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ABSTRACT: A systematic chain length variation of the ligand MeOCsH4S(CH2)»SCsH4OMe (1
< m < 8) was performed to study its effect on the structures and photophysical properties of the
coordination polymers (CP) when reacted with Cul. Indeed, direct correlations are noted between
these features and m. When m is an odd number, the secondary building unit is systematically the
common closed cubane Cuyly cluster, rendering the material strongly luminescent (i.e. emission
quantum yield, ®. > 20 %), and the CP is 1D. However when m is 2, 4 and 6, the SBUs exhibit
rare polymeric motifs of (Cuzl)a: staircase ribbon, fused poly(rhombic pseudo-dodecahedron)

and accordion ribbon, respectively, and the emission intensities are either very weak (®e < 0.001



%) or of medium intensity (®e ~ 10 % when m = 6). When m = 8 (i.e. the most flexible chain),
the SBU is a closed cubane Cu4ls and the emission intensity is medium (®. ~ 10 %). A special
case was observed for m = 3, where a co-crystallization of the molecular cluster Cusl4(NCCH3)4

is observed in the lattice, which turns out to be quite important for the stability of the network.

INTRODUCTION

Since the pioneer works by H. D. Hardt, E. Holdt in the late 70ies' ™ and later by Peter Ford
and his collaborators in the 80ies on neutral copper(I) halide clusters CuxXxLy (X =1; 2,4,y =
4),° this chemistry has been extended to a larger family of CuxXxLy-containing complexes and
coordination polymers (CP; X = CI, Br, I, OH; 2 < x < 8,y = 4....).!¥ This field is largely
dominated by N- and P-donor ligands and significant advances in the field of material science
were made.!> 2 In particular, when X = I, the clusters, namely the closed cubane Cusls, the
resulting responsive materials turn out to be strongly emissive, and properties such as vapo-,
solvato-, mechano- and thermochromism have been reported.!>!%?!-2° The effect of the aliphatic
chain length variation chain that connects two N=C/P-donor units with ditopic linkers on the
outcomes of their coordination chemistry on coinage metal ions was also previously studied.??>°

Concurrently, chalcogenoether and chalcogenide ligands also form an important class of 1D-,
2D- and 3D-CPs when reacted with copper(I) halides.*® Indeed, these networks also exhibit rich
properties such as solid-to-solid phase transition, vapo-, solvato- and thermochromism, photo-
and electroluminescence, redox activity, (semi)conductivity, porosity, gas adsorption, cytotoxicity
and antibacterial behaviors leading to applications such as solar cells, light emitting diodes,
heterogeneous catalysis and photocatalysis, stimuli-responsive smart and self-healing materials,
sensors and cancer therapy.>” These CPs are constructed with neutral (CuX)x clusters (X = ClI,
Br, I), often referred as secondary bonding units (SBUs), where 1 < n < 8 or more rarely n =
(1D-SBU), and mono- or polychalcogene-containing ligands. Both entities define the resulting
network properties. The SBU motifs can be separated into two large categories: quasi-planar and
globular clusters dominated by respectively the rhomboid and closed cubane (when X =1I) motifs
(Figure 1). One key difference is that when globular SBUs are formed, the CPs are found strongly
emissive (i.e. ®c > 10%),% and when quasi-planar SBUs are generated, the isolated network is

found weakly or not emissive.*® One exception was recently reported for a 3D-CP [(Cusls)(L4)2]n



(CP4) formed when Cul was reacted with para-MeOCsH4S(CH2)4SCsH4sOMe (L4) in which an
very rare 1D-SBU (Cusls)a as a poly(truncated rthombic dodecahedron), formed.*® Concurrently
when m = 1, a strongly emissive 1D-CP of formula [Cusls4(ligand):]n (CP1) formed instead where
the SBU is a closed cubane.***’ This observation suggests that the CP structure and SBU motif,
and consequently, the network’s properties, appear to be chain length dependent. This hypothesis
is reinforced by examining the CPs formed during the reaction between Cul and the para-
MeCsH4S(CH)»SCsHaMe ligand: m = 1, 1D-CP, SBU = Cusls;*° m = 5, 1D-CP, SBU = Cuals;*
m =8, 2D-CP, SBU = fused dicubane Cusls,*! thus suggesting that an odd number of carbons in
the flexible (CH2), chain is rather prone to form emissive 1D-CPs with closed cubane Cusls

SBUs, whereas an even number is prone to form other types of CPs.
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Figure 1. Structures of three selected quasi-planar SBUs (top) and three globular SBUs (bottom)

for CPs formed during the reaction between Cul and thioethers. This list is not exhaustive.®

Since the CP and SBU structures, and thus their properties, are linked to the number of carbons
in the chain, a systematic study appears necessary as the sampling appears meager and
heterogenous. We now report the synthesis and characterization of six CPs formed during the
reaction between Cul and the para-MeOCsH4S(CH2),SCsH4OMe ligands (Lm; m = 2, 3, 5-8)
where m = 2 (CP2), 3 (CP3), 5 (CP5), 6 (CP6), 7 (CP7) and 8 (CP8), thus completing a series
going from m = 1 to 8. Clear trends relating the CP dimensionality, SBU motif, and resulting
emission properties depending whether odd and even numbers of carbons form the (CHz),, central

chain, and the effect of grinding and exposing to various solvent when pertinent, are noted.



RESULTS AND DISCUSSION

General. The syntheses of CP1-CP8 are summarized in Scheme 1. They consist at reacting
Cul with the corresponding L1-L8 (ArS(CH2).SAr; Ar = para-CéHsOMe; m = 1-8) in
acetonitrile (or in same case in EtCN) in a 1:2 stoichiometric ratio. All polymers were
characterized by IR, Raman (Figures S1 and S2), TGA (Figure S3), powder X-ray diffraction
patterns (XRD), and elemental analysis. Their identity was confirmed by X-ray crystallography
and modeling for CP7 (Table 1, Table S1-S3).

Table 1. List of CPs investigated in this work.*>¢

Shortest Mean
Cp : distance
SBU formula distance B
(T, K) CuCu
CuCu (A) A)

CP139,40
(130) cubane 1D-[Cuaslsa(L1)2]x 2.625(5) 2.702
CP2 curtain
(123) wall 1D-[(Cu2l2)(L2)]x 2.8662(7) 2.872
CP3 cubane 1D- 2.691(3)¢ 2.707¢
(173) [{Cuala(L3)2}35°Cusls(MeCN)s24MeCN], | 2.694(3)° 2.783%
CP3®’ . . 2.8833(10)¢
(173) rthomboid | 1D-[{Cuzl>(L3)2} *EtCN]a 2.8764(9) 2.880
CP4°*®
(100) e 3D-[Cusls(L4)1.5]x 2.7910(2) 2.908
CP5
(173) cubane 1D-[Cusla(L5)2]x 2.7315(18) 2.810
81;(35) accordion | 2D-[(Cuzl2)(L6)]. 2.7571(11) 3.138
CP7 - 7 - -
(173) Cubane/ | 1D-[Cusla(L7)2]x 2.50/ 2.95
CP8
(100) cubane 3D-[Cusls(L8)2]x 2.6942(3) 2.768

abThere are two types of closed cubane clusters inside the materials: a = Cusls(NCMe)s. b =

CualsS4, € Ribbon A (see Figure S4), ¢ Ribbon B (see Figure S4), *SBU = poly(truncated rhombic
dodecahedron), see Figure 1. ‘The structure was solved by computer modeling based on the

PXRD data (detail below).
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Scheme 1. Reaction schemes for the syntheses of CP1-CP8. Note that CP3 bears four MeCN
crystallization molecules and CP1 and CP4 have been previously reported by us and are listed

for comparison purposes.**

The CPs are thermally stable up to temperatures approaching or 200°C according to TGA data
(Table 2, the traces and first derivatives are in Figure S3). The exception is CP3, which contains
four acetonitrile as crystallization molecules and four coordinated ones. This weight loss occurs
at 86°C which is not too different from its boiling point (Tovoiling (MeCN) = 82°C). CP3 also
exhibit the lowest temperature of decomposition. Speculatively, the weight loss may be associated

with the presence of coordinated acetonitrile molecules (see structure below).

Table 2. TGA data for CP2, CP3, CP3’, CPS, CP6, CP7, and CP8 under argon.

TDec Exp Am Calc Am
COP | (%) (%)
210 | -43.42 | 4458 | L2

548 | -44.44 | -43.86 |21+0.75 Cu
86 | 726 | 668 |8MeCN
CP3 | CiisHiaCualsNsO1S 12 [4917.28F | 191 | -39.39 | -39.10 |6 1L3

450 | -3371|-3355 | 131

87 467 -5.11 | EtCN
CP3’ | CyHisCusNO4Ss [1076.86] 261 | 5678 | -59.52 | 213

557 | -29.92 | 2947 |21+ Cu
CP5 | CioHnCul0:S: [729.38] égg :g;gg :gj:gf lLﬁfé&

CP6 | CioHi3CulOS [371.70] 227 -49.26 | -48.77 1 0.5L6

Formula [M (g.mol™!)]? Attribution

CP2 Ci6H18Cu2202S, [687.30]




618 -40.22 | -39.27 |1+0.3Cu
246 -50.27 | -49.71 | L7

593 -41.60 | -41.89 |21+ Cu
256 -50.60 | -50.63 | 0.5 LS8

602 -38.30 | -37.02 | 1+0.25Cu
4 Formula and molecular mass for one repetitive unit. ® Reported at the temperature where the

CP7 | C21H2sCuwl,028,% [757.47]

CP8 | CiHisCulOS [385.73]

CP loses weight. © CP3 starts exhibiting weight loss near room temperature until the large weight

loss at 191°C. This gradual weight loss is most likely due to the Cu4ls(NCMe)4 decomposition.

X-ray structure of CP2 (1D-[(Cuzl2)(1L.2)],). In contrast to the reaction of PhSCH,>CH,SPh with

Cul (ratio metal/ligand 2:1) yielding a 2D material [(Cul),{u-PhS(CH2)2SPh}:], incorporating
rhomboid-shaped Cu(po-I)2Cu SBUs, the X-ray determination of CP2 revealed a profound
change of both the dimensionality and nuclearity. Figure 2 shows that 1D-ribbons have been
formed where the (Cul), chain adopts a curtain wall structure (two views of crystal packing are
provided in Figure S5). This rare, folded motif is induced by the small bite separation of L2
(d(S-+-S) = 4.400 A), which is acting as a bridging ligand between two Cu(I) on the same face of
the ribbon making -CH>S-Cu-I-Cu-I-Cu-SCH,-rings. The bridged Cu---Cu separation is 5.561 A.
Some ring stress is also noted when comparing the shortest d(Cu---Cu) distance in CP2 (2.8662(7)
A) with shortest ones measured for the other CPs (from 2.625(5) to 2.7910(2) A) falling in this
same category of MeOCgHs-containing ligands (CP1-CP8; Table 1). For CP2, this distance is
the longest. Based on a recent review, this motif is quite unique in chalcogenoether-containing
network.>® The only other examples for 1D-(Cul), ribbons featuring SBU of this type with us-
linking iodide atoms are the 1D-staircase ribbon in [ {Cu(us-I1)>Cu}(p-ferrocenyldithiane)], (mean
d(Cu---Cu) = 2.7384 A; Figure 3)* and the 1D-[(Cuzl2)(para-MeC¢H4sSCH2CH2SCsHaMe)z ],
CP (d(S*--S) = 4.444 A; bridged d(Cu---Cu) = 5.569 A; shortest d(Cu---Cu) =2.907 A).#

The resemblance of this latter bis(4-tolylthio)ethane ligand with L2 is striking meaning that the
change of the methoxy group by a methyl substituent impacts only little the outcome of the SBU
motif and CP dimensionality. However, when the dithioether ligand is either R = H* or CI1*,
quasi-identical honeycomb-like 2D-CPs are obtained. This variation in SBU motif and CP
dimensionality is consistent with what is expected when comparing an H-atom and a Me group
substituted at the para-position of benzene. Indeed for RCsH4S(CH2)sSCsH4R, when R = H and
Me, the reactions with Cul respectively lead to the CPs 1D-[Cusls(L)2]n and 2D-[Cuslg(L)3]a

where Cusls is a closed cubane and Cusls is a fused closed dicubane motif.*



Figure 2. Structure of the 1D-curtain wall ribbon of CP2. Top: top view. Bottom: side view.
Color code: brown (Cu), purple (I), yellow (sulfur), red (oxygen), grey (carbon). The H-atoms

are not shown for clarity.
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Figure 3. Structure of the 1D-staircase ribbon [ {Cu(ms-I),Cu}(u-ferrocenyldithiane)],.**

The X-ray structure of CP2 was also examined at various temperatures (123, 173, 223 and 298
K; the X-ray parameters are placed in Table S1). No phase change was noted for which the space
group remains C 2/c. The unit cell parameters a, b, ¢, and the volume (V) increase only slightly

with the temperature (Table 1; Figure S6), except for the a axis, which undergoes a slight



decrease between 173 and 223 K. The Cu-:-Cu separations also increase slightly (by ~0.035A on
average) going from 123 to 298 K).

X-ray structure of CP3 (1D-[{Cusls(L.3)2}3.5°Cusls(MeCN)424MeCN],). CP3 was obtained by
reacting MeOCsHsS(CH2)3:SCsH4OMe with Cul in MeCN with metal/ligand ratios of 1:1, 1:1.5,

and 2:1. The crystal structure of CP3 is unique among the chalcogenoether/copper halide-based
networks>® as it exhibits a lattice containing two different co-crystalized Cul-containing species.
It includes a 1D-[Cuals(L3)2]n chain, which resembles that of the 1D-[Cuals(L1)2], CP,***° and a
discrete closed cubane Cusls(NCMe)4 (Figure 4a,b). The X-ray structure of the Cusls(NCMe)4
cluster has previously been reported and coincidently this cluster too co-crystallizes with a

).% The bond lengths and angles of

second molecule (dibenzo-18-crown-6 in the other case
Cuwsl4(NCMe)s in CP3 are fully consistent with those reported earlier suggesting that the cubane
structure is not significantly affected by the crystal packing. The Cusl4(NCMe)s cubanes (in blue
in Figure 4c,d) are located inside quasi-square-shaped channels formed by eight 1D-
[Cual4(L3)2]n columns. These channels are formed by four piled-up sides composed of the planar
CsH4sOMe groups pilling in a slipped manner (Figure S7). CP3 remains stable under standard
conditions several weeks prior to deteriorate (see Figure S8). The crystals of CP3 turn opaque
over a few days without any spectral changes in the PXRD patterns. Because of the formation of
channels within the lattice, one wonders whether the MeCN crystallisation molecules and/or
Cusls(NCMe)s could be exchanged or removed when exposed to solvents known to be poor
solvents for CP3 (Figure S8). Stability test was first performed as a control experiment upon
comparing the PXRD patterns of a fresh solid sample and the same sample left in air for several
weeks (Control). A small deterioration of the PRXD pattern was observed but the spectral
structure remained intact. Upon leaving CP3 exposed to acetonitrile, the PXRD signature
remained identical as the fresh sample as expected. However, when exposed to benzene and
toluene, both PXRD responses are the same but change drastically indicating a crystal
transformation. Incidentally, the resulting signature is clearly reminiscent to that obtained for 1D-
[Cual4(L5)2]n below, which strongly suggest isostructurality and consequently meaning that the
Cusls(NCMe)s has successfully been extracted from the lattice. Unfortunately, attempts to obtain
crystals suitable for X-ray analysis stubbornly failed. Nevertheless, this experiment turns out to

be useful for assigning the most emissive species: (Cusls(NCMe)s versus 1D-[Cusla(L3)2]n),



which is addressed in a section below. When CP3 is exposed to CH2Cl> and xylene, the resulting

PXRD pattern is identical to that for y-Cul, which indicates decomposition.
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Figure 4. (a) X-ray structure of the 1D-{Cusl4(L.3)2}35-chain. (b) Structure of Cusls(NCMe)as.
The H-atoms and crystallization acetonitrile molecules are not shown for clarity in a and b. (¢)
(d) Side and top views of the relative position of the Cusl4(NCMe)4 cluster (in blue) in the lattice.
The CsH4OMe groups are not shown for clarity. Color code: brown (Cu), purple (I), yellow
(sulfur), red (oxygen), grey (carbon), blue (nitrogen and central Cuslsa(NCMe)as).



Moreover, because the Cusls(NCMe)s cluster occupies a given space, then changing MeCN for
EtCN should prevent the anticipated analogous cluster (Cusls(NCEt)s) to enter the lattice, or
even form. Indeed, by exposing CP3 to EtCN at room temperature for several days, new crystals
form. The X-ray data reveals the presence of a 1D-CP of formula 1D-[Cuzl2(L3), ¢ EtCN],
(CP3’) where EtCN is a crystallisation molecule and the SBU is a rhomboid with no evidence of
the Cusls(NCMe)s cluster or Cusls cubane in the polymeric chain (Figure 5 and S7). The CP3’
structure is reminiscent of that of the 1D-CPs [CuBra(PhS(CH2);SPh):]»*" and [Cuala(p-
FC6H4S(CH,)3S-p-CsHaF)2],.*® There are two independent parallel chains in the unit cell (Figure
S9). Their Cuzl> rhomboids exhibit Cu---Cu separations of 2.883 and 2.876 A, both slightly
above the van de Waals radii of two Cu atoms (2.8 A). The absence of any Cuals cluster in CP3’
is indicative that the Cu4ls(NCMe)s cluster in CP3 has a stabilizing effect of the lattice. In
conclusion, the lattice structure of CP3 is found to be rather unique but also somewhat fragile
thermally (based on the TGA traces, CP3 exhibits the lowest Tqec as weight loss starts appearing
soon after room temperature; Figure S10) or when exposed to given solvents. By comparison,

CP3’ losses EtCN in the vicinity of 100 °C (Figure S10).
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Figure 5. X-ray structure of CP3’ (1D-[{Cuzl>(L3):}*EtCN],). The H-atoms and EtCN
molecules are not shown for clarity. Color code: brown (Cu), purple (I), yellow (sulfur), red

(oxygen), grey (carbon).

X-ray structure of CPS 1D-[Cusls(LL5)>].. CPS was obtained by reaction of Cul with the ligand
MeOCsH4S(CH2)sSC¢H4OMe LS in a 2:1 ratio and crystallizes in a 1D-ladder structure where

step-shaped macrocycles of [(Cusls)2(LS)2]2 dimers are linked to other dimers by two po-L5
ligands to form a CP better described as {[(Cusls)2(L5)2]2(p12-L5)2} s (Figure 6). It is noteworthy

10



that this ladder-shaped 1D CP motif appears unique in chalcogenoether-containing materials.>®
The nodes are closed cubanes Cusls where all Cu-centers are coordinated to one S-atom of four
different ligands. This structure differs from what is reported for ligands containing ArSCH2SAr
(Ar = aromatic group) for obvious steric reasons of the short methylene chain.*’ This steric
restriction is also noted for PhS(CH»2)3SPh, which form a 2D-sheet [Cu4ls(PhS(CH2)3:SPh)2],
instead.*” However, when the ligand is PhS(CH2)sSPh, the dimensionality of this CP is also 1D
with closed cubane Cusls SBUs but no [(Cusls)2(PhS(CH2)3SPh),]> macrocycles is formed.*” This
observation implies that the OMe group plays a significant role on this outcome. It is noteworthy
that CP1 exhibits two symmetry-related crystallographically different Cu atoms and that the core
motif of CP3 and CPS5 contains four crystallographically different Cu(I) centers (Figure 7). In

contrast, the highly symmetric cluster core of CP8 (see below) bears four identical Cul units.

Figure 6. X-ray structure of CP5 (1D-[Cusls(L5)2],). Side view (left) and view along the 1D-
propagation (right). The H-atoms are not shown for clarity. Color code: brown (Cu), purple (1),
yellow (sulfur), red (oxygen), grey (carbon).

CP1 core CP3 and CP5 core CP8 core

Figure 7. Views of the cubane Cus(u3-1)4Ss cores within CP1, CP3, CP5 and CP8 featuring

different symmetries.

11
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Figure 8. X-ray structure of CP6 (2D-[Cusl4(L6)2],). (a) Side view of the 1D-(Cul), accordion
ribbon (only part of L6 is shown for clarity). (b) View of the 2D-organisation of CP6. The H-atoms
are not shown for clarity. Color code: brown (Cu), purple (I), yellow (S), red (O), grey (C).

X-ray structure of CP6 (2D-[(Cuzl2)(L6)],). This colorless and air stable material CP6 was
obtained by reaction of Cul with the ligand MeOCsH4S(CH2)sSCsH4OMe L6 (2:1 Cul-to ratio)

in MeCN solution (Scheme 1) and crystallizes as 2D-sheets (Figure 8 and Figure S11). These
layers are composed of accordion-shaped 1D-(Cul), ribbons, which are interlinked sideway by
L6 ligands. The ribbons contain crystallographically identical Cu atoms, which weakly interact
with the neighbored one through a Cu-Cu contact of 2.7571(11) A. Like in CP2, each Cu-Cu
couple is linked to the adjacent ones through a ps-bridging iodide atom. This 1D-accordion
ribbon motif for the SBU is rare but not uncommon based on a recent survey.*® This architecture
contrasts with that observed for the related CP 1D-[(Cusl4)(PhS(CH2)sSPh)],, where the SBU is a
closed cubane and the dimensionality is 1D.* This comparison is another example of a drastic

difference when replacing an H-atom by a OMe substituent at the para-positions of Lx.

X-ray structure of CP7 (1D-[(Cuals)(LL7)]x). No crystal of suitable quality for X-ray diffraction

studies was obtained for this strongly emissive species. Instead, computer modeling and
simulation of powder XRD pattern were employed to elucidate the structure. Based on a crystal
structure collection enumerated in a review article dedicated to copper-halide chalcogenides

networks, two main conclusions arise from it.>

First, two main categories of SBUs exit, globular
and quasi-planar (Figure 1), where the former shape is prone to rich luminescence properties,
such as large emission quantum yields and long lifetimes, whereas the latter type is not.>® The
photophysical data for CP7 are presented below and strongly suggest that the SBU of CP7

belongs to the globular category. Second, statistics indicate that the 1D- (41%) and 2D- (39%)

12



CPs represent 80% of all Cusls-containing networks.*® Finally, CP1, CP3 and CP5 form 1D-CPs
and are built with L1, L3 and LS, respectively, with (CH2)m chains where m is odd. These
information orientate the primary modeling towards the highly probable 1D-[(Cu4ls)(L7)]s, the
other being a 2D-version.

Views of the packing are provided in Figures S12 and S13. Figure S14 compares the simulated
PXRD pattern of a calculated model (Figure 9; monoclinic system, P21, P2 space group; a =
24471 A, b=14397 A, c =17.617 A, p = 114.855°) with the experimental. A good agreement
with experimental data with a percentage of similarity of 98.7% is observed after compensating
for the baseline discrepancies (Rwp(w/o bck). Moreover, the calculated filled and void spaces
(using Crystal Maker) for this model fall in the middle of the range of filled and void spaces of
the other crystals investigated in this work (Table S4). Other calculated structures based on
common X-ray data throughout the literature were also investigated,’® but the comparison
between the experimental and simulated data were poor. All in all, this 1D-motif turned to be the
best. Moreover, the calculated Cu-Cu distances inside the Cusls cluster were evaluated based on
the refined structure and ranges from 2.5 up to 3.0 A with an average of ~2.7 A. This value falls
perfectly within the distribution of Cu-Cu distances reported throughout the literature®® thus

reinforcing the predictable nature of the Cu-Cu distances in the Cusls cubane motifs.

Figure 9. Calculated structure of CP7 (1D-[Cu4ls(L7)2]»). The H-atoms are not shown for
clarity. Color code: brown (Cu), purple (I), yellow (S), red (O), grey (C).

X-ray structure of CP8 (3D-[Cu4l4(L.8)2]4). The crystal structure of CP8, which was obtained

by treatment of Cul with bis(4-methoxyphenylthio)octane L8 in MeCN solution, consists of 3D-

network with a Cuyls closed cubane as globular SBU (Figure 10, two views of the crystal packings
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are provided in Figure S15). The choice of the solvent can have in certain cases a dramatic
impact on the resulting network architecture as exemplified for CP3 and CP3’. We have also
recently demonstrated that outcome of the reaction of Cul with L4 depends crucially on the
choice of acetonitrile vs propionitrile.® Therefore, we also performed the reaction with EtCN
instead MeCN as solvent. However, in the case of L8, no impact on the architecture was

observed; in both cases the material crystallizes in the tetragonal space group /41/a.

1.80nm

Figure 10. X-ray structure of CP8 (3D-[Cu4ls(L8)2],). Side (left) and top (right) views of the
crystal packing. The H-atoms are not shown for clarity. Color code: brown (Cu), purple (I),
yellow (S), red (O), grey (C).

This result is consistent with the fact that CPs built with (aryl)S(CH»)sS(aryl) CPs (aryl = 4-
CsH4R; R = H, Me, ‘Bu) ligands and Cul generate systematically globular SBUs, namely closed
cubane and fused closed dicubane.*'*> However, the dimensionality remains unpredictable, since
with PhS(CH2)sSPh and p-TolS(CH2)sSTol-p, 1D and 2D networks are respectively generated.
The 3D-dimensionality in Cusls-containing chalcogenide networks is not statistically frequent
(10%).%® The other 3D-CPs in this series is CP4, [(Cusls)(L4)2]n, where L4 bears a (CHz)4 chain.*
The link between CP4 and CP8 is noteworthy since both share similarities. Both CPs are 3D, use
a globular SBU, and the (CH2)m chains exhibit m = 8 in CP8 and m = 4 in CP4, stressing the fact
that one is a factor of the other. Due to the nanometric separations between the neighbored Cuasls
clusters (centroid-to-centroid distances of ~ 2 nm, Figure 12) caused by the long and flexible
(CHb»)s spacer, the crystal packing suggests the presence of large voids. But again, the calculated
filled and void spaces fall with the range observed for the CPs studied herein meaning that CP8

is not porous (Table S4). Moreover, the temperature dependence of the unit cell parameters
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(Table S3; Figure S16) recorded at six different temperatures (100, 150, 173, 200, 250 and 293 K)
does not show evidence for a phase transition occurring in this 193 K interval. The Cu---Cu

separations increase by ~0.03-0.04 A over this temperature range.

Photophysical properties. All CPs are white but intense yellow emissions were observed with
naked eyes for CP3, CP5 and CP7 samples when subjected to UV light at 298 K (Figure S17).
CP2, CP6 and CP8 exhibit faint blue luminescence (Figure S17). Prior all measurements of their
photophysical properties (Table 3), each powder samples was checked for crystalline purity by
comparing the PXRD patterns with the calculated ones issued from the crystal data (Figure S18).
The absorption and excitation spectra exhibit signal below 350 nm (Figures S19-S25). The
emission bands are found to be structureless and their maxima are found in the usual range for
thioether/copper iodide species (500-750 nm).*® This band is assigned to cluster-centered excited
states (*CC*) for Cusls-containing CPs (CP1, CP3, CP5, CP7 and CP8). A weak high energy
emission band in the 400-500 nm range is observed for CP8 at 77 K (Aemi ~ 440 nm, Figure S25).
Such band high energy band for cubane-type clusters is generally associated with a metal/halide-
to-ligand charge transfer excited state, M/XLCT*,> but was not investigated further. Moreover,
several species copper iodide clusters exhibit emission thermochromism. One relevant example
is the cubane-containing species (Cul)s(MeCN)4L (L = dibenzo-18-crown-6), which exhibits a
yellow emission at 298 K and pink luminescence at 77 K.*¢ Several thioether/copper iodide CPs
and discrete complexes are also known for emission thermochromism.*>* Except for the

previously reported CP4, no emission thermochromism was detected in this series.*®

Table 3. Photophysical data of the CPs.

CP }Le]‘ni max (nm) Te (uS)a q)eb
77K 298 K 77K 298 K 298 K

CP1% | 548 550 24.2 10.3 b
CP2 587 680 15.0 6.0 <0.001
CP3 600 582 2.5,10.4, 26.6 0.45,6.5,15.2 0.27
CP4* | 420, 770 | 740 —cd 0.28, 1.8 <0.001
CP5 564 564 15.14 7.5 0.24
CP6 611 531 6.29 1.46 0.09
CP7 | 554 574 5.99 5.03 0.23
CP8 554 515 13.4 0.60 0.11
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*The uncertainty is = 10%. °Not measured in this study. “Too weak to be measured (770 nm).
dDecay is shorter than the FWHM of the excitation pulse (100 ps; this 440 nm band is due to a

ligand-localized triplet excited state, r*).*8

The emission quantum yield (®.) measurements (at 298 K) allow for the division into two
categories: strong yellow emission; CP1, CP3, CP5, and CP7 (®. > 0.23), and weak blueish
luminescence; CP2, CP4, CP6 and CP8 (®. < 0.11), with the latter group being less intense
(note that this latter 0.11 value is associated with a Cusls chromophore, which is usually strongly
emissive). The quantum yield of CP1 is not known but it is reported to be strongly emissive.*’ It
is quite interesting to note that the color of the glow and the emission quantum yield are function
of the odd or even number of methylene groups in the chain (m = odd number, yellow glow and
®. > 0.23; m = even number, weak blueish emission and ®. < 0.11).

The emission lifetimes are expectedly in the ps time scale (from 0.6 to 27 us), and the decays
are either mono- or poly-exponential (the decays and their analyses are provided in Figures S26-
S31). The variability of emission lifetimes in the solid state are sometime function of the
morphology. In recent studies, temperature, thermal annealing, type of stacking, and effect of
grinding were parameters that influenced the number of components to fit an emission decay and
the size of the emission lifetimes of inorganic complexes in the solid state.’**> Thermal
annealing and grinding have for effect to decrease the emission lifetimes. CP3 (1D-
[{Cusla(L3)2}3.5°Cusls(MeCN)424MeCN],) is susceptible to undergo a mechano-induced phase
change upon grinding and was selected for testing along with CP5 to assess whether grinding the
solid affects the emission decays. The results are placed in Table 4 (the decays are placed in
Figures S27 and S28). No mechano-thermochromism was detected, and the emission lifetimes
decreased upon grinding the samples. The mechanic stress has for effect to create physical
tension and decrease some interatomic distances, thus increasing non-radiative processes due to
intermolecular collisions. All in all, emission lifetimes recorded in the solid state may vary from

one sample to another depending on the way they were previously treated.

Table 4. Effect of grinding CP3 and CPS5 on their emission decays.

CP Te (us) {B}*° ha

CP3 0.45 {0.0202} 6.5 {0.0070} 152 {0.0138} | 1.02
Grinded CP3 0.32 {0.0051} 2.3 {0.0037} 7.7 {0.0020} 0.99
CP5 7.5 {0.0048} — — 0.98
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| Grinded CP5 | 5.7 {0.0055} = | — [ 1.09 |
*The uncertainty is = 10%. °I(£) = B1 exp(—t/11) + Bz exp(—t/12) + B3 exp(—t/13) +...

Final comments. One of the largest difficulties in the design of CPs is the predictability of the
resulting SBU motif and the CP dimensionality. For CuX salts, the rhomboid motif (Cux(pu-X)2)
dominates overwhelmingly the resulting SBU motif (X = Cl, Br), and for X = Br, weak emission
of the resulting CP is often noted.>® Occasionally, the ligand/CuX ratio (X = I), namely 2:1 and
1:1, directs the formation of respectively quasi-planar (mostly rhomboid) or a globular
SBUs, %38 wwhere the globular ones exhibit the most intense emission. These two information
(i.e. nature of X and ligand/Cul ratio of the reaction) are useful to make a preliminary assessment
of the expected SBU type and thus on its foreseen emission characteristics. However exceptions
may exist due to the variation in steric constraint around the S-atom and the nature of the chain in
ditopic ligands, which dictate the bite distance and rigidity.*® The main conclusion of this review is

that the (Cul), SBU adapts its shape and size according to its environment imposed by its ligand.

The simplest flexible chain is the polymethylene for (aryl)S(CH2),S(aryl) (aryl = 4-CsH4R; R
= H, Me, ‘Bu). To the best of knowledge, a systematic investigation where a complete set of
S(CHb2)xS chains (1 <m < 8) are studied, appears inexistent. In this work, 1 < m <8, thus keeping
at play only one variable. A trend between odd and even number of m has been noticed about the
luminescence color and intensity. Table 5 and Figure 11 (top) summarize several of these depicted

characteristics. From Figure 11, symmetric features are obvious, notably form =1, 3, 5, 7.

Table 5. Comparison of the SBU properties and the CP emission traits.?

CP (CH2)m | ref. | SBU motif SBU type xD- relative emission
CP intensity[De]

CP1* | m=1 3839 | Cusly cubane globular 1D Strongly [-]

CP2 m=2 tw (Cuzlp)n 1D-staircase ribbon | quasi-planar | 1D Weakly [<0.001]
CP3 m=3 tw Cuyl4 cubane globular 1D Strongly [0.27]
CP4® |m=4 |% Cusls 1D-poly(truncated | globular 3D weakly (near-IR)

rhombic dodecahedron) [<0.001]

CP5 m=35 tw Cugyls cubane globular 1D Strongly [0.24]
CPé6 m=6 tw (Cuzlp)n 1D-accordion ribbon | quasi-planar | 2D Medium [0.09]
CpP7 m="17 tw Cuyl4 cubane globular 1D Strongly [0.23]
CP8 m=38 tw Cugyls cubane globular 3D Medium [0.11]

4tw = this work.
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dimensionality for Ar = 4-CcH4OMe (top; note that for the case when m = 3 using EtCN as
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solvent, the 1D-CP CP3’ is generated and the rhomboid SBU is formed), for Ar = Ph (middle;
this information is extracted from references 22, 27, 29, and 36. Note that the quasi-planar SBU
is a 0D-rhomboid, and that the presence of cubane and rhomboid for a same reaction is due to the
ligand/Cul stoichiometric ratio employed) and for BzS(CHz),,SBz/Cul-containing CPs (bottom;
red = closed cubane; blue = rhomboid. Note that the case where m = 9 is also available. This

information is extracted from reference ®). Solvent = MeCN.

Furthermore, it is noteworthy that 1D-SBU are formed when m = 2, 4, and 6, and one wonder
whether this situation is due to a coincidence. To address this point, the case where X = H is
examined where only the case for m = 6 is not available (Figure 11, middle). The similarity in
symmetry with that of Figure 11 is striking (not identical, particularly for the CP dimensionality).
However, no 1D-SBU is formed meaning that the formation of 1D-SBUs in the X = OMe series

is a coincidence and specific to the substituent. Such effect has been observed before.>

Finally, the replacement of an aryl group by a benzyl one reduces the steric hindrance around
the S-donor (Figure 11, bottom).>® The consequence is that both rhomboid and cubane motifs are
readily formed and readily directed from the ligand/Cul ratio. Indeed, five of the seven available
m data lead to both cubane and rhomboid motifs, and mostly 1D- and 2D-CPs have been
i1solated. The conclusion is that the cubane and rhomboid motifs, and the 1D- and 2D-CPs are the
most stable structures when steric constraint around the S-atom is minimum in flexible bidentate
ligands. Consequently, the aryl group (RCsHs-) imposes some steric hindrance and in
conjunction with the odd and even number of methylene units in the (CH2)» chain, symmetry in
the outcome of the resulting SBU motifs is noted (Figure 11). Such analysis and observation are

unprecedented.

By comparison, the PhoP(CH2)mPPh; ligands (m = 1-6) do not form CPs when reacted with Cul.
Instead, 0D-PhoP(CHb»),,PPhy/Cul complexes bearing various (Cul), units (m = 1, 2 (thomboid),
3 (cyclic), 4 (staircase), 6 (cubane with two flanking Cul units) have been isolated.®®% It is
noteworthy that only the latter case, Cuels, has a globular shape whereas all other ones are quasi-
planar. The reason for the absence of CPs and the dominant quasi-planar shape for the SBUs
stems from the imposing steric constraint of the PPhz groups around the P-atom. To the best of
our knowledge, only one CPs has been reported for a diphosphine/Cul system. In this case, the

ligand is rigid PhoP-C¢Hs-CsHa-PPh; but the claim was not supported by a X-ray structure.’
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Conclusion

There is a clear effect of the chain length on the structural features of the SBU and in a lesser
extent on the CP dimensionality in ditopic thioether ligand reacting with Cul. This observation is
to the best of our knowledge, unprecedented. For ligands with lesser encumbered S-atoms, the
outcome becomes ligand/Cul ratio-dependent. These observation makes the prediction of the
outcome of a reaction between the bidentate ArS(CH2)mSAr ligand with Cul less obscure. The
next step is to generalize this trend where the R group in the 4-RC¢H4 unit is also systematically

varied (R = H, Me, OMe, F, Cl, Br, '‘Bu).

No unexpected, new, and/or significant hazards or risks are associated with the reported work.
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The ligands ArS(CH2)»SAr (Ar = 4-MeOC¢H4; 1 < m < 8) react with Cul to form coordination
polymers (CPs) where a direct dependence of m = (odd or even) on the secondary bonding unit

motif, CP dimensionality and emission properties, exists.
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