupling matrix elements (SOCMEs, in cm™1) between
the 10 lowest S, states and 20 lowest T, states of (g) 1-Cl, (h) 1-
Br, and (i) 1-1; m and n are integral values > 1.

To understand the photophysical processes in the three 1
adducts, time-dependent density functional theory (TD-DFT)
calculations were conducted. Models of 1-Cl and 1-Br were
constructed by a full CuszPzz trimer and a neighbouring
protonated ligand to preserve the Cuz~X pyramidal geometry;
for 1-1, a head-to-tail DOT and two protonated ligands were
modelled. All selected computational models were optimized in
singlet (So) or triplet (T1) multiplicities and no imaginary
frequencies were found, ascertaining that the optimized
structures represent minima. As the heavy-atom effect here
significantly influences the phosphorescence and owing to the
evidential Cuz~X m-acid/Lewis base interactions, relativistic
effects in spin-orbit coupling (SOC) calculations have been
considered by adopting the 2"d-order Douglas—Kroll-Hess
(DKH2) method to study the photophysical processes and
obtain detailed information regarding triplet excited states
(Tm).3240 First, simulated excitation spectra of all three 1 models
are in good agreement with the experimental spectra (Figs. S3-
S5, S9-S11). Figs. 3a-b show the electron density difference
(EDD) maps of S; states of 1-Cl and 1-Br with a mixture of metal-
centred (*MC) and metal-to-ligand charge transfer (*MLCT; L =

This journal is © The Royal Society of Chemistry 20xx
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Pz ring) origin, both being the common intramolecular form in
a monomeric CTC unit; electrons flow from the white to the
green regions in EDD maps during the excitation process.
However, 1-1 exhibits a mixture of *MC and through-space
(intermolecular) IML’CT/*XM’CT, whereby the X (iodine) atoms
from one CTC play an essential role in conjugating with the Cus
core centre from another CTC, due to a shorter I*Cusz contact
distance (Fig. 3c). Second, EDD maps of the T, states of 1 have
been generated and depicted in Figs. 3d-f. A through-space
3ML’CT character dominates the 1-1 phosphorescence character
much more clearly than that for 1-Cl and 1-Br, consistent with
the above X-ray data and DFT modelling results thereof, all
showing much stronger X--Cu intermolecular interactions in the
iodo analogue. The through-space character therein is also
consistent with the trigonal bipyramidal-type stacking mode
and the stronger interaction energies for 1-I. We have noticed
that, in all theoretical models, the co-existing deprotonated
ligands are not involved in the phosphorescence pathway,
which is in sharp contrast to the luminescence properties of the
Cu(l)/Ag(l)/Au(l) CTC-arene adducts or even simple
mixtures.1410.15 This is speculated to arise from the weaker
(Lewis) basicity of halogen-substituted pyrazoles versus m-
electron-rich benzene and toluene. Thus, such electron-
deficient CTCs are potential sensing (and possibly
filtering/remediating) materials for mt-rich molecules.

In order to describe the role of SOC on the luminescence
properties, SOC matrix elements (SOCMEs) have been
calculated to find the inter-system crossing (ISC) pathways and
locate the singlet and triplet excited states (S, and T,)
involved.3? Heatmaps of SOCMEs between the first ten S,, and
twenty T,, states are depicted in Figs. 3g-3i. Besides SOCME
values, two more factors should be considered to find the ISC
pathways: the small energy differences between possible S, and
T states and the large oscillator strength of initial photon-
excited S, states. From Figs. 3g-3h and Tables S3-S4, we can
identify several possible ISC pathways for 1-Cl and 1-Br,
classified as one low-lying from S; or S, to close-energy Ts, T,
and/or T;, and one relatively high-lying channels from S,, Ss,
and/or Sg with a high oscillator strength to T, T13, and/or Ty,
states. For 1-l, in contrast, profiles of the singlet excited states
are different such that low-lying S, states also exhibit large
oscillator strengths and are more likely reckoned as the only
starting states for ISC, as shown in Fig. 3i and Table S5. The high-
lying S, states involved in the photophysical pathways for 1-Cl
and 1-Br also correspond to the high-energy absorption bands
found in the solid-state UV-vis absorption spectra, which
contrasts the situation for 1-1 that exhibits lower-energy
absorption bands resulting from low-lying S,, states. These data
suggest that 1-Cl and 1-Br have more accessible ISC pathways
through high-lying singlet excited states, whereas only low-lying
and less-efficient ISC pathways could be found in 1-1, which are
unfavourable through thermal equilibrium. As a consequence,
no emission was observed for 1-1 under room temperature.
Thus, the stronger SOC in 1-l involves accelerated non-radiative
(k,,) as opposed to radiative (k,) rate constants, explaining the
experimental absence of room temperature phosphorescence
in this compound vs its two lighter congeners 1-Cl/1-Br. A

This journal is © The Royal Society of Chemistry 20xx
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similar situation was found for the internal heavy-atom effect in
1-halonapthalene binary adducts with a perfluorinated Hg(ll)
CTC by the Gabbai/Omary team.*®

Conclusions

In conclusion, we have synthesized the highly fluorinated and
iodine-substituted Cus[4-1-3,5-(CF3),Pz]; CTC and investigated
its (supra)molecular structure and photophysical properties
experimentally and theoretically with a detailed comparison to
its 4-Cl/4-Br analogues. Through structural analysis and DFT
calculations, the major stabilization of the crystals is found to
be the I“Cus~l double-capped interactions, which are stronger
than those of the single-capped Cl/Br-Cus; interactions found in
analogues 1-Cl and 1-Br. Photoluminescence studies of the solid
samples of three heavier (than F) 4-halogen-substituted 1
compounds have been conducted experimentally, supported by
TD-DFT computations with explicit SOC treatment in order to
understand the excited state assignment. These results reveal
that the unique I-Cus~l double-capped conformation in 1-I gives
rise to an intertrimer through-space 3ML'CT phosphorescent
state, much more clearly manifested than analogous models for
the single-capped 1-Cl/Br congeners. Expansion studies on
analogous Ag(l) and Au(l) 4-1/X-substituted CTCs remains to be
explored, as well as their applications in sensing/remediation of
arenes and other environmental pollutants.
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