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ABSTRACT: With the objective to establish a correlation P /ék 1 38145 nm
between the spacer distance and halide dependence on the +°% g’%ﬁ‘“ s,::; Bz S (CH2)n S Bz @t s %
structural features of coordination polymers (CPs) assembled by “':" e -+ - @ >

the reaction between CuX salts (X = CI, Br, I) and dithioether .c-.'s;c,-sﬁy s’ Cul 1\ 5 S0
ligands BzS(CH,),SBz (n = 1—9; Bz = benzyl), a series of 26 %%, .s:’:? e 7,
compounds have been prepared and structurally investigated. A "o'“c 43’% -.".

n =small nz6
8!

particular attention has been devoted to the design of networks .26 " #° Q%& ’(C”z’“’sm'siuf
with extremely long and flexible methylene spacer units between 1D CP e

the SBz donor sites. Under identical conditions, Cul and CuBr

react with BzSCH,Bz (L1) affording respectively the one-dimensional (1D) CPs {Cu(u,-1),Cu}(u-L1),], (CP1) and {Cu(y,-
Br),Cu}(u-L1),] (CP2), which incorporate Cu(y,-X),Cu rhomboids as secondary building units (SBUs). The hitherto unknown
architecture of two-dimensional (2D) layers obtained with CuCl (CP3) differs from that of CP1 and CP2, which bear inorganic
—Cl-Cu—Cl-Cu—Cl- chains interconnected through bridging L1 ligands, thus forming a 2D architecture. The crystallographic
characterization of a 1D CP obtained by reacting Cul with 1,3-bis(benzylthio)propane (L2) reveals that [{Cu(u,-1),Cu}(u-L2),],
(CP4) contains conventional Cu,l, thomboids as SBUs. In contrast, unusual isostructural CPs [{Cu(u,-X)}(p,-L2)], (CP5) and
(CP6) are obtained with CuX when X = Br and Cl, respectively, in which the isolated Cu atoms are bridged by a single y,-Br or y,-
Cl ion giving rise to infinite [Cu(u,-X)Cu], ribbons. The crystal structure of the strongly luminescent three-dimensional (3D)
polymer [{Cu,(p3-1);(p4-1) (u-L3) 5], (CP7) issued from reacting 2 equiv of Cul with BzS(CH,),SBz (L3) has been redetermined.
CP?7 features unusual [(Cu,l;)(u4-1)], arrays securing the 3D connectivity. In contrast, mixing Cul with an excess of L3 provides the
nonemissive material [{Cu(u,-1),Cu}(-L3),], (CP8). Treatment of CuBr and CuCl with L3 leads to [{Cu(u,-Br),Cu}(u-L3),],
(CP9) and the 0D complex [{Cu(u,-Cl),Cu}(u-L3),] (D1), respectively. The crystallographic particularity for CP9 is the
coexistence of two topological isomers within the unit cell. The first one, CP9-1D, consists of simple 1D ribbons running along the a
axis of the unit cell. The second topological isomer, CP9-2D, also consists of [ Cu(u,-Br),Cu] SBUs, but these are interconnected in
a 2D manner forming 2D sheets placed perpendicular to the 1D ribbons. Four 2D CPs, namely, [{Cu,(p3-1),}(¢-L4),], (CP10),
[{Cu(yy1),Cu}(u-L4),], (CP11), [{Cu(p,-Br),Cu}(u-L4),], (CP12), and [{Cu(u,-Cl),Cu}(u-L4),], (CP13), stem from the
self-assembly process of CuX with BzS(CH,)SBz (L4). A similar series of 2D materials comprising [{Cu,(¢3-1),} (#-L5),], (CP14),
[{Cu(uy-1),Cu}(u-L5),], (CP1S), [{Cu(p,-Br),Cu}(u-L5),], (CP16), and [{Cu(u,-Cl),Cu}(u-LS),], (CP17) result from the
coordination of BzS(CH,),SBz (LS) on CuX. Ligation of CuX with the long-chain ligand BzS(CH,)3SBz (L6) allows for the X-ray
characterization of the luminescent 2D [{Cu,(¢5-1),}(¢-L6),], (CP18) and the isostructural 1D series [{Cu(p,-X),Cu}(u-L6),],
CP19 (X = 1), CP20 (X = Br) and CP21(X = Cl). Noteworthy, BzS(CH,)sSBz (L7) bearing a very flexible nine-atom chain
generated the crystalline materials 2D [{Cu,(p5-1),}(4-L7),], (CP22) and the isostructural 1D series [{Cu(u,-X),Cu}(p-L6),],
CP23 (X =1), CP24 (X = Br), and CP25 (X = Cl), featuring nanometric separations between the cubane- or thomboid-SBUs. This
comparative study reveals that the outcome of the reaction of CuX with the shorter ligands BzS(CH,),SBz (n = 1—4) is not
predictable. However, with more flexible spacer chains BzS(CH,),SBz (n = 6—9), a clear structural pattern can be established. Using
a 1:1 CuX-to-ligand ratio, [{Cu(u,-X),Cu}(u-L4—7),] CPs are always formed, irrespectively of L4—L7. Employing a 2:1 CuX-to-
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ligand ratio, only Cul is able to form networks incorporating Cu,(y5-1), clusters as SBUs. All attempts to construct polynuclear
cluster using CuBr and CuCl failed. The materials have been furthermore analyzed by powder X-ray diffraction, Raman
spectroscopy, and thermogravimetric analysis, and the photophysical properties of the emissive materials have been studied.

B INTRODUCTION

The coordination chemistry of long chain diphosphine ligands
of type R,P(CH,),PR, (n > S) has intrigued coordination
chemists since the 1970s as their flexibility induces various
coordination modes such as 7'-mondentate, chelating, or trans—
spanning upon complexation onto transition metals." ™ For
instance, selected examples of discrete molecular complexes and
large macrocycles ligated by with 1,8-bis(diphenylphosphino)-
octane (dppo) include the monosubstituted [(77°-indenyl)Fe-
(CO),(n'-dppo)][BF,], dimeric [{(7*-indenyl)Fe(CO),},(u-
dppo)],[BF,],, dinuclear [(u-bpym)Cu,(u-dppo),][BF,],
(bpym = 2,2"-bipyrimidine), and macrocyclic species cis-
[Mo,(CO)g(u-dppo),].” "' However, Ph,P(CH,)sPPh, has
also been used as an assembling ligand to construct polymers
networks such as one-dimensional (1D) [IAu(u- dppo)AuI]
[ClAu(u-dppo)AuCl],, and 1D [Agy(SCy)y(u-dppo)],. "
Note that with Cul and Ph,P(CH,),PPh, (n=1,2, 3,4, S, 6),
only discrete zero-dimensional (0D) complexes are
formed."*"*° Chart 1 presents some selected examples of such
(Cul), clusters as well as some molecular metal complexes and
CPs ligated by dppo.

Conversely, the coordination chemistry of acyclic long chain
dithioether ligands RS(CH,),SR (n > 6; R = alkyl, aryl), which
should also confer a high degree of flexibility, has been much less
explored than that of their diphosphine counterparts. Among
the scarce examples are the investigation of Murray and Levason
on the preparation of insoluble [PdX,(PhS(CH,)sSPh)] (X =
Cl, Br, I) complexes, for which a polymeric structure has been
suggested.21 The reduction of [AuCl,]” in the presence of

PhS(CH,)¢SPh is reported to produce the dinuclear complex
[ClAu(u-PhS(CH,)SPh)AuCl].>* The dicationic cyclopenta-
dienyliron arene complex [(1°-CsH;)Fe(5°-C¢H,Cl)-S-
(CH,)sS-(7°-C4H,Cl)Fe(n°>-CsHs)]** has been used as a
building block for the synthesis of organometallic oligomers.”’
Reaction of the (CH,)s-containing ligand 1,8-bis(8-
thioquinolyl)octane (C8TQ) with AgCF;CO, afforded the
two-dimensional (2D) brick-wall CP [Ag,(C8TQ)-
(CF;C0,),],, composed of thio-bridged helical chains,
racemically aligned and further connected by the (CH,);
spacers.”* In the case of CuX salts, one report indicated that
the reaction of 1,12-diphenyl-5,8-dioxa-2,11-dithiadodecane
with Cul leads to a luminescent 2D framework of composition
[(CU4I4)(BZS(CHz)zo(CHz)zo(CHz)ZSBZ)z]n25 Cuyly- and
Cu,],-containing CPs have recently been obtained by treatment
of Cul with the rigid ligand 4,4’-bis(ethylthiomethyl)biphenyl
incorporating an aromatic biphenyl unit with its C10 spacer
chain.”® For other Cul-containing CPs with a long chain
dithioether ligand incorporating heteroelements within the
spacer chain, two examples exist, 1,4-bis((methylthio)-
propanoyl)piperazine®” and 1,4-bis(2-methylthioethoxy)-
benzene.”® Although the motivation to design networks
assembled by thioether ligands was mainly driven by structural
aspects and the interesting photophysical properties such as high
emission quantum yields and triplet—triplet annihilation, other
applications in material sciences and catalysis are emerging.””*

In the context of our ongoing systematic study on the impact
of the spacer length and rigidity of acyclic dithioether ligands on
the nuclearity of the (CuX) cluster core, dimensionality of the

Chart 1. Overview of Literature-Known Ph,P(CH,),PPh, Diphosphine Complexes and CPs Which Are Related to Dithioether-

Containing Complexes Ligated by RS(CH,),SR
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Table 1. List of Ligands, Coordination Polymers, Their Codes Used, and Resulting Cu**Cu Parameters

SBU
polymer geometry cluster ligand

CP1 rhomboid Cu,l, BzSCH,SBz L1
CP2 rhomboid Cu,Br, BzSCH,SBz

CP3 chain CuCl BzSCH,SBz

CP4 rhomboid Cu,l, BzS(CH,);SBz L2
CPs chain CuBr BzS(CH,);SBz

CP6 chain CuCl BzS(CH,);SBz

Cp7 cubane Cuyl, BzS(CH,),SBz L3
CP8 rhomboid Cu,l, BzS(CH,),SBz
CP9-1D rhomboid Cu,Br, BzS(CH,),SBz
CP9-2D rhomboid Cu,Br, BzS(CH,),SBz

D1 rhomboid Cu,Cl, BzS(CH,),SBz

CP10 cubane Cu,l, BzS(CH,)SBz L4
CP11 rhomboid Cu,l, BzS(CH,)SBz

CP12 rhomboid Cu,Br, BzS(CH,)SBz

CP13 rhomboid Cu,Cl, BzS(CH,)SBz

CP14 cubane Cu,l, BzS(CH,),SBz LS
CP15 rhomboid Cu,l, BzS(CH,),SBz

CP16 rhomboid Cu,Br, BzS(CH,),SBz

CP17 rhomboid Cu,Cl, BzS(CH,),SBz

CP18 cubane Cu,l, BzS(CH,)3SBz L6
CP19 rhomboid Cu,l, BzS(CH,)sSBz

CP20 rhomboid Cu,Br, BzS(CH,)sSBz

CPr21 rhomboid Cu,Cl, BzS(CH,)sSBz

CP22 cubane Cu,l, BzS(CH,),SBz L7
CP23 rhomboid Cu,l, BzS(CH,),SBz

CP24 rhomboid Cu,Br, BzS(CH,),SBz

CP25 rhomboid Cu,Cl, BzS(CH,)ySBz

“Ribbon A. “Ribbon B.

dimensionality shortest distance Cu-Cu (A) mean distance Cu---Cu (A)
1D 2.7742(6)" 2.7305(6)
2.6867(6)"

1D 2.8829(7) 2.8829(7)
2D 4.2016(8) 4.2016(8)
1D 3.092(4) 3.092(4)
1D 4.1169(10) 4.1169(10)
1D 3.9595(14) 3.9595(14)
3D 2.7013(5) 2.7897(6)
2D 2.796(3) 2.796(3)
1D 3.0159(S) 3.0159(S)
2D 2.9951(6) 2.9951(6)
oD 2.9083(9) 2.9083(9)
2D 2.7034(12) 2.7316(12)
2D 2.828(3) 2.828(3)
2D 2.9597(3) 2.9597(3)
2D 2.9570(14) 2.9570(14)
2D 2.679(6) 2.6898(32)
2D 2.7415(8) 2.7415(8)
2D 2.7081(4) 2.7081(4)
2D 2.695(4) 2.695(4)
2D 2.7098(19) 2.7230(11)
1D 2.8479(5) 2.8479(S)
1D 3.0091(15) 3.0091(15)
1D 2.9297(10) 2.9297(10)
2D 2.639(5) 2.745(5)
1D 2.7773(6) 2.7773(6)
1D 2.9178(8) 2.9178(8)
1D 2.8883(11) 2.8883(11)

network, and other topological features,”' >’ we recently

reported in detail the coordination of the short-bite dithioether
ligands ArSCH,SAr (Ar = Ph, p-Tol, m-Tol, o-Tol, p-anisyl, p-
BrC¢H,, S-tert-butyl-2-methyl C¢Hs, 2-tert-butyl-4-methylCH,)
toward Cul.** Despite the electronic and steric variation of the
substitution pattern on the aryl, invariably in all cases, 1D CPs of
the type [{Cu,(us-1),}(u-ArSCH,SAr),] incorporating tetra-
nuclear closed-cubane Cu,l, clusters were isolated. Conversely,
2D [{Cu(u,-1),Cu}{p-PhS(CH,),SPh},], and [Cu,I,{u-PhS-
(CH,);SPh},], networks formed upon by varying the Cul-to-
PhS(CH,),SPh ratio. A double interpenetrated 2D network
[{Cu(u,-1),Cu}{p-PhS(CH,),SPh},], resulted from treatment
of Cul with PhS(CH,),SPh. Mixing Cul and the dithioetherin a
2:1 ratio resulted in the formation of [Cu,l,{u-PhS-
(CH,)SPh},],, in which cubane-like Cu,(u;-I), clusters are
linked by bridging PhS(CH,);Ph ligands affording a 1D
necklace CP similar to that of [Cu,l,{y,-PhSCH,SPh},],.
However, a ribbon-like 1D CP with the composition [{Cu(,-
I),Cu}{p-PhS(CH,);SPh},], incorporating rhomboid Cu,l,
units was produced upon treatment of Cul with this ligand in
a 1:1 ratio.

In order to develop a systematic method for this seemingly
unpredictable outcome of the assembly process, we studied the
impact of a long spacer dithioether, which should confer a high
degree of flexibility. Indeed, our work on ArS(CH,),SAr ligands
with variable spacer lengths going from ArSCH,SAr to the
highly flexible ArS(CH,)3SAr, we were intrigued by the impact
of a systematic variation of the spacer length in the BzS-
(CH,),_¢SBz series. A particular attention has been devoted to

the juxtaposition of the rigid short-bite BzSCH,SBz to the
BzS(CH,)4_¢SBz ligand incorporating long aliphatic flexible
octane and nonane chains between the two S-donor sites. This
endeavor was motivated by expected formations of porous CPs
or metal—organic frameworks (MOFs), in which due to the
nanometric separation between the inorganic (CuX), con-
nection nodes, cavities and voids should be present and
accessible for guest molecules. The crystallogenesis of inter-
penetrated and entangled networks was also anticipated. The
choice of using benzylic SCH,Ph is motivated by two reasons:
(i) the steric constraint around the S-donor is reduced compared
to SAr, and (ii) a benzyl group enhances the donor propensity of
the sulfur atom (although less than a purely aliphatic R
substituent), reinforcing the stability of the dative S—Cu bond
and thus obtaining more robust materials. This strengthened
affinity of SBz versus SAr vis-a-vis Cu(I) permits even their
bonding to CuCl, whose coordination fails when using
ArS(CH,),SAr as ligands. We now report the very surprising
effect of an a priori innocent switch from p-Tol™*™*° to the
isomeric Bz-substituent on both the nuclearity and dimension-
ality of the CPs. The structures of the investigated ligands along
with the resulting dimensionalities and type of secondary
building units (SBUs) of the CPs are summarized in Table 1.

B RESULTS AND DISCUSSION

Reaction of Cul, CuBr, and CuCl with BzSCH,SBz (L1).
Reaction of Cul with L1. The short-bite ligand L1 has
previously been used in the past by several research groups.
Indeed, its coordination on simple mononuclear complexes such

https://dx.doi.org/10.1021/acs.inorgchem.9b03275
Inorg. Chem. XXXX, XXX, XXX—XXX
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as [(CsH;)Fe(CO),(x'-L1)]* has been reported.’””® Its
resemblance with the widespread short-bite ligand bis-
(diphenyl-phosphino)methane (dppm) is notable as it also
forms the L1-bridged dinuclear complex [CIPd(,-L1),PdCl],
which also converts to an A-frame complex upon addition of
MeO,CC=CCO,Me.*” The assembly of a 1D CP built upon
dinuclear [Ag(u,-L1),Ag]*" interconnected by bridging ClO,~
counterions has been obtained by Bu et al. by the reaction of
AgClO, with L1.** We and other groups have extensively
investigated the coordination of a series of aromatic ArSCH,SAr
dithioethers with Cul and invariantly isolated 1D CPs of
composition [Cu,L{#-ArSCH,SAr},], or macrocyclic com-
plexes incorporating tetranuclear clusters of the closed cubane
type as connecting nodes.”***!

We were intrigued whether the reaction of L1, which is
isomeric with the previously investigated p-TolSCH,STol-p
ligand, with Cul in MeCN would also produce a similar
[Cu,L{#-BzSCH,SBz},], neck-lace-type chain CP. However,
air-stable colorless crystals of a material having a 1:1 Cul-to-L1
ratio were isolated in 72% yield regardless of the Cul-to-ligand
ratio. The X-ray analysis shows the formation of a 1D CP
{Cu(uy-1),Cu}(p-L1),], (CP1) (Figure 1, Scheme 1) consist-
ing of centrosymmetric dinuclear rhomboid Cu(y,-1),Cu units
spanned by L1 ligands.

Ribbon A
d(Cu-Cu) 2.7742(6) A

Figure 1. View of the two independent ribbons of CP1 along the a axis.
Selected bond lengths [A] and angles [°] at 100 K: Cul—S12.3416(6),
Cul—522.3183(6), Cu2—S32.3105(6), Cu2—S4 2.32878(7), Cul-I1
2.6053(4), Cul-I1# 2.6226(5), Cu2-I12 2.6107(5), Cu2—I2#
2.6226(4), Cul—Cul# 2.7742(6) Cu2—Cu2# 2.6867(6); S1—Cul—
$2 101.10(2), S3—Cu2—S4 99.06(2), S1—Cul—I1 109.382(18), S1—
Cul—I# 113.507(18), S3—Cu2-I12 109.695(18), S3—Cu2-I2#
104.862(19), S4—Cu2—-12 112.485(19), S4—Cu2—I2# 110.49(2),
2—Cu2—12# 118.221(14), 11—Cul-I1# 115.903(13), Cul-I1—
Cul# 64.098(13), Cu2—I2—Cu2# 61.777(14). Symmetry trans-
formations used to generate equivalent atoms: #1 3 —x,2 —y, 1 — z.
#1+xyz#3-1+xy,+z.#41—-x1-y —=z

At first glance, this 1D architecture does not seem spectacular
since it has been previously reported for several other flexible
RS(CH,),SR ligands and CPs such as [{Cu(u,I),Cul{y-
CyS(CH,),SCy},], (dCuCu = 3.0089(15) A) and [{Cu(u,-
I),Cu}{u-PhS(CH,)SPh},], (dCu-+Cu = 3.0089(15) A), as
well as for [{Cu(p,-1),Cu}{u-C¢H,,CH,SCH,C(=0)-
NC,H;S},],, formed by the self-assembly of Cul with the
carbonyl-functionalized dithioether 2-(cyclohexythio)-1-thio-
morpholino-ethanone ligand.”>*** We also recently described

Scheme 1. Reaction of CuX with L1 in MeCN Forming CP1—
Ccp3“

BzS SBz L1 S.. c /X\c w8 s, X
cux ———— _Cu-Cu_ cul-—Cu: CP1:X=I
MeCN ST Y TSs7 ' TS cp2:x=br

1:1 metal-to-ligand ratio 1D [{Cu(uy-X),Culu-BzSCH,SBz},],

S /s
S,Cu/ T \e—C
BzS SBz L1 p. cP3
cucl ———————— / _s s
MeCN T N

1:1 metal-to-ligand ratio 2D [{CuCl),{u-BzSCH,SBz},],

“The benzyl groups not shown for clarity.

the structure of the 1D CP [{Cu(y,-1),Cu}{u,-methyldithia-
ne},],, spanned by rigid 2-methyldithiane heterocycles featuring
a CH,SCH(Me)SCH, motif, in which like in L1, the two S
donor sites are separated by a single C atom as a spacer.**
However, a closer look reveals the coexistence of two
independent ribbons (A and B) running along the a axis.
Their main difference is the Cu—Cu distance. For ribbon A, the
Cul—Cul distance of 2.7742(6) A is close to the van der Waals
radii of two Cu atoms (2 X 1.4 A), whereas in ribbon B, the
separation between the two metals is 2.6867(6) A, which is
markedly shorter and may be considered bonding. A quite
similar value has been reported for the 1D CP
[(Me,S),{Cu,(u,-1),}],, in which the metal centers within the
rhomboid cluster are separated by 2.684(1) A.*> Noteworthy,
the extreme difference between the Cu—Cu separations of CP1
and those in [{Cu(u,-1),Cu}{u,-methyldithiane},], (3.367
A)** stresses the structural flexibility of the Cu(u,-1),Cu
motif. We have recently structurally characterized the 2D CP
[{Cu(u,-1),Cu}{u-E-PhS(CH,CH=CHCH,)SPh},], in
which the square-grid network is built upon alternating 2D
layers with an ABAB sequence and contains rhomboid Cu,(,-
1), units as SBUs.** Remarkably, layer A contains exclusively
dinuclear units with short Cu---Cu separations (2.6485(7) A),
whereas the B layer exhibits Cu--Cu distances of 2.8133(8) A.
Noteworthy to the best of our knowledge, no other 1D (Cul),
CP in which two isomeric forms of ribbons coexist as seen in
CP1.

Reactions of CuBr and CuCl with L1. For comparison
purposes, a CH;CN solution of L1 was also treated with an
equimolar amount of CuBr. At 5 °C, colorless crystals of
composition [{Cu(y,-Br),Cu}(u-L1)], (CP2) formed and
were isolated in 69% yield (Scheme 1). The crystallographic
analysis revealed that this material, crystallizing in the
monoclinic crystal system with space group P12,/n;, has a
very similar architecture with CP1 (Figure 2).

This 1D scaffold of CP2 exhibits, in an identical manner,
dinuclear Cu(y,-Br),Cu rhomboids, which are linked by two
bridging dithioethers (Figure 2), but the Cu-+Cu contact is
somewhat longer than that of ribbon A of its y,-iodide analogue
[2.8829(7) vs 2.7742(6) A]. The Cu—X—Cu angle is wider than
that for CP1 (71.507(15)° vs 64.089(13)°). Noteworthy, the
Cu-Cu’s are lengthening upon changing X = I (CP1) for Br
(CP2), whereas the reverse trend is noted for the isostructural
[{Cu(u,-X),Cu}{p-PhS(CH,)SPh},], CPs [dCu-Cu: (X =1)
2.9190(3) versus (X = Br) 3.0089(15) A].>*

The structural arrangement within the ribbon in CP2 is also
comparable with that of [Cu(u,-Br),Cuf{u-p-
EtSCH,C¢H,C4H,CH,SEt-p},], in which two 2,2'-bis-
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Figure 2. View of the infinite ribbon of CP2 running along the a axis
and incorporating dinuclear Cu(y,-Br),Cu motifs. Selected bond
lengths [A] and angles [°]: Cu—S1 2.2876(7), Cu—S2 2.2924(7), Cu—
Br 2.4466(S), Cu—Br# 2.4871(4), Cu---Cu 2.8829(7); S1—Cu—S2
129.56(2), S1-C1-S2 111.91(14), S1—Cu—Br 105.23(2), SI—Cul—
Br# 114.76(2), Cu—Br—Cu 71.507(15), Cu—S1—C1 108.89(9), Cu—
§2—C1 106.69(9). Symmetry transformations used to generate
equivalent atoms: #1 —1 + x,y,z. #21—x, 1 —y,1 — z.

(ethylthiomethyl)biphenyl ligands bind dinuclear Cu(,-
Br),Cu SBUs giving rise to an infinite 1D strand (dCu-Cu =
2.918 A), and [{Cu(u,-Br),Cu},{u-PhS(CH,)SPh},], (dCu--
Cu = 2.9130(3) A)."”** Note that the similar structure of

[{Cu(u,-Br),Cu}{u-BzS(CH,)sSBz},], (CP20) is presented
below.

L1 was also reacted with CuCl in an equimolar manner using a
MeCN/MeOH (90/10) mixture as solvent. A yellowish
crystalline product could be isolated upon storage at 5 °C,
which was analyzed to have a 1:1 composition [(CuCl)(u-L1)]
CP3 according to elemental analysis (Scheme 1). X-ray-suitable
single crystals (orthorhombic, Pbca) were grown from MeCN
(the PXRD pattern of CP3 is provided in Figure S6). The
architecture of 2D polymeric CP3 differs considerably from that
of the Cul and CuBr materials. No [{Cu(u,-Cl),Cu}] SBUs are
present, but instead inorganic —Cl—Cu—Cl—Cu—Cl- chains
(Figure 3). The 4.2002 A separation between the y,-Cl-bridged
Cu atoms is far too loose for any Cur+*Cu interaction between
two adjacent Cu centers. These —Cl—Cu—Cl—Cu—Cl- chains

running along the 4 axis are interconnected through bridging L1
ligands, thus forming a 2D sheet architecture. The coordination
around each crystallographic equivalent Cu center is tetrahedral
consisting of two Cl atoms S atoms. We are not aware of any 2D
CuCl thioether CPs featuring such an architecture, but two
examples of 1D CPs with similar —Cl—Cu—Cl-Cu—Cl-
backbones have been reported (see also below for the related
1D-polymer, notably CP6).**°

Reactions of Cul, CuBr, and CuCl with BzS(CH,);SBz
(L2). Reaction of Cul with L2. The ligand 1,3-bis(benzylthio)-
propane (L2)°" has previously been used by Bu et al. to prepare
a2D Ag(I) CP [Ag(LZ)l s]INOj; by the reaction of AgNO; with
this dithioether.”” The reactivity of L2 vis-a-vis the entire CuX
series is now investigated (Scheme 2).

Mixing Cul and L2 in a 1:1 ratio allowed for the isolation of a
1D CP of composition {Cu(p,-1),Cu}(u-L2),], (CP4; Figure
4). The crystal structure of this air-stable colorless material
consists of centrosymmetric {Cu(u,-1),Cu} SBUs intercon-
nected through bridging L2 molecules giving rise to a 1D chain
like in CP1. The most striking difference concerns the very loose
Cu----Cu contacts largely surpassing those of ribbons A and B of
CP1, even reaching those of the aforementioned [{Cu(u,-
I),Cu}{u-CyS(CH,),SCy},], (3.0922 vs 3.0089(15) A). This
lengthening cannot likely be correlated with an increased
flexibility of the ligand, since in the related 1D CPs [{Cu(u,-
I),Cu}{u-BzS(CH,),,SBz},], (CP19 m = 8, CP23 m = 9; see
below), the Cu----Cu separation shortens again despite the high
flexibility of the long alkane chain. In line with this considerable
lengthening, the Cu—I—Cu angle is more widened than that of
ribbon A of CP1 [64.098(13) versus 71.70(16)°]. The relative
orientation of the ribbons in the packing is presented as Figure
S1.

Reactions of CuBr and CuCl with L2. A different architecture
is unexpectedly depicted for the materials obtained when mixing
equimolar amounts of L2 with CuBr and CuCl in MeCN
solution (Scheme 2). In both cases, colorless compounds of
composition [{Cu(y,-X)}(u,-L2)],, respectively CPS and CP6,
are obtained. The crystal structures confirm the 1:1 copper-to-
ligand ratio of these two isostructural compounds shown (Figure
S and Figure 6). The structural arrangement is quite different
from that of CP4 in terms of connectivity of the Cu atoms within
the ribbons. These connectivities are not associated with the

J~cs1

Figure 3. (Left) View down the c direction on an ab layer of the 2D framework of [(CuCl)(u-L1)], (CP3). The benzyl groups are not shown for
clarity. Selected bond lengths [A] and angles [°]: Cu—S1 2.3431(19), Cu—S2 2.2787(19), Cu—Cl 2.291(2), Cu—Cl# 2.372(2); S1—Cu—S2
107.04(7), S1—C16—S2 112.0(3), S1—Cu—Cl 107.55(8), S1—Cul—CH# 112.50(8), Cu—Cl—Cu 128.53(8), Cu—S1—-C16 99.8 (92), Cu—S2—C16
110.1(2). Symmetry transformations used to generate equivalent atoms: #1 1/2 — x, 1/2 + y,z. #2 1/2 + x,3/2 — y, 1 — z. (Right) Perspective view
down the a direction on a bc layer of the 2D network of CP3.
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Scheme 2. Reactions of CuX with L2 in MeCN Forming CP4—CP6
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Figure 4. View of a segment of the 1D ribbon of CP4 running along the
b axis. Selected bond lengths [A] and angles [°] at 170 K: Cu—S1
2.303(3), Cu—S4 2.336(3), Cu—1I 2.6299(17), Cu—I# 2.6500(16),
Cu--Cu# 3.0922; S1—Cu—S4 99.41 (12), S1—Cu—I 101.25(9), S1—
Cu—TI# 126.60(1), S4—Cu—I 101.00(9), S4—Cu—TI# 122.03(10), I—
Cu—I# 108.30(6), Cu—I—Cu# 71.70(16). Symmetry transformations
used to generate equivalent atoms: #1 x, 1 +y,z. #22 —x, 1 — y, —z.
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Figure S. View of a segment of the 1D ribbon of CP$ running along the
b axis. Selected bond lengths [A] and angles [°] at 173 K: Cu—S1
2.3088(13), Cu—S2 2.3649(14), Cu—Br 2.4670(9), Br—Cu#
2.4743(19); S1—Cu—S2 94.58(5), S1—Cu—Br 103.72(16), S1—Cu—
Br# 126.82(5), Br—Cu—Br# 110.48(3), Cu—Br—Cu# 112.85(2).
Symmetry transformations used to generate equivalent atoms: #1 —x,
—1/2+y,1—z#2x,1+y,z

form of the Cu(u,-X)Cu rhomboids, as encountered in the Br-
and Cl-containing 1D CPs CP2, CP20, CP21, CP24, and CP25
(see below). Instead, isolated Cu atoms interconnected via a
single y,-halide ligand. The most salient feature of these infinite
Cu—X—Cu—X—Cu—X arrays is the unusual alignment of the
CuX units, which are bridged only by a single y,-halide ligand,
similar to the bonding scheme observed in CP3. The most
reminiscent 1D material from the literature is [{Cu(u,-Cl)}(u-
1,3-dithiolane)],, featuring a similar architecture.” Another rare
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Figure 6. View of a segment of the 1D ribbon of CP6 running along the
b axis. Selected bond lengths [A] and angles [°] at 173 K: Cu—Sl
2.339(2), Cu—S2 2.3759(19), Cu—Cl 2.339(2), Cl—-Cu# 2.342(2);
S1—Cu—S2 94.98(7), S1—Cu—Cl 106.07(8), S1—Cu—Cl# 126.27(9),
Cl-Cu—CH# 111.87(5), Cu—CIl—Cu# 115.51(7). Symmetry trans-
formations used to generate equivalent atoms: #1 x, =1 +y,z. #2 1 — x,
1/2+y,1-z

example of a 1D CP built with CuCl is [(THT);{Cu,(u,-
Cl),}],, (THT = tetrahydrothiophene), but the latter contains
distinct Cu(u,-Cl)Cu rhomboids.*

With the aim to synthesize a network incorporating higher-
nuclear Cu,Br, clusters related to Cu,l,-containing materials
such as CP7, CP10, and CP14 (Table 1), we also treated CuBr
with L3 in a 3:1 ratio. Unfortunately, no Cu,Br,-containing
compound could be isolated; solely the 1:1 adduct [{Cu(u,-
Br),Cu}{u-L3},], (CP5) was produced. The comparison of the
PXRD patterns of the materials resulting from the reactions
performed in a 3:1 or 1:1 CuBr-to-L2 ratios unambiguously
revealed that, in contrast to the Cul case, there is no impact on
the product composition (Figure 7).

Reactions of Cul, CuBr and CuCl with BzS(CH,),SBz
(L3). Reaction of Cul with L3. Shortly after our investigation on
the reactivity of PhS(CH,),SPh toward Cul yielding the double
interpenetrated 2D CP [{Cu,(y5-1),}{u-PhS(CH,),SPh},],,**
Chen et al. reported in 2009 the X-ray structure of the 3D CP
[{Cuy(ps-D)3(us-H{p-B2S(CH,) ,SBz} 5],, CP7, obtained by
treatment of 1,4-bis(benzythio)butane L3 with Cul (Scheme
3).>* The most salient feature of this nonporous 3D material
exhibiting a rare 4(6).6(4) topology is the occurrence of
tetranuclear Cul clusters of the closed cubane type, which are
not only interconnected together by their ligands (like in the y,-
brided 1,4-bis(phenylthio)butane-containing CP [{Cu,(ys-
1), }{u-PhS(CH,),SPh},],),”* but also through ,-iodo ligands
forming a 1D —Cu,l,—Cu,l,— chain. The ladder motif of CP7
leads to a 2D hexagonal structure due to the three anchoring
points of the tetrahedral cluster motif; here three Cu atoms out
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Figure 7. PXRD patterns of the products obtained by treatment of
CuBr with L2 in a 3:1 ratio and 1:1 ratio and comparison of the
experimental PXRDs of CP$ with the simulated pattern.

of four are coordinated to S-donors inducing the formation of a
hexagonal sheet (Figure 8, bottom). The fourth position on the
cluster is used for a pentahedral connectivity between the closed
cubanes, again forming an infinite array of cubanes [(Cu,l;) (4,-
I)], along the c¢ axis, thus making a 3D material defined as
[(CuuL3) (p4-1)(u-L3), 5], This feature makes this material fall
into a different category where the SBU is not a distinct cluster
nor a multinuclear unit but a polycluster (Cu,l,),-containing
inorganic chain.

As the original structure reported by Chen et al. has been
recorded at 293 K, we have resynthesized this material by mixing

Cul and L3 in a 2:1 ratio and determined the structure at 173 K
to get more accurate data for an advanced photophysical
investigation of this strongly luminescent material (below). The
low-temperature structure is very similar to that at 293 K (i.e., no
phase transition), but has been refined choosing a trigonal
crystal system with space group P3 (Z = 2) instead of a
hexagonal one with Z = 4 as previously used by Chen. At 293 K,
the Cu----Cu distances within the cluster range from 2.725(1) to
2.898(1) A with mean intermetallic distances of 2.811 A. The
mean Cu-+-Cu distance shrinks slightly to 2.7897(6) A at 173 K,
just somewhat below the sum of the van der Waals radii of two
Cu atoms.

In the original paper of Chen et al,, the authors stated briefly
that treatment of Cul with an excess of L3 just resulted in some
oily residue, which was not further analyzed.* When this
experience was repeated using an exact 1:1 ratio, a minor
amount of nonemissive crystals along with luminescent crystals
of CP7 was noticed under UV light at 364 nm. This material
turned out to be the main product when using a 3-fold excess of
L3, and the X-ray data revealed the presence of [{Cu(u,-
I),Cu}(u-L3),], (CP8), crystallizing in the triclinic space group
P1. A 2D network was formed incorporating centrosymmetric
Cu(u,-1),Cu SBUs, which are interconntected in the ab
direction with other SBUs through bridging BzS(CH,),SBz
ligands (Figure 9). The Cu-+-Cu separation of 2.796(3) A falls at
the limit of the sum of the van der Waals radii of two Cu atoms,

Scheme 3. Reactions of CuX with L3 in MeCN Forming CP7—CP9 and D1
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Figure 8. Top: Perspective view down the ¢ direction on an ab layer of
the 3D framework of [ (Cu,l;) (4,-1)(4-L3); 5], (CP7) recorded at 173
K. Bottom: View of a segment of the inorganic 1D ribbon making part
of the 3D network of CP7 running along the ¢ axis. Selected bond
lengths (A) and angles (deg): Cul—Cul 2.8779(5), Cul—Cul#
2.8780(5), Cul—Cu4 2.7013(5), Cul—SI1 2.2946(2), Cul-I1
2.7027(4), Cul—I4 2.7099(3), Cul-I4 2.6443(3), Cu4-14
2.6443(3); S1—Cu—S2 119.07(3), S1—Cu—1I 106.44(2), S1—Cu—I#
97.23(2), I-Cu—T# 113.209(12), Cu—I—Cu# 66.970(12). Symmetry
transformations used to generate equivalent atoms: #1 1 —x, 1 —y,2 —
zHy—x1—x2#31—-y,1+x—y,z.#xy -1+z

S

Figure 9. View of an ab layer of the 2D network of [{Cu(y,-I),Cu}{u-
BzS(CH,),SBz},], (CP8). Selected bond lengths [A] and angles [°] at
173 K: Cu—S1 2.312(3), Cu—S2 2.299(2), Cu—I 2.6044(15), Cu—1I#
2.6690(12), Cu—Cu# 2.796(3); S1—Cu—S2 119.44(11), S1—-Cu-I
107.04(6), S1—Cu—I# 100.38(6), S2—Cu—I 112.63(7), S2—Cu—I#
101.06(6), I-Cu—I# 115.98(5), Cu—I—-Cu# 64.02(5). Symmetry
transformations used to generate equivalent atoms: #12 —x, 1 —y,1 —
zZ#H21—x-y1—-2z#1-x1-y 1—=z

which will be compared below to those for other structurally
related 2D networks obtained using BzS(CH,),SBz ligands.

Reactions of CuBr and CuCl with L3. Concurrently, when
performing the reaction in MeCN solution in a 1:1 ratio, large
amounts of air-stable, colorless materials crystallizing in the
triclinic space group P1 were isolated (Scheme 3, Figure 10).
Surprisingly, the X-ray data of this [{Cu(y,-Br),Cu}{¢-L3},],
(CP9) material revealed the coexistence of two topological
isomers within the unit cell (Figure S2). The first one, CP9-1D,
consists of simple 1D ribbons running along the g axis of the unit
cell. The structural features are reminiscent to those discussed
above for [{Cu(u,-Br),Cu},{u-L1},], (CP2), but the Cu---Cu
distances are significantly elongated (2.8829(7) vs 3.0159(5)
A). The second topological isomer, CP9-2D, consists also of
[Cu(p,-Br),Cu] SBUs but interconnected in a 2D manner to
form sheets placed perpendicular to the 1D ribbons. In CP9-2D,
the Cu----Cu distances are somewhat shorter compared to those
for CP9—1D (2.9951(6) vs 3.0159(5) A), but nonetheless these
are considerably longer than those for CP2 and match well those
of the 2D [{Cu(u,-Br),Cu}{u-BzS(CH,)¢SBz},], CP12
(dCuCu = 2.957(3) A, below).

The occurrence of two topological isomers within the same
unit cell of a crystalline lattice is quite scare. One case is the
coexistence of a mononuclear species [{(S=)P[N(Me)N=
CHIm];Zn}](NO;), and a 20-membered dinuclear metal-
lamacrocycle [{(S = )P[N(Me)N = CHIm];Zn},](NO;), (Im
= imidazoloyl) in the same unit cell.”® Li et al. also obtained, by
mixing Cd(BF,), with 1,4-bis(1,2,4-triazol-1-ylmethyl)benzene
(bbtz), the 3D CP [Cdy(bbtz)s(H,0)¢](BE,)s1.75 H,0,
constructed with entangled 1D ribbons of rings and a planar
2D (4,4) network.”® A third and more relevant example is found
in the material produced by the reaction of the 14-membered
crown ether dibenzo-O,S, macrocycle toward Cul. This
complexation afforded a mixture of the molecular dinuclear
complex [ Cu,1,(dibenzo-0,S,),] and a double-stranded 1D CP
[{Cu,]1,(dibenzo-0,S,),2MeCN}],.°>" To the best of our
knowledge, there are however so far, no other examples
describing a coexistence of thioether-assembled 1D and 2D
topological isomers. To probe the impact of a variation of the
CuBr-to-L3 ratio on the dimensiality and nuclearity of the
network, L3 was also treated with a 2-fold excess of CuBr.
However, like in the case of L2, again only the formation of the
1:1 adduct CP9 was demonstrated.

We recently reported the abnormal triplet energy migration of
a 3D CP [Cu,Cl,(EtS(CH,),SEt),], obtained by complexation
of the very related ligand 1,4-bis(ethylthio)butane on CuCL>*
With this in mind, the reaction of CuCl with L3 in a MeCN
solution in a 1:1 ratio was also performed. Surprisingly, a discrete
molecular dinuclear complex crystallizing in the monoclinic
space group P2,/n was isolated as sole product. The molecular
structure of this formally 0D compound [{Cu(u,-Cl),Cu}(u-
L3),] D1 consists of a centrosymmetric Cu(p,-Cl),Cu core,
which is doubly bridged by two L3 ligands in a chelating manner,
the Cu---Cu separation being 2.9083(9) A (Figure 11). We are
not aware of any other dinuclear Cu(y,-Cl),Cu thioether
compound of this type, but related 0D complexes with
unsaturated SC,S backbones such as [{Cu(u,-Br),Cu}(u-
BzSCH,C=CCH,SBz),] and [{Cu(y,-X),Cu}(u-BzSCH,C-
(H)=C(H)CH,SBz),] (X = Br, I) have previously been
described by us.”>*****” This finding indicates that this type of
discrete complexes can be formed regardless the flexibility of the
SC,S linker (—CH,C=CCH,—, —CH,C(H)=C(H)CH,—,
—CH,CH,CH,CH,-) and the nature of the halide.
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Figure 10. (Left) View of the ribbon-shaped 1D form of CP9—1D incorporating dinuclear Cu(y,-Br),Cu motifs. Selected bond lengths [A] and angles
[°]: Cul—S1 2.2878(5), Cul—S2 2.3056(6), Cul—Brl 2.4889(4), Cul—Brl# 2.4781(6), Cul---Cul# 3.0159(5); SI—Cul—S2 113.26(2), S1—
Cul—Brl 111.727(16), S1—Cul—Brl# 112.590(17), S2—Cul—Brl 105.672(18), S2—Cul—B1r# 107.287(16), Bri#—Cul—Brl 105.765(11),
Cul—S1—C4 105.46(6), Cul—S2—C12 106.42(8). (right) View on a 2D layer down the c axis of the second topologic isomer of CP9—2D. Selected
bond lengths [A] and angles [°]: Cu2—S3 2.3057(6), Cu2—S4 2.2806(6), Cu2—Br2 2.5100(4), Cu2—Br2# 2.5383(2), Cu2-+-Cu2 2.9951(6); S3—
Cu2—54 130.52(2), S3—Cu2—Br2 103.465(18), S3—Cu2—Br# 115.437(6), S(2)—Cu(2)—Br 102.432(6), S(2)—Cu(2)—Br# 118.584(6), Br#—
Cu(1)—Br 108.323(8), Br#—Cu2—Br 108.121(8), Cu(1)—Br—Cu(2) 71.778(7), Cu(1)—S(1)—C(1) 105.32 (3), Cu(2)—S(2)—C(7) 113.49(3).
Symmetry transformations used to generate equivalent atoms: #1 —1+x,y,z.#2 1 —x, —y, —z.#3 1 —x, 1 —y, —z.#42 —x,—y, 1 —z. #5—x,1 —y,—z.
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Figure 11. Molecular structure of D1 at 173 K incorporating the
dinuclear Cu(u,-Cl),Cu motif. Selected bond lengths [A] and angles
[°]: Cu—S12.3210(8), Cu—S2 2.3016(9), Cu—C12.3920(8), Cu—Cl#
2.4471(9), Cu--Cu 2.9083(9); S1—Cu—S2 129.56(2), S1-C1-S2
116.71(3), S1—Cu—Cl 103.94(3), S1—Cu—Cl# 105.70(3), Cu—Cl—
Cu 73.87(2), C1-S1-CS 97.17(14), C4—S2—C12 98.93(14).
Symmetry transformations used to generate equivalent atoms: #1 —x,
1—-y, -z

Reactions of Cul, CuBr, and CuCl with BzS(CH,)sSBz
(L4). Reaction of Cul with L4. Intrigued by the structural
diversity encountered with the reaction of CuX salts with L3, we
extended our investigation to the more flexible 1,6-bis-
(benzylthio)hexane ligand L4.°® This flexible dithioether has
never been used as a ligand in coordination chemistry so far. To
probe whether the Cul-to-L ratio impacts the resulting CP as
encountered for L3, Cul was reacted with L4 in 1:1 and 2:1
ratios (Scheme 4). Moreover, we were intrigued whether the
unusual formation of p,-type iodo-bridged cluster arrays as
found for CP7 could be reproduced using L4.

With a 2:1 ratio, a colorless, air-stable solid was isolated, and
its intense emission under UV light (364 nm) suggests the
presence of polynuclear clusters as luminescent SBUs. An X-ray
diffraction analysis confirmed indeed the formation of this type
of SBU inside a 2D CP [{Cu,(u5-1),}(u-L4),], (CP10). The
resulting square-grid architecture is not unprecedented as it was

Scheme 4. Reaction of CuX with L4 in MeCN Forming
CP10—-CP13

CP10

2D [(Cus(na-1)aln-BzS(CH2)6SBZ}l,

X s VAV
S
\/\/ Cu-Cu
Cu—Cu N\
B2S L4 PRV sx S
VVVsBz CP11: X=I
CuX o
MeCN CP12: X=Br
s X S CP13: X=
1: 1 metal-to-ligand ratio S\ /X\ /S \Cl{éd
s B
X
sXx S

2D [{Cu(up-X)2,CuKn-BzS(CH,)sSB2Z}],

previously observed for [{Cu,(ps-1)4}3{u-"BuS-
(CH,),SBu"},],.°" All four Cu atoms are crystallographically
nonequivalent within the {Cu,(p3-1),} SBUs. The Cu—Cu bond
lengths range from 2.7032(10) to 2.7543(12) A, and the mean
Cu---Cu distance at 100 K is 2.7316(11) A. The separation
between the midpoints of two cluster units along the edge is
~13.797 A, and the diagonal is about 19.513 A (Figure 12).
Likewise, when L3 reacts with Cul, the resulting CPs
architecture also depends on the stoichiometry used. Indeed,
the 1:1 ratio affords a nonemissive material crystallizing in the
triclinic space group P1. This colorless product was crystallo-
graphically characterized as a 2D CP of composition [{Cu(,-
I),Cu}(u-L4),], (CP10) (Scheme 4, Figure 12). The CP11
network is built upon centosymmetric rhomboid Cu(u,-I),Cu
SBUs, which are interconntected in 2D with other SBUs through
bridging BzS(CH,)¢SBz ligands. The Cu---Cu separation within
the SBUs is 2.828(3) A, which is markedly shorter than that for
CP9-2D (2.828(3) versus 2.9951(6) A). The purity of the
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Figure 12. View on the ab plane of the 2D network of [{Cu,(3-1) ,}{1-BzS(CH,)(SBz},], (CP10). H atoms and benzyl groups are omitted for clarity.
Selected bond lengths [A] at 100 K: Cul—S1 2.3206(16), Cu2—S2 2.3162(16), Cu3—S3 2.3278(17), Cu4—S4 2.3103(16), Cul—Cu2 2.7543(12),
Cul—Cu3 2.7220(10), Cul—Cu4 2.7032(10), Cu2—Cu3 2.7497(10), Cu2—Cu4 2.7202(10), Cu3—Cu4 2.7398(11), Cul—I1 2.7423(9), Cul—I2
2.7130(8), Cul—I4 2.6250(8), Cu2—I1 2.6937(9), Cu2—12 2.6944(9), Cu2—I3 2.6490(8), Cu3—I12 2.6399(8), Cu3—I3 2.6893(9), Cu3—I14
2.7085(10), Cu4—I1 2.6396(8), Cu4—I3 2.7075(9), Cud—14 2.7087(9); symmetry transformations used to generate equivalent atoms: #1 x, 1 +y, z.

#1+xy 2z #+x, —1+y, +z#4 -1 + x, +y, +z.

phases was addressed for both CP10 and CP11 by the
comparison of the calculated and experimental PXRD patterns
(Figure S7).

Reactions of CuBr and CuCl with L4. Using analogous
reaction conditions, CuBr and CuCl were treated with L4 in a
1:1 ratio and produced air-stable crystalline solids in yields
ranging from 65 to 75%. However, as also noticed for other CuBr
and CuCl dithioether complexes, the solutions turn dark green
progressively due to some slow oxidation to Cu(II) species upon
exposure to air. The crystal structure determinations of the
materials obtained with CuBr and CuCl reveal the presence of
2D materials [{Cu(u,-Br),Cu}(4-L4),], (CP12) and [{Cu(u,-
Cl),Cu}(u-L4),], (CP13) isostructural (triclinic, P1) with their
iodo analogue CP11 (Figure 13 and Figure 14). The
homogeneity of the phases (crystals vs powders) has been
checked by PXRD. The isomorphous properties of CP11, CP12
(Figure 13), and CP13 (Figure 14) offer an opportunity to
comment on the evolution of the metric parameters within this
[{Cu(u,-X),Cu}(u-L4),], series. The Cu--Cu distances
increase from 2.828(3) to 2.957(3) A going from I to Br and
remain almost constant for X = C1 (2.9570(14) A). The Cu—X—
Cu angles evolve from 64.48(5) (X =1), 72.258(5) (X =Br) to
75.68(5)° (X = Cl); the mean Cu—S bond lengths are not
particularity affected upon increasing the electronegativity of the
bridging halide (respectively 2.308(3), 2.2861(3) and
2.2866(15) A). This evolution of the Cu--Cu distances is
opposite to that for the 1D [{Cu(u,-X),Cu}(¢,-2-methyl-1,3-

Figure 13. View of a layer of the 2D network of [{Cu(u,-I1),Cu}{u-
BzS(CH,)SBz},], (CP11). Selected bond lengths [A] and angles [°]
at 173 K: Cu—S1 2.308(3), Cu—S2 2.305(3), Cu—1I2.6395(13), Cu—
1# 2.6628(14), Cu—Cu# 2.828(3); SI—-Cu—S2 126.22(11), S1—Cu-I
104.48(7), S1—Cu—I# 107.76(8), S2—Cu—I 101.93(8), S2—Cu—I#
101.53(7), I-Cu—T# 115.52(S), Cu—I—Cu# 64.48(5). Symmetry
transformations used to generate equivalent atoms: #1 1 —x, 1 —y, 1 —
Z.#22—-%2-y2-2z#1-x1-y2—-z
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Figure 14. View of a bc layer of the 2D network of [{ Cu(u,-Br),Cu}{u-
BzS(CH,)sSBz},], (CP12). The phenyl groups are not shown.
Selected bond lengths [A] and angles [°] at 100 K: Cu-—Sl
2.2883(3), Cu—S2 2.2839(3), Cu—Br 2.48825(19), Cu—Br#
2.5313(2), Cu--Cu# 2.957(3); S1—-Cu—S2 131.583(11), S1—Cu—
Br 100.517(9), S1—Cu—Br# 99.155(9), S2—Cu—Br 106.819(9), S2—
Cu—Br# 109.155(9), Br—Cu—Br# 107.741(6), Cu—Br—Cu#
72.258(5). Symmetry transformations used to generate equivalent
atoms: #11—x,1—y,1 -2z #22—-x1-y,—2z#31—x, -y, 1—z

dithiane),], series recently investigated by us.** Indeed, the
nonbonding Cu--Cu contacts of the [{Cu(y,-X),Cu}]
rhomboids shorten systematically from 3.367 to 3.176 A going
from I to Br and reach 3.0517(8) A for X = CL** This trend is
also observed for the [{Cu(u,-X),Cu}{u-L5},], series CP15-
CP17 (see below).

Reactions of Cul, CuBr and CuCl with BzS(CH,),SBz
(L5). Reaction of Cul with L5. In order to probe the impact of
the R-group on SR (aliphatic vs aromatic) on the architecture of
the networks, the hitherto unknown ligand LS (1,7-bis-
(benzylthio)heptane) was prepared. LS was obtained as viscous
oil, and like L4, the outcome of the reaction with Cul depends

Figure 15. View down the a axis of a bc layer of the 2D network of
[{Cu(u,-Cl),Cu}{u-BzS(CH,)(SBz},], (CP13). Selected bond
lengths [A] and angles [°] at 173 K: Cu—S1 2.2866(1S), Cu—S2
2.2866(15), Cu—Cl 2.3752(14), Cu—Cl# 2.4444(15), Cu---Cu#
2.9570(14); S1—Cu—S2 131.06(6), S1—Cu—Cl 106.96(5), S1—Cu—
Cl# 108.39(6), S2—Cu—Cl 103.82(5), S2—Cu—Cl# 99.52(5), Cl—
Cu—Cl# 104.32(5), Cu—Cl—Cu# 75.68(5). Symmetry transforma-
tions used to generate equivalent atoms: #12 —x, 1 —y, —z. #2 1 — x,
- 1l—z#31—-x1—-y1—=z

upon the metal-to-ligand ratio employed (Scheme $). A
colorless, strongly luminescent material of composition

Scheme 5. Reactions of CuX with L5 in MeCN Forming
CP14—CP17

B2SAAASBZ L5 cPia
Cuf —— cii ™
MeCN s
2: 1 metal-to-ligand ratio 2D [(Cug(pz-1)4){n-BzS(CH3);SBz},],
s X S
NV
S Vava VA
\,
VU
BzS AAASBZ | o sx S CP15: X=1
CuX —————~ CP16: X=Br
MeCN CP17: X=
1: 1 metal-to-ligand ratio S\ /X\ /s
\AP SR
\/\
Al
sXx S

2D [{Cu(uz-X)2Cul{u-BzS(CH,)7SBz}o],

[{Cuy(us-1),}{u-BzS(CH,),SBz},], (CP14) was produced
when using a 2:1 ratio. Because of twinning and disorder
problems of the alkyl chains of LS, the quality of the crystal
structure of CP14 is somewhat inferior to that for the other
structures. Nonetheless, the crystallographic data allow for
concluding the formation of a 2D network with the
incorporation of cubane-type [{Cu,(p3-1),}] clusters, in which
each Cu atom is ligated by one S donor (Figure 16).

Similar to the 2D network of CP10, the architecture of CP14
consists of square-grid frames. Because of the incorporation of
an additional methylene group within the spacer chain (C7 vs
C6), the separation between the midpoints of two cluster units
increases now to ~14.522 A and the diagonal distance to
~20.538 A. Similarly to the Cu,I, SBUs found in CP10, all four
Cu atoms are crystallographically nonequivalent in which the
Cu—Cu bond lengths range from 2.679(6) to 2.703(7) A.
Despite the higher recording temperatures, the mean Cu---Cu
distance at 173 K of CP14 is shorter than that of its C6-analogue
CP10 at 100 K (2.6898(32) versus 2.7316(11) A; i.e., one can
anticipate that the mean Cu---Cu distance should shrink further
upon cooling to 100 K). The Cu—I bond length covers a broader
range than those of CP10 and varies from 2.501(7) to 2.959(7)
A, with a mean Cu—I bond length of 2.684(7) A. Another 2D
network architecture was obtained when reacting Cul with a
slight excess of LS in MeCN solution (Scheme 5). A layer of the
resulting colorless stable material of composition [{Cu(y,-
I),Cu}{u-BzS(CH,),SBz},], (CP1S), crystallizing in the
orthorhombic space group Pbca, is shown in Figure 17.

Reactions of CuBr and CuCl with L5. As for the Cul salt, the
reactions of both CuBr and CuCl with LS in equimolar amounts
provides 2D CPs of composition [{Cu(u,-Br),Cul{u-L5},],
(€CP16) and [{Cu(u,-Cl),Cu}{u-L5},], (CP17), which are
isostructural to CP1$ and crystallizing in the orthorhombic
space group Pbca (Figure 18 and Figure 19). The layers
incorporate centrosymmetric Cu(,-X),Cu rhomboids as SBUs.
In full contrast with the [{Cu(u,-X),Cu}{u-L4},], series
CP11-CP13, the Cu—Cu distances within the [{Cu(u,-
X),Cu}{u-L5},], series CP15—CP17 shorten systematically
from 2.7414(6) to 2.7081(4) to 2.6939(4) A going from I to Br
to Cl. The Cu—X—Cu angles evolve from 62.453(12) (X =1) to

https://dx.doi.org/10.1021/acs.inorgchem.9b03275
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Figure 16. (Left) View of a square-grid segment of the 2D network of [{Cu,(¢3-1),}{#-BzS(CH,),SBz},], (CP14). The H atoms and benzyl groups
are omitted for clarity. Selected bond lengths [A] at 173 K: Cul—S1A 2.373(114), Cu2—S2 2.373(13), Cu3A—S3 2.354(13), Cud—S4A 2.367(13),
Cul—Cu2 2.703(7), Cul—Cu3 2.690(7), Cul—Cu4 2.679(6), Cu2—Cu3 2.680(7), Cu2—Cu4 2.693(7), Cu3—Cu4 2.701(6), Cul—I1A 2.957(7),
Cul-12A2.501(7), Cul—13A2.690(7), Cu2—11A 2.686(6), Cu2—13A 2.504(3), Cu2—14A 2.943(8), Cu3—12A 2.689(7), Cu3—I3A 2.946(7), Cu3d—
14A 2.506(7), Cud—11A 2.504(8), Cud—I2A 2.959(7), Cud—I4A 2.678(6); symmetry transformations used to generate equivalent atoms: #1 1/2 + x,
1/2 +y,z.#2 —1/2 + x,1/2 +y, z. (Right) Labeling scheme for the Cu,1,S, SBU of CP14 featuring four crystallographically nonequivalent Cu atoms.

Figure 17. View of the ab layer of the 2D network of [{Cu(u,-
I),Cu}{p-BzS(CH,),SBz},], (CP15) down the ¢ axis. The benzyl
groups are omitted for clarity. Selected bond lengths (A) and angles
(deg): Cu—S1 2.3274(6), Cu—S2 2.3351(6), Cu—I 2.5976(3), Cu—I#
2.6882(4), Cu—Cu# 2.7414(6); S1—Cu—S2 114.28(3), S1—Cu-I
116.761(17), S1—Cu—I# 96.866(16), S2—Cu—I# 109.151(18), S2—
Cu—1I 100.936(17), I-Cu—I# 117.547(12), Cu—I—Cu# 62.453(12).
Symmetry transformations used to generate equivalent atoms: #1 1 — x,
31—z #21/2+x1/2-y,1 —z.#3-1/2+x,1/2 -y, 1 -z

65.796(9) (X = Br) to 68.689(13)° (X = Cl). The mean Cu—S
bond length, respectively 2.3312(6), 2.3043(4), and 2.3014(5)
A, are not much affected by the electronegativity increase of the
bridging halide. In an attempt to obtain a paramagnetic material,
a slight excess of L5 was reacted with CuCl,. A progressive
fading of the initially dark green color of the MeCN solution,
characteristic of Cu(II) species, to light green, was observed. An
X-ray diffraction study of the isolated yellowish crystals (isolated
in ~40% yield) revealed a 2D network isostructural to that of

2 92

Figure 18. View down the ¢ axis of a layer of the 2D network of
[{Cu(u,-Br),Cu}{u-BzS(CH,),SBz},], (CP16). The benzyl groups
are omitted for clarity. Selected bond lengths (A) and angles (deg) at
100 K: Cu—S1 2.2984(4), Cu—S2 2.3102(4), Cu—Br 2.4483(3), Cu—
Br# 2.5357(3), Cu—Cu# 2.7081(4); S1—-Cu—S2 115.133(16), S1—
Cu—Br 117.722(14), S1—Cu—Br# 97.792(13), S2—Cu—Br
109.172(13), S2—Cu—Br# 101.301(13), Br—Cu—Br# 114.203(9),
Cu—Br—Cu# 65.796(9). Symmetry transformations used to generate
equivalent atoms: #1 1 —x,2 —y, 1 —z. #21/2+x,3/2 —y,1 — z.

CP17. So most probably, LS acts as reducing agent explaining
this Cu(II) to Cu(I) reduction. Note that other reductions of
CuCl, to CuCl species in the presence of thioethers have been
reported previously. For example, Tan and Ang observed that
1,3-dithiane reacts readily with CuCl, to form a paramagnetic
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Figure 19. View of a layer of the 2D network of [{Cu(u,-Br),Cu}{u-
BzS(CH,),SBz},], (CP17) down the ¢ axis. The benzyl groups are
omitted for clarity. Selected bond lengths (A) and angles (deg) at 100
K: Cu—S1 2.2910(4), Cu—S2 2.3117(5), Cu—Cl 2.3404(4), Cu—Cl#
2.4321(4), Cu—Cu# 2.6939(4); S1—Cu—S2 114.619(16), S1—Cu—
Cl# 98.592(15), S1—Cu—Cl 119.254(17), S2—Cu—Cl 109.137(16),
Cu—Cl—-Cu# 68.698(13). Symmetry transformations used to generate
equivalentatoms: #1 1 —x, —y, 1 —z.#2—-1/2+x,1/2 -y, 1 —z. #31/
2+x1/2-y,1-2z

species [CuCl,-dithiane] undergoing a spontaneous reduction
to give finally [ Cu,Cl,*dithiane] according to elemental analysis
and magnetic measurements.®”

Reactions of Cul, CuBr and CuCl with BzS(CH,);SBz
(L6). With the aim to construct CPs assembled with a
dithioether containing an even longer flexible chain, the CuX
salts were also reacted with BzS(CH,)ySBz (L6).”" This 1,8-
bis(benzylthio)octane ligand has so far not been used in
coordination chemistry. However, the related 1,12-diphenyl-
5,8-dioxa-2,11-dithiadodecane ligand bearing two oxygen atoms
in the spacer chain has been employed by Park et al. for its
coordination on PdCl,, HgCl,, and CuL.>>%>%€ In the latter case,
L6 reacts with Cul in MeCN and CHCI, to form a luminescent
2D framework of composition [{Cu,(u;-1),}{p-BzS-

(CH,)40,SBz},],.. The square grids are held together by closed
cubane clusters, similar to that encountered for CP10 and CP14.
The layer structure also exhibits a slipped sheet type, where
again, the benzyl substituent on the S atom, interpenetrates the
cavity of the neighbor layer. The cubane Cu,l, clusters are
located at the nodes of the square-grid with edges 14.171(2) A
long (same as the length of a- or b-axis). The layers are stacked
with an ABAB sequence.

Reaction of Cul with L6. Using the same protocol employed
for the preparation of the Cuyl, materials, CP10 and CP14
interconnected by C6 and C7 spacers between the two SBz
groups, the self-assembly process of 1,8-bis(benzylthio)octane
with 2 equiv of Cul led straightforwardly to the formation of
luminescent [{Cu,(p;-1),}{u-BzS(CH,)¢SBz},], (CP20)
(Scheme 6). CP20 crystallizes in MeCN to form yellowish air-
stable crystals, and the X-ray diffraction data revealed, as for
CP11 and CP1S, the generation of a 2D square-grid-shaped
network (Figure 20). Each corner of the square grid exhibits
edge lengths of ~14.394 A (note that this separation is
14.171(2) A for Kim’s BzS(CH,)¢0,SBz analogue) and a
diagonal distance of ~20.356 A. CP20 is also composed of
closed cubane-[{Cu,(u3-1),}S,] clusters as SBUs. In contrast
with the Cu,l, units depicted in CP10 and CP14, all Cu atoms
are crystallographically identical. However, the mean Cu---Cu
distance (2.7230(11) A) in CP20 is markedly shorter than that
found in Kim’s 2D CP [{Cu,(u;-1),}{u-BzS(CH,)s0,SBz},],
(ie., 2.8142(16) A at 173 K).

Despite the nanometric separation between the SBUs, no
inclusion of solvent guest molecules occurs in CP18, contrasting
with that previously noted for 2D CP [Cuglg{p-TolS-
(CH,)sSTol-p};(solvent),], (solvent = MeCN or EtCN), nor
entanglement of the networks as depicted for the 2D CP
[{Cuy(us-1), H{p-PhS(CH,),SPh},] was observed (Figure
$3).*°” The unit cell volume of CP18 is 5078.85 A’ with the
filled space occupying 941.42 A® (18.54%) and the void space
being 4137.43 A® (81.46%), whereas these parameters are cell
volume: 5081.98 A3, filled space: 965.14 A (18.99%), void
space: 4116.85 A® (81.01%) for the BzS(CH,),SBz analogue
CP14.

Concurrently, the treatment of L6 with Cul in MeCN using a
1:1 ratio yields solely the 1D CP [{Cu(y,1),Cu}{u-BzS-
(CH,)4SBz},], (CP19) (Scheme 6 and Figure 21). Each
centrosymmetric and planar Cu(u,-I),Cu SBU is intercon-
nected to the adjacent one through two bridging L6 ligands
forming 22-membered stretched macrocycles. The 2.8479(S) A

Scheme 6. Reactions of CuX with L6 in MeCN Forming CP18—CP21

S
L6
BzS CP18
AAAVA
Cul
MeCN S
2: 1 metal-to-ligand ratio 2D [(Cug(ps-1)4){n-BzS(CH;)gSBz},],
/S
~o~~~S. X CP19:X =1
Brs L6 5 x_ /3 o{-Cu_ CcP20:X=Br
VNV Vg, ol /Ny s cP21:x=
CuX / \X/ \S/\/\/\/\/S
MeCN S

1: 1 metal-to-ligand ratio
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Figure 20. View of two square-grid segments making part of the 2D network of [{Cu,(¢3-1),}{#-BzS(CH,)SBz},], (CP18). The benzyl groups are
omitted for clarity. Selected bond lengths (A) and angles (deg) at 173 K: Cu—S 2.305(2), Cu—Cu#1 2.7296(15), Cu—Cu#2 2.7296(15), Cu—Cu#4
2.7098(19), Cu—I 2.6417(10), Cu—I#1 2.71540(11), Cu—I#2 2.6948(8); Cu—I-Cu#l 61.52(3), Cu#1-I—-Cu#2 60.12(4). Symmetry
transformations used to generate equivalent atoms: #1 x + 3/2, =y — 1/2, =z + 3/2.#2 —x + 1/2,y + 3/2, =z + 3/2.#3 —x + 1, =y + 1, z. #4
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Figure 21. View of a segment of the 1D ribbon of [{Cu(y,-1),Cul{u-
BzS(CH,)3SBz},], (CP19) running along the a axis. Selected bond
lengths [A] and angles [°] at 173 K: Cu—S1 2.3342(S), Cu—S2
2.3284(6), Cu—1I12.6040(3), Cu—I1#2.6456(3), Cu—Cu#2.8479(5);
S1—-Cu—S2 103.51(2), S1—Cu—I1 104.467(17), S1—Cu—I#
107.323(17), S(2)—Cu-I# 106.32(17), 11—Cu—I1# 114.299(10),
Cu—I—-Cu# 65.701(10). Symmetry transformations used to generate
equivalent atoms: #1 1 —x,2 — 9,2 — 2. #22 —x, 1 —y,2 — z

Cu--Cu separation lies midway between those of its 1D
analogues CP1 and CP4 (Table 1). The separation between the
midpoints of the Cu,], rhomboids reaches ~14.8 A, which falls
in the nanoscale dimension. The ribbons of CP19 are arranged
in an orthogonal manner in an ABAB sequence (Figure $4). The
comparison between the calculated and experimental PXRD
data indicates that no other phase is present in the samples
(Figure S9).

Reactions of CuBr and CuCl with L6. Adding an equimolar
amount of CuBr or CuCl to a MeCN solution of L6 provides
straightforwardly the 1D polymers CP20 and CP21 (Scheme 6,
Figure 22 and Figure 23), which are isostructural to their Cul-
analogue CP19, which crystallize in the monoclinic space group
P121/c,. This isostructural series [{Cu(p,-X),Cu}{u-BzS-
(CH,)¢SBz},], allows again for a systematic comparison of
the impact of the bridging halide on the Cu----Cu separations
within the rhomboid. Surprisingly and contrasting with the

[{Cu(py-X),Cu}{u-BzS(CH,),SBz},], series CP15-CP17, no
correlation is noted since the Cu-+-Cu separation (at 173 K)
increases K from 2.8479(5) (X =1I) to 3.0091(15) A (X = Br),
but then shrinks slightly to 2.9296(10) A for (X = Cl).
Noteworthy, the dimensionality of the CP switches from 2D
(CP18) to 1D (CP19-CP21).

Reactions of Cul, CuBr and CuCl with BzS(CH,),SBz
(L7). Aiming at enhancing the porosity of the materials, the
effect of the chain length of the BzS(CH,),SBz ligands was
tested further with n = 9, and the coordination of 1,9-
bis(benzylthio)nonane L7 vis-a-vis the entire CuX series was
explored. The coordination of L7 on HAuCl, has been
previously reported to yield (AuCl)BzS(CH,),SBz(AuCl), but
except for NMR and elemental analysis, no other character-
ization data were provided.®®

Reaction of Cul with L7. Like for LS and L6, the resulting
CPs stemming from the reaction of L7 with Cul exhibit network
architectures that are dependent on the stoichiometry. Adding
the ligand to a 2-fold excess of Cul in MeCN causes a rapid
precipitation of a colorless, strongly luminescent, and initially
oily material. This product could be finally solidified by
decanting the supernatant solvent and by dissolving the residue
in hot MeCN or EtCN. Its crystallographic characterization at
100 K revealed the presence of a 2D network of composition
[{Cuy(u3-1),H{u-BzS(CH,)oSBz}, ], (CP22) comprising Cu,l,
clusters as SBUs (Figure 24).

A striking contrast with the occurrence of symmetric squared-
grid architecture in the planar sheets of [{Cu,(us-I),Hp-
BzS(CH,),SBz},], (n = 6—8) and of [{Cu,(p;-1),}{u-BzS-
(CH,)40,SBz},], is that the Cu,l, SBUs are no longer coplanar
with the neighbored ones, thus forming distorted grids (Figure
SS). The increased flexibility of the BzS(CH,),SBz assembling
ligand compared to the C6—C8 analogues now leads to strongly
folded chains, thus distorting the grid. Consequently, an
annealed grid is now almost perpendicularly orientated with
respect to other one. In contrast to the Cu,l, units in CP18, all
Cu atoms in CP22 are now crystallographically different with a
mean Cu-+Cu distance of only 2.710(3) A. The structure at 173
K also exhibits a change in crystal system and space group from
orthorhombic Pbca to monoclinic, P12;/cl1, which is accom-
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Figure 22. View of three segments of the 1D ribbon of [{Cu(,-Br),Cu}{u-BzS(CH,)3SBz},], (CP20) at 173 K running along the a axis. Selected
bond lengths [A] and angles [°]: Cul—S1 2.287(2), Cul—S2 2.311(2), Cu2—S3 2.288(2), Cu2—S4 2.301(3), Cul—Brl 2.4499(14), Cul—Br2
2.4304(13), Cu2—Brl 2.5114(13), Cu2—Br2 2.4967(13), Cul---Cu2 3.0091(15); S1—Cul—S2 111.14(9), S3—Cu2—S4 122.78(10), S1—Cul—Brl
105.28(7), S1—Cul—Br2 113.79(7), Cul—Br1—Cu2 73.81(4), Cu2—Br2—Cu2 75.27(4) . Symmetry transformations used to generate equivalent
atoms: #1 x — 1,5, z. #2x + 1, 5, z.
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Figure 23. View of a segment of the 1D ribbon of [{ Cu(u,-Cl),Cu}{y-BzS(CH,)¢SBz},], (CP21) running along the a axis recorded at 173 K. Selected
bond lengths [A] and angles [°]: Cul—S12.3049(16), Cul—S22.2857(17), Cu2—S3 2.2882(16), Cu2—S4 2.3145(16), Cul—Cl1 2.4143(15), Cul —
ClI2 2.3834(15), Cu2—Cl1 2.4040(15), Cu2—ClI2 2.3217(16), Cul---Cu2 2.9296(10); S1—Cul—S2 123.67(6), S3—Cu2—S4 111.87(6), S1—Cul—
Cl1105.81(6), S1—Cul—Cl2 107.73(6), Cul —Cl1—Cu2 74.89(5), Cu2—Cl2—Cu2 77.01(S). Symmetry transformations used to generate equivalent

atoms: #1 x - 1,5, z; #2 x + 1, y, z.

panied by a slight expansion of the unit cell volume from
10951.2(11) to 10996.3(19) A3 and of the mean Cu--Cu
distance to 2.745(5) A. Even at this temperature, this
intermetallic separation, along with that of CP14, is the shortest
one within all Cu,l, containing materials synthesized in this
investigation (Table 1). The porosity of CP22 is determined
from the calculated voids being 9033.83 A* (82.49%) per unit
cell based upon the total volume of 10951.18 A® and the filled
space of 1917.35 A® (17.51%).

The 1D CP [{Cu(u,-1),Cu}{u-BzS(CH,),SBz},], CP23
stems from reaction of L7 with Cul in a 1:1 metal-to-ligand ratio
(Scheme 7). X-ray data reveal the presence of a ribbon
architecture reminiscent to that of its BzS(CH,);SBz analogue
CP19 (Figure 25). Each planar and centrosymmetric Cu(y,-
I),Cu SBU is interconnected to the adjacent one through two
bridging L7 ligands forming 26-membered stretched macro-
cycles. The Cu--Cu distance (2.7773(6) A) is slightly shorter
than that of CP19 built with BzS(CH,)sSBz (dCu---Cu =
2.8479(5)) and closer to the intermetallic separation observed
in the 1D CP1 built with BzZSCH,SBz. These variations indicate
that no correlation between the Cu---Cu separation and the
methylene spacer length with this series of 1D ribbon-shaped
CPs can be established. Because of the insertion of an additional

CH, group into the alkane spacer, the distance between the
midpoints of the Cu,I, rhomboids expectedly increases and now
reaches ~15.3 A. To the best of our knowledge, CP22 and CP23
are representatives of CuX-based materials featuring the longest
flexible dithioether of type RS(CH,),SR so far. Two 2D CPs,
[(Cu,l,) (u-bis(ethylthiomethyl)biphenyl),-MeCN-H,0O], and
[(Cu,1,) (u-bis(ethylthiomethyl)biphenyl) 1.5-H,0], as-
sembled by the rigid ligand 4,40-bis(ethylthiomethyl)biphenyl,
were reported, but this 10-carbon chain bears a biphenyl unit,
rendering this ligand less flexible.”® Other 10-atom dithioethers,
1,4-bis((methylthio)propanoyl)piperazine and 1,4-bis(2-
methylthioethoxy)benzene, form extended 2D networks with
Cul. These chains incorporate a piperazine heterocycle or a
—0—C¢H,—O— motif.*"**

Reactions of CuBr and CuCl with L7. Similar to the Cul salt,
the self-assembly process of L7 with equimolar amounts of CuBr
and CuCl produce the 1D [{Cu(p,-X),Cu}{u-BzS-
(CH,)4SBz},], CPs CP24 (X = Br) and CP25 (X = Cl)
(Scheme 7, Figures 26 and 27). Like in the series CP19—CP21,
[{Cu(py-X),Cu}{u-BzS(CH,)4SBz},],, CP23-CP25 are iso-
structural crystallizing in the triclinic space group Pl. Once
again, no linear correlation is observable since the Cu--Cu
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Figure 24. View of the distorted square segment of the 2D network of
[{Cu,(u5-1),H{p-BzS(CH,)oSBz}, ], (CP22). The H atoms and benzyl
groups are omitted for clarity. Selected bond lengths [A] at 173 K:
Cul—S1 2.321(7), Cu2—S2 2.314(8), Cu3—S3 2.296(8), Cud4—S4
2.304(7), Cul—Cu2 2.862(4), Cul—Cu3 2.639(5), Cul—Cu4
2.722(4), Cu2—Cu3 2.730(5), Cu2—Cu4 2.805(5), Cu3—Cu4
2.717(4), Cul-I1 2.676(4), Cul—I2 2.724(4), Cul-14 4.413(4),
Cu2—I1 2.727(3), Cu2-12 2.660(3), Cu2—I3 4.489(4), Cu3-12
2.678(4), Cu3—I3 2.653(4), Cu3—I4 2.709(3), Cud—Il1 2.673(4),
Cu4-13 2.670(4), Cud—14 2.707(3); symmetry transformations used
to generate equivalent atoms: #12 —x,2 —y, —z. #2x,y, -1 +z. #31 —
x 2=y -z

separations (173 K) vary as 2.8479(5) (X =1) t0 2.9177(8) A (X
= Br), to 2.8884(11) A for (X = Cl).

B THERMAL ANALYSIS

The thermal gravimetric analysis (TGA) of all compounds
provides classical behavior for CPs constructed over CuX
clusters with dithioethers ligands.*® All compounds are stable
below 200 °C. Table S6 (Supporting Information) provides the
maxima in the first-derivative plot of the TGA trace, the
experimental weight losses compared to the calculated ones, and
proposed assignation based on the molecular formula deduced
by crystallographic investigations. An attempt was made to
establish a correlation between the nature of the cluster (Cu,l,
vs Cu,X,) and the halide. A clear trend is observed for
thermograms obtained for Cu,], compounds (CP3, CP7, CP10,
CP14, CP18, and CP22). These traces exhibit two well-

z/:; c17 ::: c10S
o
. ff’ RS &L L, &%"
> S

L JOOUOUNS
S ::: 1/:/2

Figure 25. View of a segment of the 1D ribbon of [{Cu(u,-1),Cu}{u-
BzS(CH,)oSBz},], (CP23). Selected bond lengths [A] and angles [°]
at 173 K: Cu—S1 2.3482(6), Cu—S2 2.3274(6), Cu—12.6163(4), Cu—
# 2.6660(3), Cu—Cu# 2.7773(6); S1—Cu—S2 117.74(2), S1—Cu-I
105.183(18), S1—Cu—I# 104.895(14), S2—Cu—I 110.249(16), S2—
Cu—I# 102.624(15), I-Cu—I# 116.567(11), Cu—I—Cu# 63.433(11).
Symmetry transformations used to generate equivalent atoms: #1 1 + x,
1+y,z.#2—x—-1-y1—z

separated plateaus (Figure 28a) most likely due to the
decomposition of the ligands in the 200—400 °C range.

Above 600 °C, the weight losses may correspond to a blend of
the remaining Cu metal and halides. The comparison of the
TGA traces of CP3, CP7, CP10, CP14, CP18, and CP22 (i.e.,
alkyl chain length increasing) indicates that the thermal stability
increases with the chain length. For example, CP22 (-(CH,),-)
is more stable by ~50 °C vs CP4 (-(CH,);-). However, CP18
seems to be more stable than CP22 by a few degrees. This
general trend was previously noticed, and it was suggested that
long chains have a better tendencies to dissipate the heat energy
by low-frequency molecular motions.>” The trend for the Cu,X,
rhomboid-containing CPs (X = I, Br, Cl) is quite similar (Figure
28b—d), where the increase in the chain length tends to give
more thermally stable CPs. However, in the Cu,Br,- and
Cu,Cl,-containing CPs that second mass loss is less well-defined
(Figure 28¢,d).

B PHOTOPHYSICAL PROPERTIES

The cubane motif Cu,I,L, (L = thioether) is also well-known for
its luminescence properties.””~’" Indeed, many groups reported
the emission spectra of Cu,I,L,-containing 0D, 1D, 2D, and 3D
species. These species exhibit generally intense and structureless
bands spreading from 430 to 730 nm at room temper-
ature,*>*®777843L43,5972776 The photophysical characterization
of the thioether-containing cubanes and related species included

Scheme 7. Reaction of CuX with L7 in MeCN Forming CP22—CP25
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Figure 26. View of two segments of the infinite ribbon of [{Cu(,-1),Cu}{p-BzS(CH,)4SBz},], (CP24). Selected bond lengths [A] and angles [°] at
173 K: Cu—S1 2.3088(9), Cu—S2 2.3274(9), Cu—Br 2.4944(5), Cu—Br# 2.5139(6), Cu----Cu 2.9177(8); S1—Cu—S2 129.56(2), SI—Cu—Br
108.34(2), S1—Cul—Br# 109.20(2), S2—Cu—Br 104.84(3), S2—Cul—Br# 105.38(2), Cu—Br—Cu 71.262(17), Br—Cu—Br 108.737(17), Cu—S1—
C1103.17(10), Cu—S2—C12 107.55(12). Symmetry transformations used to generate equivalent atoms: #1 —1+x, 1 +y,z. #2 1 +x, —1 +y,2z.#3 1 —

x1—y1—-z
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Figure 27. View of a segment of the infinite 1D ribbon of [{Cu(y,-
Cl),Cu}{u-BzS(CH,)SBz},], (CP25). Selected bond lengths [A] and
angles [°] at 173 K: Cu—S1 2.3105(12), Cu—S2 2.2829(11), Cu—Cl
2.3799(11), Cu—Cl# 2.3850(12), Cu---Cu 2.8884(11); SI—Cu—S2
119.19(4), S1—Cu—Cl 104.11(4), S1—Cu—Cl# 106.38(4), S2—Cu—
Cl 109.14(4), S2—Cu—Cl# 111.60(4), Cu—Cl—Cu 71.262(17), Cl—
Cu—Cl 105.37(3), Cu—S1—C1 104.35(14), Cu—S2—C6 106.15(12).
Symmetry transformations used to generate equivalent atoms: #1 1 + x,
—l+y,z#2-1+x1+y,z#1—-x -y 1-z

in 0D—3D materials was extracted from more focused studies
from the literature, and includes the emission lifetimes (z,) at
298 and 77 K, which generally range from 0.2 to 16 ps. A table
containing these reported photophysical data is provided in
Table §7.3%346185-9035,36.42,4446,48,5359 T cubane-containing
CPs in this series make no exception (Figure 29) with the small
difference that some bands expand beyond 700 nm (near-IR).
CP4, CP8, CP11, CP1S5, CP19, and CP23 exhibit z,’s values
in the predicted range (Table 2; 1.8 < 7, < 15 ps). Similarly, the
emission quantum yields (®,) are large and the full-width at
half-maximum (fwhm) notoriously shrinks upon cooling, which
are again well-known characteristics associated with these
materials. Attempts to find a correlation between the shortest
and the mean Cu-+Cu distances with any photophysical
parameters (see some examples in Table 2, see also graphs in
Figures $40) failed. A possible explanation for this observation is
that, despite the similarity in cubane skeleton, the local
environment for the molecular vibrations contributing to the
nonradiative relaxation processes is different from one CP to the
other. This intuitive statement stems from the unambiguous fact

a b
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Figure 28. TGA traces for the CPs. (a) For CPs containing Cu,l, core. (b) for CPs containing Cu,], core. (c) for CPs containing Cu,Br, core. (d) For

compounds containing Cu,Cl, core.
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Figure 29. Solid-state emission spectra of the Cu,l,-containing CPs at 298 (left) and 77 K (right).
Table 2. Photophysical Data of the Cu,l,-Containing CPs at 298 and 77 K
T (K) Ao (M) gy (nm) fwhm (cm™) Ag” (em™) 7. (us) Ve o k" (10%7) ky” (10%7")
CpP7 298 374 504 3700 1400 1.82 1.02 0.15 0.24 1.37
77 356 505 2300 2.13 1.00
CP10 298 364 601 3300 800 8.85 1.0 0.14 0.77 4.73
77 338 646 2500 14.94 1.02
CP14 298 367 613 3600 1400 9.26 1.02 0.18 0.20 0.93
77 347 613 2200 8.12 1.03
CP18 298 349 580 4700 2600 8.66 1.09 0.61 0.66 0.42
77 330 517 2100 6.34 1.04
CP22 298 360 606 4000 1100 6.29 1.03 0.36 0.42 0.74
77 340 594 2900 8.57 1.0

“Agm = (fwhm 298 K) — (fwhm 77 K) %, = ®/z; k,, = (1-®) /..

Table 3. Comparison between the Cus*Cu Distances and Selected Photophysical Parameters

T (K) shortest distance Cu---Cu(A) mean distance Cu--Cu (A)
cp7 173 2.7013(5) 2.7897(6)
CP10 100 2.7034(12) 2.7316(12)
CP14 173 2.68(5) 2.6898(32)
CP18 173 2.710(3) 2.723(11)
CP22 100 2.717(5) 2.745(5)

Aem (77 K)(nm)  Ag_y (77 K) (nm)  fwhm (77 K) (cm™) 7, (77 K) (us)

508 450 2300 2.13
646 530 2500 14.94
613 538 2200 8.12
S17 470 2100 6.34
594 507 2900 8.57

that the Cu-+-Cu distances vary (up to 0.1 A in mean distances).
Indeed, the void % varies (using Crystal Maker) as 83.2 (CP7),
84.6 (CP10), 84.5 (CP14), 85.0 (CP18), and 85.9% (CP22).
So, the three most compact CPs are CP7, CP10, and CP14,
which exhibit the largest nonradiative rate constants, k. This
relationship is not linear but still suggests that the nonradiative
processes may stem form frictions between the Cu,l, clusters
with its surrounding ligands.

Noteworthy, CP7 stands somewhat apart in this series (and
those listed in Table S7). Indeed, this CP exhibits the most blue-
shifted emission (A, &~ 505 nm). The likely reason for this
difference is that the structural environment differs from the
most frequently encountered Cu,l,L, motif (L = thioether), as
one of the S-atoms is replaced by a p-I bridge (i.e, CuyL;).
Attempts to confirm this point with density functional theory
(DFT) calculations proved inapplicable in this case. The
resulting frontier MOs turned out to be localized invariably on
the terminal atoms on the 1D [Cu,L,S;], chain.

Moreover, the emission quantum yield for CP18 (61%) is
found interesting for lighting technologies.91 Indeed, this value
falls in the same range of those reported for a series of Cu,I,L,
cubane-containing 2D and 3D CPs (L = bidentate N-donor
ligand), some of which have demonstrated potential applica-
tions in white light luminescence.”*

Finally, despite the stubborn fact that CPs constructed with
CuCl and dithioethers are generally found to be not emissive
(the two exceptions being a 2D-CP of formula [(CuCl)-
(BzSCH,C=CCH,SBz)], composed of polycyclic [CuCl,=
CusCl¢=], ribbons cross-linked by BzSCH,C=CCH,SBz
ligands,35 and the 3D CP of formula [Cu,Cl,(EtS-
(CH,),SEt),],.>"), attempts were also made to observe
emission from the species investigated in this work. Despite
the use of a laser irradiation proved futile, and sometime quick
decomposition was observed. This was the case for CP3, which
showed no sign of thermal fragility in the TGA traces above.

B CONCLUSION

This exhaustive study on the complexation of flexible BzS-
(CH,),SBz ligands with increasing chain lengths covering n =
1-9 toward CuX salts has demonstrated on the basis of 26
crystal structures that a multitude of different architectures with
dimensionalities ranging from 0D to 3D can be obtained where
the 1D and 2D dimensionalities are clearly the most frequent.
Even unusual coexistences of different forms of 1D ribbons
bearing Cu,], rhomboids within the same crystal (CP1) and an
unprecedented copresence of supramolecular isomers, namely, a
1D ribbon and a 2D sheet structure both bearing Cu,Br,
rhomboids within the unit cell (CP9), are among the structural
highlights of this contribution. Decisive factors for this structural
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richness (keeping the nature of -SR constant) are the choice of
the halide salt, the metal-to-ligand ratio, and the lengths of the
CH, spacer unit. The metal-to-ligand ratio plays however a
crucial role only in the case of Cul (Cu,l, cluster versus Cu,l,
rhomboids), and all attempts to construct Cu,Br,S, clusters
failed, albeit Cu,Br,N, and Cu,Br,P, are well-documented.””””
Although (Cul), and (CuBr), CPs assembled by acyclic
dithioether ligands are nowadays quite common, this is
definitively not the case with CuCl. This study has now filled
the gap with seven novel CuCl'BzS(CH,),SBz compounds,
regardless of the spacer length varying from 1 to 9.

Noteworthy, no bonding of the sulfur atoms through the two
lone pairs (ie, a S-atom acting as a 4-electron donor) was
observed, although such a Cu <~ S — Cu mode is conceivable
since it has been reported before for 3D-[(Cu,X,){u-EtS-
(CH,),SEt}], (X = Cl, Br).* Surprisingly, no solvent molecules
are hosted within the cavities of the nanosized grid-shaped 2D
sheets (for CH, = 6—9)” nor placed between the 2D-layers, and
no entanglement of the networks occurs despite the occurrences
for other dithioether-CuX CPs.”***77*~%° Statistically, the size
of the SBUs is dominated by the planar Cu(,-X),Cu rhomboid
with Cu---Cu distances varying from 2.6867(6) to 3.092(4)A
(18 examples). No example featuring a butterfly-shaped
S,Cu(,-X),CuS, motif has been encountered.”””>"” In total,
only five examples incorporating the closed-cubane Cu,l, cluster
are observed. Finally, three CPs featuring —X—Cu—X—Cu—X—
arrays with mononuclear copper centers complete the statistics.
A statistical comparison of the dimensionality reveals the
occurrence of 1 3D, 13 2D, and 12 1D CPs (including the two
supramolecular isomeric forms of CP9), along with the sole
example of 0D dinuclear [{Cu(y,-Cl),Cu}(u-L3),] D1.

At first glance, this profusion of so many different
architectures may appear confusing. Nevertheless, some trends
are noticeable. Indeed, at first glance with BzS(CH,),_,SBz as
the assembling ligand, the outcome is almost unpredictable.
However, the pattern of the architectures is more systematic
starting with the longer-chain ligand BzS(CH,)¢SBz L4.
Reactions of 2 equiv of Cul with L4—L7 produce invariably
nanosized 2D networks with Cu,l, clusters as SBUs, whereas
independently of the nature of the halide, the reactions in a 1:1
ratio lead to the formation of isostructural CPs with Cu,X,
rhomboids. These latter Cu,X,-containing networks are 2D
sheets with L4 (3 examples) but constitute all 1D ribbons with
L5—L7 (nine examples). However, despite the isomorphism of
several 1D series [{Cu(y,-X),Cu}{p-L},],, no unambigous
correlation between the nature of X and the Cu---Cu separation
can be established. Although the occurrence of relativistic effects
in Cu--Cu complexes is discussed in the literature, a possible
contribution of such cuprophilic interactions remains spec-
ulative for our materials, since the short contacts in several
compounds, notably, in the case of Cu,l,, are also certainly a
consequence of the bridging bonding mode of the I atoms.”® "%

Although the principal aim of this work is focused on
structural aspects and basic understanding, and not on potential
applications in catalysis and material sciences,”*™>*°”'%® we
emphasize that these air-stable materials can be prepared in
gram-scale. For all luminescent Cu,l, compounds, no aging was
observed after several months. CP14 was kept even for 1 week in
a water-filled vial and did not lose its intense luminescence after
air-drying, stressing its stability vis-a-vis hydrolysis and oxidation.

Noteworthy, only the cubane-containing materials are
emissive. This outcome is somewhat quasi-predictable from
the literature,””~”" but for applications purposes, this work

stresses the need for reliable synthetic methodologies to prepare
these emissive Cu,1,S,-containing species (or related clusters).
Moreover, despite the enlarged list of reported cubane-
containing and related species, there is still no evidence for an
obvious linear structure-luminescence property relationship.
This task still seems illusive.

Future work will focus in a systematic investigation of CPs
built upon aryl-S-(CH,),,-S-aryl ligands and CuX with the hope
that the lesser flexible arm aryl-S (compared to a more flexible
aryl-CH,—S arm) induces a more demanding steric challenge
around the S-atom. Alternatively, the use of ligand RS-(CH,),,-
SR with sterically less demanding substituents at the S-atom
such as SMe or SEt, combined with long spacer units (m = 6—9)
will certainly also impact the architecture and porosity of the
networks leading to MOF-like structures incorporating voids
allowing guest molecules to be included. This hypothesis has
been recently corroborated by the observation that complex-
ation of CuBr and CuCl with EtS-(CH,),-SEt yields 3D
networks [ Cu,X,(EtS(CH,),SEt),], whose unusual Cu « S —
Cu bonding mode allows abnormal triplet energy migration
processes.”*> So one may expect that also longer-chain EtS-
(CH,),,-SEt derivatives (m = 6—9) may allow the crystallo-
genesis of more porous CuX networks, in which the S-atoms act
as four-electron donors instead of the more common two-
electron donor bonding mode.
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