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A new coordination polymer (CP) defined as [Cu,Clo(EtS(CH,)4SEt)4l,, (CP2) was prepared by reacting
EtS(CH,)4SEt with CuCl in acetonitrile in a 1: 2 stoichiometric ratio. The X-ray structure reveals formation
of non-porous 3D material composed of parallel 2D-[Cu,Cl,S;], layers of Cl-bridged Cuy(u-Cl),
rhomboids assembled by EtS(CH,),SEt ligands. A weak triplet emission (@, < 0.0001) is observed in the
400-500 nm range with 7, of 0.93 (298 K) and 3.5 ns (77 K) as major components. CP2 is the only
2nd example of emissive thioether/CuCl-containing material and combined DFT/TDDFT computations
suggest the presence of lowest energy M/XLCT excited states. Upon increasing the photon flux (i.e. laser
power), a triplet—triplet annihilation (TTA) is induced with quenching time constants of 72 ps (kq = 1.3 x
10 s7%) and 1.0 ns (kg = 7.1 x 10% s7Y at 298 and 77 K, respectively, proceeding through an excitation
energy migration operating via a Dexter process. Two distinct (I)¥? (I, = laser power) dependences of the
emission intensity are depicted, indicating saturation as the observed emission increases with the excitation
flux. These findings differ from that previously reported isomorphous CP [Cu,Bra(u-EtS(CH,)4SEY4], (CP1),

Received 21st May 2019, which exhibits no TTA behaviour at 77 K, and only one (laser power)? dependence at 298 K. The ~18-fold

Accepted 9th July 2019 increase in kg upon warming CP2 from 77 to 298 K indicates a temperature-aided TTA process. The significant
DOI: 10.1039/c9cp02891a difference between the presence (slower, CP2) and absence (CP1) of TTA at 77 K is explained by the larger unit

cell contraction of the former upon cooling. This is noticeable by the larger change in inter-rhomboid Cu---Cu
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Introduction

Triplet-triplet annihilation (TTA) is an important photophysical
process that attracts substantial attention nowadays in the fields
of materials including metal-organic frameworks (MOFs),"* bio-
and therapeutic materials,® solar cells,’® and organic light
emitting devices.® Organic polymeric materials are also prone
for TTA processes,'®'° as well as some coordination polymers
(CPs).>" In all cases, these materials invariably bear organic
chromophores (i.e. containing an extended n-system) as the
photo-active species. Recently, a large interest for CPs and
related hybrids built upon copper(1) halide salts and dithioethers
was noticed throughout the literature.'® Indeed, CPs exhibiting
thermal-'® and vapor-chromisms,?® redox properties,”* and anti-
proliferative activity*> were reported, but the major feature is their
quasi-omnipresent luminescence behavior,”° including white
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light emission.*® Numerous 2-D*' and 3-D** CPs were also
reported, including emissive porous®~* and semi-porous
networks.*>3® Recently, our groups reported the first CPs
(containing any d-block transition metal and any non-chromo-
phoric ligand) exhibiting a TTA process at 298 K for the
3D-(Cu,Br, {u-EtS(CH,)4SE}], CP (CP1, Jem; 430 nm,
7. = 3.4 ns; Cu,Br, exhibits a rhomboid structure).37 The drastic
paucity of examples stems from the lack of favourable struc-
tures for triplet energy migration, which mainly relies on
the Dexter mechanism®® (double electron exchange).>*™** The
necessary T; energy migration for the TTA process in CP1 stems
from a S-bridged (Cu,Br,), layer securing connectivity between
the rhomboids, therefore the favourable orbital overlaps for the
Dexter processes (through bond). So far, there is no evidence
for a Forster process (through space).** Curiously, the TTA
process in CP1 does not operate at 77 K, which is counter-
intuitive since upon cooling lattice contraction, orbital overlaps
should increase. Because TTA processes in CPs exhibiting no
chromophoric organic ligands are extremely rare, and to shed
light on this unexpected lack of TTA behavior at 77 K in CP1,
the obvious direction to seek answers is the case where X = Cl.
However, emissive CPs built upon CuCl/thioether are extremely
rare,**? where only one example has been reported so far,**
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meaning that luminescence from such material is generally
weak. We now report an emissive 3D-[(Cu,Cl,Kp-EtS(CH,),SEt}],
CP featuring Cu(p,-Cl),Cu rhomboids (CP2) as secondary building
units (SBUs), which also exhibits TTA processes at 298 (fast) and
77 K (slow), meaning that the process is temperature-aided. The
presence of TTA for CP2 and not CP1 at 77 K is due to a larger
contraction of the unit cell.

Experimental section
Material

All materials were purchased from Sigma-Aldrich and used
without any further purification.

Synthesis of ligand EtS(CH,),SEt (L) was adapted from a
procedure reported by Hartley et al.*® In a flame dried 250 mL
round bottom flask under stirring, sodium (1.0 g, 43.5 mmol)
was dissolved in 110 mL absolute ethanol under an argon
atmosphere. Ethanethiol (3.2 mL, 43.5 mmol) was added and
the solution was stirred for 30 min, and after the solution was
refluxed. At this point, 1,4-dibromobutane (2.6 mL, 21.7 mmol)
was added dropwise and a white precipitate appeared. The
mixture was refluxed for one additional hour and filtered while
still hot. Ethanol was removed under reduced pressure. The
remaining oil was washed with water and extracted with
CH,Cl,. The oily residue was dissolved in hot ethanol and
stored at 5 °C in a refrigerator. White needles were recovered
after one day. 3.0 g, 78%. NMR 'H § (ppm) 1.24 (t, 6H), 1.68
(m, 4H), 2.54 (m, 8 H). RMN **C § (ppm) 14.91, 26.01, 28.80, 31.31.

Preparation of CP2 was adapted from a procedure reported
by Bonnot et al.*” In a Schlenk tube, CuCl (200 mg, 2.0 mmol)
was dissolved in degassed MeCN (10 mL) and L (375 mg,
2.1 mmol) was added. After stirring for 1 h, the green solution
was stored for one day in a refrigerator at 5 °C. Pale yellow
crystals of CP2 were formed progressively and separated after
two days by filtration. Yield (66%). Anal. calc. for C;HoCICuS
(188.18): %C 25.53, %H 4.82, %S 17.04; found %C 25.28,
%H 4.96, %S 16.86.

Instrumentation

The NMR spectra were recorded on a Bruker Avance 300
Ultrashield NMR spectrometer. The chemical shifts are given
in ppm relative to the residual peaks of CDCl;. The thermal
analysis (TGA) traces were measured on a PerkinElmer TGA 7
apparatus in the temperature range between 25 and 950 °C at a
scanning rate of 10 °C min~" under an argon atmosphere. The
solid-state UV-visible spectra were recorded on a Varian Cary
300 Bio UV-vis spectrophotometer at 298 K using grazing-angle
transmittance apparatus and a homemade 77 K sample-holder.
Samples were dispersed between two quartz plates. Solid-State
emission, excitation, lifetimes were acquired on a phosphorimeter
FLS980 from Edinburgh Instruments equipped with single mono-
chromators. Samples were introduced in a capillary and spectra
obtained were corrected for instrument response. The emission
lifetime measurements were performed using a nano-LED laser
(Zexe = 378 nm, 5 mW, fwhm = 90 ps). The lifetimes were obtained
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using a time correlated single photon counting (TCSPC) system
and the data were treated from both deconvolution by a multi-
exponential analysis and by the exponential series method (ESM).
The samples for powder XRD measurements were mixed with a
small amount of paratone oil, cut to approximately 0.3 x 0.3 X
0.3 mm®, and placed on a sample holder mounted at 173.2 K on a
Bruker APEX DUO X-ray diffractometer. Six correlated runs per
sample with Phi Scan of 360 degrees and exposure times of 270 s
were collected with the Cu micro-focus anode (1.54184 A) and the
CCD APEX 1II detector at a 150 mm distance. These runs, from
—12 to —72° 20 and 6 to 36m, were then treated and integrated
with the XRW2 Eval Bruker software to produce WAXD diffraction
patterns from 2.5 to 82° 20. The patterns were treated with
Diffrac.Eva version 2.0 from Bruker.

Single crystal X-ray

A needle-like specimen of C,HoCICuS, of approximate dimen-
sions 0.040 mm x 0.100 mm X 0.330 mm, was used for the
X-ray crystallographic analysis. The X-ray intensity data were
measured on a Bruker Kappa APEX II DUO CCD system equipped
with a TRIUMPH curved-crystal monochromator and a Mo fine-
focus tube (/ = 0.71073 A). Data collections have been carried out
at nine different temperatures — 100, 118, 137, 151, 168, 184, 217,
250 and 298 K using the same crystal. The lattice parameters were
obtained by least-squares fit to the optimized setting angles of the
entire set of collected reflections. Intensity data were recorded as
¢ and o scans with x offsets. No significant intensity decay or
temperature drift was observed during data collections. Data were
reduced by using DENZO software without applying absorption
corrections; the missing absorption corrections were partially
compensated by the data scaling procedure in the data reduction.
The structure was solved by direct methods with SIR92 program of
Altomare et al. Refinements were carried out by full-matrix least-
squares on F* using SHELXL-97 program on the complete set of
reflections.”® All non-hydrogen atoms were refined with aniso-
tropic thermal parameters, whereas the H atoms were treated
using a riding model.

Fast kinetic emission decay measurements

The laser source was the SHG of a Solstice (Spectra Physics)
Ti-sapphire laser (lexe = 398 nm; FWHM = 75-100 ps; pulse
energy = 0.1 pJ per pulse, rep. rate = 1 kHz; spot size ~500 um).
The IRF became of a HWHM of 8 ps after passing through the
optics. The detector was a Streak Camera (Axis-TRS, Axis Photo-
nique Inc.) with typically less than 8 ps resolution. Samples were
dispersed between two quartz plates. The results were also
globally analysed with the program Glotaran (http://glotaran.org)
permitting to extract a sum of independent exponentials: I, =
C(4) x exp(—t/t1) + Cy(4) x exp(—t/t,) +.. .. The experiments using
high laser power were performed to the limit of the thermal (or
photochemical) stability of the samples. This stability was verified
by measuring the powder X-ray diffraction patterns.

Computations

All density functional theory (DFT) and time-dependant (TD-
DFT) calculations were performed with Gaussian 16* at the
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Université de Sherbrooke with the Mammouth supercomputer
supported by Le Réseau Québécois De Calculs Hautes Performances.
The .cif file from DRX structures has been used as optimized
structure for calculations. The DFT (singlet and triplet energy states)
as well as TD-DFT*® calculations were carried out using the B3LYP
method. VDZ (valence double () with SBKJC effective core potentials
were used for all Cu and Br atoms®®®* and 3-21g* basis set was used
for C, H and S atoms.”” The calculated absorption spectra were
obtained from GaussSum 3.0.%*

Results and discussion
Synthesis and characterization

CP2 was prepared by reacting 1,4-bis(ethylthio)butane with
CuCl in acetonitrile. Pale yellow air-stable crystals suitable for
X-ray structure determination grew upon standing (see ESIt for
the crystal data). The X-ray data of this material, which is
isostructural with CP1 (monoclinic, space group P2,/n), reveal
the presence of a non-porous 3D CP (Fig. 1) built upon parallel
2D-[Cu,Cl,S,], layers (Fig. 1b) of S-bridged Cu,Cl, rhomboids.
Noteworthy, in contrast with most dithioether-assembled CPs
incorporating Cu(p,-X),Cu SBUs, the rhomboids within the
layers are linked in a Cu « S — Cu mode, i.e. a S-atom acts
as a 4-electron donor implying a dative bonding using all two
non-bonding doublets. The very loose Cu---Cu contact of
>3.29 A (Table S3, ESIt) excludes any intermetallic interactions

Fig.1 (a) One Cu,Cl,S4 rhomboid unit with bond distances (298 K, see
the ESI7 for the uncertainties or Fig. 9 below). (b) Top view of a [Cu,Cl,S;],
layer (s = short; | = long). (c) Side view of the 3D CP2 (the rectangle shows a
[Cu,ClL,S,], layer). (d) and (e) Representations of one Cu,Cl(EtS(CH5)4SEt) 4
unit along the a, b and ¢ axes.
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and exceeds those for other CPs such as 1D [{Cu(u,-Cl),Cu}-
(up-medithiane),], (3.0517(8) A) or 2D [{Cu(u,-Cl),Cu}(u,-sec-
budithiane),], (2.8715(9) A).°®> These layers are held together
by EtS(CH,),SEt assembling ligands below and above these
planes (Fig. 1c). The Cu,Cl,S, rhomboids are centrosymmetric
(Fig. 1a), but the Cu-Cl and Cu-S bond lengths differ by ~0.08
and ~0.05 A, respectively, at 298 K. No phase-transition was
noticed in the temperature range from 100 to 298 K.

The thermal stability was addressed by TGA (Fig. 2). The
traces are characterized by a first weight loss starting at
~175 °C and stopping at ~230 °C to form a plateau with a
weight loss of 49.2%. Then, another weight loss starts near
400 °C and spreads all the way to 890 °C. The remainder
accounts for 11.3% of residual materials. This well-defined
TGA trace cannot straightforwardly be interpreted by sequential
ligand losses (i.e. EtSC,HgSEt (—47.4%), then Cl, (—18.8%),
with “Cu,” (—33.8%) as residual; Table 1). Instead, the weight
losses are better explained by a decomposition of the dithioether
where one Et group remains in the solid (presumably captured by
a Cu atom) in exchange of one Cl atom. Then, volatile organo-
copper species are generated in the large 400-890 °C range. The
residual is most likely pure copper based on its characteristic
colour.

Photophysical properties

Prior to measurements on powder samples, the PXRD patterns
were systematically compared to the calculated one issued from
the single crystal X-ray data and the match was excellent in all
cases (Fig. 3, bottom).

The absorption, excitation and emission spectra of CP2 at
298 and 77 K are presented in Fig. 3 (top). The absorption
spectra are characterized by two maxima: ~270 and ~330 nm.
The interpretation of these bands has been made with the help
of DFT and TDDFT computations. The preparation of the input
file was executed by taking a CP fragment composed of 8 Cu,Cl,
rhomboid units directly extracted from the X-ray data and the
peripheral uncoordinated Cu atoms were then saturated by
EtSEt groups. These capping ligands were then optimized while
the central X-ray structure was non-optimized. The resulting
representations of the frontier MOs are provided for both the

100 f——--- - - T 420
I 236 ]
_ 8o — Am=-49.2 % 165
2 7 s
= 60 12
5y I | =
24l 8 =
; | | ©
20 4
0 L 0

200 400 600 800
Temperature (°C)

Fig. 2 TGA trace (black) and its first derivative (grey) of CP2 under Ar

atmosphere in the range of 25 to 950 °C. Scan rate = 10 °C min™™%.
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Table 1 TGA data for CP2

[(Cu,Cl,)EtSC,HgSEL],
M = 376.32 g mol " Trange PAm “cAm

(n=1) (") (%) (%)

175-230 —49.2 —49.1  EtSC,H,S + Cl
400-890 —39.5 —39.6 2/3Cu+ Et+Cl
890-950 —11.3 —11.3  1/3Cu
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Fig. 3 Top: Absorption (black), excitation (blue) and emission (red) spectra of
CP2 at 298 and 77 K. The orange bars represent the calculated positions of
the spin-allowed transitions (Sg — S,) of CP2 by TDDFT (described below).
See Fig. 5 below for a larger scale. The orange curve is generated by assigning
and arbitrary thickness of 500 cm™ to each transition. Bottom. Calculated
(red) and experimental (blue) powder X-ray diffraction patterns at 173 K for 260
ranging from 5° to 50° for CP2. The calculated and measured diffraction
patterns match well, confirming the homogeneity of the crystalline phases.

singlet and triplet states (Fig. 4) along with the calculated
atomic contributions separated in Cu, Cl and thioether frag-
ments (Table 2). By examining the change in these relative
atomic contributions upon the HOMO — LUMO (singlet) and
LSOMO — HSOMO (triplet) transitions, these computations
predict that charge transfer excited states of the type (Cu,Cl,)-
to-SRR’ are generated, often referred as M/XLCT.
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Fig. 4 Representation of selected frontier MOs for CP2 for the singlet
state, H = HOMO, L = LUMO (see ESIt for more MOs); for the triplet state,
LSOMO and HSOMO are the lowest and highest semi-occupied molecular
orbitals, respectively. The energies are in eV.

Table 2 Calculated atomic contributions (in %) of the frontier MOs for
various fragments of CP2; LS = LSOMO, HS = HSOMO

HOMO-1 HOMO LUMO LUMO+1
Ligand 33.7 32.0 61.5 47.9
Cu 50.6 51.7 37.6 51.3
Cl 15.7 16.3 0.9 0.9
LS—-1 LS HS HS+1
Ligand 37.7 34.0 60.1 61.3
Cu 49.2 50.3 33.3 37.9
Cl 13.1 15.7 6.6 0.8

Using TDDFT, the positions and oscillator strength (f) of the
first 50 spin-allowed (i.e. Sy — S,; n > 0) electronic transitions
were computed (detail placed in the ESIt). A bar graph reporting
the positions and the oscillator strength for each transition is
provided in Fig. 5. The bulk of these transitions are placed in
the 260-280 nm window. By assigning an arbitrary thickness of
500 cm ' to each transition, a simulated spectrum is generated
(see solid line). The comparison of the bar graph and simulated
spectrum with the experimental data (see orange trace in Fig. 3,
top) is excellent and match perfectly the feature located at
~270 nm. This result permits to assign the remaining feature
at ~ 330 nm to spin-forbidden transitions (i.e. Sy — Ty; 1 > 0).

Emission properties

CP2 is weakly emissive at both 298 and 77 K (Fig. 3, red traces).
This feature is in itself very rare as the only other example of
a thioether-based CuCl-containing material is the 2D-CP of
formula [(CuCl)(BzSCH,C= CCH,SBz)], composed of polycyclic
[CueCle—CusCls—], ribbons cross-linked by BzSCH,C = CCH,SBz
ligands.** The emission quantum yield (., at 298 K) of CP2 is very
low (i.e. below the detection limit of the integration sphere). Few
remarks are worthy. First, this observation is simply consistent
with the fact that emissive CuCl/thioether-containing species are
extremely rare, meaning that the paucity of examples is readily due
to intrinsic very low emission quantum yields in such materials.
Second, the position of the emission band (i.e. in the 400-500 nm
window, with a maximum in the vicinity of 420-435 nm) is in line
with what is generally reported for the often more emissive
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Fig. 5 Representation of 50st electronic transitions calculated by TDDFT
of a fragment of CP2 (bar graph; f = computed oscillator strength). The
black line is generated by assigning a thickness of 500 cm™ to each bar.
(H = HOMO, L = LUMO).

Cu,Br,S, rhomboid-containing materials (i.e. 400 < Aem <
450 nm).'®%% Third, with an expected very low ®. value
(<0.0001), it is expected that the triplet excited state lifetime
(re) will also be short (as observed, see below). The 1. data is
generally encountered for the Cu,Br,S, species are 0.6 < 7. <
66 us,"®%°° but no @. data are available. For comparison
purposes, some strongly emissive (Cu,l,),/thioether species
(m =1, 2, 4) are also known with typical @, values ranging
between 0.10 and 0.56, and exhibit z.’s of 0.2 to 5.2 ps.**7°
Noteworthy, Cu,Br,S,-thomboid-containing CP’s exhibiting .
in the short ns time scale are also known.”" Assuming that one
can transfer the radiative (k;) and non-radiative (k) rate
constants from Cul- to CuBr- to CuCl-materials, qualitatively a
decrease in @, by 3 orders of magnitude should proportionally
result in a decrease in 7. as well (i.e. from ps to ns time scale).
Experimentally, this is precisely what is observed (Table 3).
The emission decays (Fig. 6) are found bi-exponential
(i.e. increasing the number of components to the decay analysis
did not reveal any significant new components and did not
improve the 4 significantly; moreover, upon higher laser power
two slopes in the log scale graphs were unambiguously observ-
able; see Fig. 8 below). The presence of a TTA process was then
suspected (T; + T; — Sy + T, + heat; then T, — Ty).
An investigation of the laser power dependence of the total
emission intensity and the relative intensity of both compo-
nents was undertaken. Indeed, the total emission intensity (I.)
follows a linear trend with the square root of the laser intensity
(I,"?; Fig. 7), thus demonstrating TTA. However, the graphs at
both temperatures show two regions (low- and high-power regions),
thus indicate the presence of saturation in the high-power region.

Table 3 Photophysical data for CP2 at minimal light flux
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Fig. 6 Emission decays of CP2 (blue), fit (red), IRF (black) and residual
(green) using a nano-LED laser (lexc = 378 nm; fwhm = 90 ps; power =
0.45 pJd) at 298 K (te1 {f%} = "0.03" ns {3.0}; te2 {f} = 0.93 ns {97.0},
7% =1.16) and 77 K (te1 {f%} = 1.0 ns {32.6}; 1e, {f%} = 3.5 ns {67.4}, z* = 1.06).
Note that this 0.03 ns value is not considered accurate due pulse width at
half-maximum of the excitation source and its relative intensity (see
footnote of Table 3).

Indeed, the graphs of I vs. (I,) is linear for the high-power region,
whereas the low-power one is not (see ESI). Additionally, the
relative intensity of the short components (72 = 6 ps at 298 K
and ~1.0 ns at 77 K; Streak camera) over their long ones (1.03 ns at
298 K and 3.5 ns at 77 K; Streak camera), ie. I(short)/(long),
increases with the laser flux (Fig. 8; note that the decays are
presented in semi-log format for convenience). Conclusively, the
short component is the lifetime of the quenched species during the
annihilation.

The emission quenching rates upon TTA, kg, was evaluated
using kq = (1/7¢) — (1/z.°)”* where 7. and t.° are respectively the
quenched (72 ps (298 K); 1.0 ns (77 K)) and unquenched (1.0 ns
(298 K); 3.5 ns (77 K)) components. These kq values are 1.3 x
10'° (298) and 7.1 x 10® (77 K), indicating that the thermal
activation plays a role. Noteworthy, the former kq value is fast
and is precisely in the same order of magnitude to that reported
for MOFs (~10"° s%; 298 K),”® and also compares favourably
to that for CP1°” (quenched component, 7. ~ 100 ps;

T (K) Jex (NM) Jeem (nM) fwhm (cm ™) Apwhm” (em™) ¢ (ns) 7> dE k4 (10° s7h) kne? (10° s7Y)
CcP2 298 399 434 3600 500 0.03, 0.93 1.16 <0.0001 <1 ~1.1
77 363 423 3100 1.02, 3.52 1.06 — — e

@ Agwhm = (fwhm 298 K) — (fwhm 77 K); fwhm = full width at half-maximum. ” TCSPC data (£10%). The 0.03 ns value is not accurate due to its
relative intensity (~3%) and fwhm of the laser pulse (90 ps). A more accurate value was measured to be 72 + 6 ps using a streak camera and fs-laser
system (see below). © ®: emission quantum yield (detection limit ~107%) at 298 K. ¢ k, = ®c/7¢; ke = (1 — D)/ Te.
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Fig. 7 Graph of I, vs. (laser power)*. Note that the powder XRD traces
before and after submitting the samples to laser irradiation were mea-
sured. All samples turned out stable using these laser flux conditions (Fig. 8,
bottom). The slopes of the low-power regions are 0.102 (298) and 0.086
(nJY?)~* (77 K), which is consistent with the slower excitons (and kq values)
at low temperature (see text).

unquenched component = 3.45 ns; L.e. kg ~ 0.97 x 10" s7).
This fast rate may stem from the contribution of two mecha-
nisms; Foorster and Dexter. However, the 77 K rate is signifi-
cantly slower (for CP2) and inexistent for CP1. Two new features
are observed for CP2: presence of a TTA at 77 K, and of two
regions in the (laser power)”? dependence on the emission
intensity, here due to saturation, is not observed for CP1.

Comparison with the [Cu,Br,(p-EtS(CH,),SEt),],, polymer (CP1)

Prior to present the X-ray study vs. temperature, a comparison
of the key parameters of both CPs is given (Table 4). The key
features are as follow: (1) the kq values at 298 K are in the order
of 10" s, (2) at 77 K, the TTA process is either slow (CP2) or
too slow to be detected (CP1), and (3) for a 100 K temperature
lowering, the unit cell parameters experience a larger decrease
for CP2 (see detail in the ESIt) than for CP1 (see detail in the
ESI of ref. 37). The kq values are, again, linked to the rate of
excitation energy migration, kyqp. At 298 K, the rates are in the
same order of magnitude for CP1 and CP2, which is consistent
with their isomorph structures. Upon lowering the tempera-
ture, the TTA process either slows down or stops, meaning that
the TTA is temperature-aided. However, this process is not
completely stopped in CP2, which is explained by the larger
unit cell contraction upon cooling. In addition, there is no
evidence for a two TTA zones (i.e. TTA and saturation) in the
graph of the emission intensity vs. (laser power)” for CP1 at
298 K (as this is the case for CP2 in Fig. 7). The saturation
points where the lines curve between lower and higher laser
power zones for CP2 are ~32 (n])"? (298 K) and ~38 (n])*?
(77 K). These values indicate that the migration processes (knop)
are slower at 77 K, which is fully consistent with the trend
kq (298 K) > kq (77 K).

X-ray structure vs. temperature and interpretation of the TTA at
77 K (CP1 vs. CP2)

Expectedly, the unit cell volume and parameters a, b, and ¢
expand, and the density decreases, with the temperature (ESIT).

Phys. Chem. Chem. Phys.

View Article Online

PCCP
=]
& 1
> ) e
g) 750;1W;‘” N
QS 900 pW
= 1050 uW
01F 1200 W
1400 uW
1650 uW
1 200.0 HW 1 " 1 L
: 7K
]
8 1
P
2 300 pW 450 W
2 600 W 750 W
= 0.1 900 pW 1050 pW
1200 pW 1400 pW
1600 pW 1800 pW
2000 pW
1 1 1 1
0 250 500 750
Time (ps)
c L
after irradiation
>
=
£ ]
c
[0}
c
= before irradiation

10 20 30
26 (9)

Fig. 8 Top: Semi-log plots of the emission decay traces of CP2 at 298
and 77 K as a function of laser excitation intensity: le(short)//lc(long) = 1.24
(750), 1.05 (1050), 1.78 (1200), 1.72 (1400), 1.85 (1650), and 1.92 (2000 puW)
at 298 K; 0.32 (450), 0.44 (600), 0.55 (750) 0.51 (900), 0.58 (1050), 0.58
(1200), 0.67 (1400) 0.65 (1600), 0.69 (1800), 0.69 (2000 pW). Bottom:
Comparison of the experimental powder XRD from 5° to 50° before and
after laser irradiation (i.e. before and after the measurements). The short
(72 £ 6 ps) and long (1.03 + 0.10 ns) lifetimes at 298 K remain about
constant with the power.

Similarly, the Cu-S bond lengths increase with the temperature
and the slopes bond length vs. temperature, Ad(Cu-S)/AT, differ
somewhat. Concurrently, the Cu-Cl bonds behaves slightly differ-
ently where one bond exhibits a modest positive slope
(Ad(Cu-Cl2)/AT) while one remains constant (Ad(Cu-Cl1)/AT).
The reason for this stems from the dissymmetric dilatation of
the unit cell parameters with the temperature: +0.026(2),
+0.054(2) and +0.043(2) A, respectively representing relative
increases of 0.29, 0.60 and 0.39%, for a, b, and c, from 100 to
298 K (at 100 K, a = 8.9309, b = 6.7591, ¢ = 10.8963 A). The
contraction of the unit cell parameters upon cooling CP1 and
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Fig. 9 Graph of the Cu—-Cland Cu-S bond lengths vs. temperature. The error bars are the uncertainties and the scalings are set identical for comparison
purposes; i.e. to stress the fact that the slopes are different. The atom numbering refers to Fig. 1.

Table 4 Comparison between CP1 and CP2 (tw = this work)

CP CP2 (X = CI)™ CP1 (X = Br)”’ Comment

TGA Tgec > 175 °C Tgee > 211 °C CP1 is more therm. stable

T (K) 298 77 298 77

Jexe (NM) 399 363 367 385

Jem (NM) 434 423 430 416 Common for rhomboids

7 (minor)* 0.03ns 1.02ns —’ -

7 (major)® 0.93ns 3.52ns 3.45ns 3.35ns Not unusual for rhomboids

P° <0.0001 —¢ <0.0001 —4 Not unusual for rhomboids

Enr (10° s71)° ~11 —d ~2.9 —d

TTA Yes Yes Yes No Based on linearity of I, vs. (I,)">

Quenched comp. (ps) 72 ~1000 ~100 4 Measured with a streak camera

ko (s ~10" ~7 x10® ~10" 4 10"° (298 K) is typical for TTA evidence for thermal activation
Aa (A) 0.020 0.011 123 < T (K) < 293 for CP1

Ab (A) 0.048 0.027 118 < T (K) < 298 for CP2

Ac (A) for a 170 K range 0.037 0.035 CP2 contracts more than CP1 explaining the lack of TTA for CP1 at 77 K
d(cu - -cu) at 293 K 3.2903(10) A 3.459(10) A In the Cu(,-X), Cu rhomboids

A(dcy - -cu) for a 170 K range  0.040 (A) 0.032 (A) In the Cu-S-Cu bridges

nb. of TTA mechanisms 2 2 1 0 Presence of exciton saturation or not

% TCSPC data at minimal light excitation flux. The 0.03 ns value for CP2 is not accurate due to its relative intensity (~3%; see caption of Table 3).
The short components are the quenched component due to TTA. ” These short components are not observed at minimal light flux, but at 298 K the
quenched component is observed with a value of ~100 ps (Streak camera) with higher excitation power. ¢ Note that the larger k,, value for CP2 is
consistent with the observation that emissive Cu-Cl CPs are extremely rare meaning that k,,, is large for these species. A lower rigidity of the Cu-Cl

framework appears to be responsible for the larger k,,. ¢ Not accessible.

the uncertainties kg (CP1) < kq (CP2).

CP2 within the same temperature range (here 170 K; Table 4) is
larger for CP2, meaning that the shrinkage of some separations
is more important for the latter. Indeed, the change in inter-
rhomboid distance, A(dcy: - cu), iS larger for CP2, is one example
(0.040 vs. 0.032 A).

The slower kq value (therefore ky,p) for CP2 and the absence
of TTA for CP1 (or too slow to be observed) at 77 K in
comparison with the faster kq values at 298 K (10'° s~ ') indicate

This journal is © the Owner Societies 2019

¢ No TTA process observed. / Note that in absolute values not considering

that the TTA is temperature-driven. Noteworthy, thermally
aided processes are also known for organics. For example, an
increase in rate of excitation energy migration and singlet-
singlet annihilation with the temperature for liquid benzene
was reported over a decade ago.”* Moreover, CP1 does not
exhibit a TTA, whereas CP2 does. The X-ray data indicate a
larger unit cell contraction for CP2 for a same temperature
range. This larger shrinkage implies a larger decrease in bond
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distances and separations for CP2, thus promoting better
conditions for excitation energy migration.

During the course of this investigation, an unusual structural
feature was observed. Indeed, the intra-thomboid Cu- - -Cu separa-
tion appears to increase (very slightly) from 100 to 170 K, but
experiences a clear decrease (0.004 A) going from 170 to 250 K
(ESIf). Considering the uncertainties, this feature is real, again
associated with the dissymmetry of the non-cubic 3D geometry
(Fig. 1). However, this change is so small (0.004 A) that it bears no
consequence on the interpretation of the TTA processes, but is
worth noting.

Finally, attempts were also made to observe an emission
from upper states (Ty + Ty — Sy + T, + heat or S, + S,, + heat), but
stubbornly failed (note that the detection limit is ~250 nm).
The reason most likely lies in the density of states located
nearby to each other (as well illustrated for the S, in Fig. 5;
it is reasonably assumed that this is also true for the T, states),
thus providing a very large number of non-radiative
deactivation paths.

Conclusion

The isomorph CP1 and CP2 are still, to the best of our knowledge,
the only examples of CPs containing d-block transition metals and
non-chromophoric ligands that exhibit TTA processes. The parti-
cularity of the earlier work for CP1 (X = Br) was the absence of TTA
at 77 K, whereas at 298 K, the process is fast. The extension of the
past work to the case where X = Cl (CP2) was natural and helped
shining light on this curious result. The faster rate of TTA at 298 K
in comparison with that at 77 K indicates that the process is clearly
temperature-aided, which can also explain the absence of TTA for
CP1 at 77 K (i.e. too slow to be observed). The presence of a slow
TTA process for CP2 and not at all for CP1 at 77 K, is explained by
the significantly larger unit cell contraction upon lowering the
temperature to 77 K in CP2. The rates of emission quenching by
TTA, kg, at 298 K (1.3 x 10" s~ for CP2 and 0.97 x 10" s~ for
CP1) compare favourably to other CPs containing organic ligands
(time scale ~10"° s~ ") and are considered fast. This outcome stems
from the presence of strong MO couplings between the rhomboid
units (through bond) within the 2D-{Cu,CLS,], layers as deduced
by DFT computations. Noteworthy, the duality has been reported
before for singlet energy transfer.”> Finally, the presence of two
regions (TTA and saturation) is observed for CP2 in the graph
emission intensity vs. (laser power)"2 The fact that the saturation
point being is at higher power at 77 K is fully consistent with the
slower kq values (i.e. which is related to ky.p) measured for this
temperature. All in all, the TTA is a common photophysical event to
all CPs and MOFs, regardless of the units that compose these
materials. This knowledge is useful for the design of new materials,
including with the hope of inducing observable upper energy
emissions, or simply converting into heat.
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