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Cu'-Br Oligomers and Polymers Involving Cu-S(cystamine) Bonds
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The syntheses, crystal structures, and thermal properties of
five cuprous bromides derived from cystamine, [NH3(CH,),-
SS(CH,),NH;3]?*, here denoted by (SS), are reported.
Whereas (SS),CuyBrg (1) is a polar tetramer and (SS),Cu,Brg
(2) consists of [(SS)Cu,Brg]? dimers, a1-(SS)Cu,Bry (3), (SS)-
CusBrs (4), and 02-(SS)Cu,Br, (5) are polymers; 3 and 5 are
one-dimensional and 4 has a corrugated 2D network. All the
compounds contain corner-shared tetrahedra with Cu-Br-Cu
connections, and in some cases, edge-shared with double
bromine bridges. The copper coordination is tetrahedral,
either CuBr, or CuBr3S, except in one case, in which trigonal
geometry was encountered. Compounds 1, 2, and 4, which
are synthesized at 50 °C, display Cu-S bonds with the cyst-
amine through either one or both sulfur atoms. On the other
hand, 3 and 5, which are synthesized at 80 °C, do not have
any. There is a high tendency to form hydrogen bonds be-

tween the polar ammonium heads of the cystamine with the
bromine atoms. The range of phases experienced in this sys-
tem is related to the bifunctional nature of cystamine, which
is characterized by its primary ammonium ends and its disul-
fide bridge, and to the subtle competition between Br- and
S-S ligands towards the Cu! ions, which appears to be con-
trollable by temperature. The presence of both chiral M- and
P-helicoidal conformers of cystamine in 1-5 results in race-
mic compounds adopting centrosymmetric structures for 1, 3,
4, and 5 but 2 adopts a noncentrosymmetric structure
(P21242,) resulting from the coordination of copper ions to
one conformer; the other conformer is noncoordinated and
acts as the counterion.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

One area of continuous activity in the chemistry and
physics of materials deals with hybrid organic-inorganic
systems as a result of the potential combination of proper-
ties of the two moieties within one compound that can be
used as sensors. As such, the family of halogenometalates
is of high interest. For instance, solution processing of such
hybrids by using room-temperature techniques has been
demonstrated.['] Whereas molecules are also mainly respon-
sible for nonlinear optical properties of some iodometalate
salts,”l the physical properties of these hybrid materials
such as their semiconducting,®! magnetic™ or lumines-
cencel! properties usually arise from the inorganic part. Re-
cently, we focused our attention on the synthesis of the
halogenometalate of Bi''l and Pb' hybrid materials con-
taining the diprotonated cystamine molecule [H3N(CH,),-
S-S(CH,),NH;]**, denoted by SS. This molecular entity
displays interesting features. First, the primary ammonium
functionalities of this nonbulky cation are in favor of the
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formation of extended 1D or 2D inorganic networks in
their corresponding salts. Secondly, in contrast to simple
diammonium cations such as alkyldiammonium, the disul-
fide bridge can be involved in intermolecular interactions
leading to unusual structures.’*% Organic disulfide is also
a moderate donor towards soft-metal ions, especially in the
case of polyfunctional disulfide ligands that are well known
to form complexes in biological systems or in synthetic
model compounds.[”? Finally, cystamine molecules or deriv-
atives, as known for disulfides RSSR’, show skewed struc-
tures in their crystalline states and both enantiomeric con-
formers exist; the dihedral angle formed by the intersection
of the two planes defined by CSS and SSC’, respectively,
are approximately 90°, which leads to chiral P- and M-heli-
cal forms.I®! In the case of spontaneous resolution (mixture
of crystals of the two pure enantiomers), these conforma-
tionally chiral molecules can crystallize in enantiomor-
phous systems, which leads to nonlinear optical properties,
as found for (H;0)(SS)Pbl;.[54

The broad area of organic/inorganic cuprous halide salts
continues to be fascinating for solid-state materials, as well
as for biological systems. It includes the CuXL familytd-%!
combining copper(I) halide with monodentate or bidentate
N ligands that display photoluminescence properties.[*dl Re-
garding the field of purely cuprous halide salts, it provides
a wide area for structural research as a result of the diverse
coordination modes of the Cu! ion, as well as the multiple
bridging capabilities of the halide ions. Thus, the Cu', X"
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anions may form discrete geometries of varying nuclearity
or polymeric extended systems.'’l The anion mode of ag-
gregation of Cu™ and X~ with a given cation is not easy to
predict, as the aggregation forces may be under kinetic con-
trol. However, it is interesting to note that, to date, extended
structures have been essentially one dimensional; only two
examples of two-dimensional networks have been re-
ported.['!] Several kinds of cations were used in this chemis-
try, notably those with or without hydrogen-bonding capa-
bilities. Owing to the hydrogen bonding capabilities added
to the disulfide-copper bonding capabilities of diproton-
ated cystamine molecules, new constraints are placed in the
system and this can lead to unusual and interesting struc-
tures.

By wusing the disulfide-based ammonium cations
[NH;3(CH,),SS(CH,),NH;]**, we investigated the chemistry
of copper(]) salts that were well known to be easily formed
by autoreduction of copper(Il) in alcohol solvents or in
water at elevated temperatures.[!'®!21 We report here on the
preparation and the crystal structures of five copper(I) salts,
(SS),CuyBrg (1), (SS),Cu,Brg (2), al-(SS)Cu,Bry (3), (SS)-
Cu;Brs (4), and a2-(SS)Cu,Bry (5). We will show that the
disulfide parts of the cations are able to complex the cop-
per(I) ions in 1, 2, 3, and 4 to give either chiral molecular
entities (1, 2) or to participate in extended copper halide
networks (1D in 3, 2D in 4). The formation of Cu—S bonds
is not favored in reactions performed at elevated tempera-
tures, as demonstrated by the structure of 5, which is built
up of CuBr, 1D chains.

Results and Discussion

Synthesis

Depending on the experimental conditions, five com-
pounds containing diprotonated cystamine and bromocup-
rate(I) were prepared. Three of these compounds are poly-
morphs (1, 3, and 5) with the formula (SS)Cu,Bry [note
that 1 is written as (SS),CuyBrg because of the presence of
tetrameric molecular entities in the structure], whereas 2
and 4 can be conceptually obtained by removing/adding
one CuBr from/to (SS)Cu,Br, for 2/4, respectively. This
wide variety of structures obtained with this multifunc-
tional cation can be related to the known multiple bridging
capabilities of the halide ions and especially to the competi-
tion between the Br and S-S ligands towards the soft met-
allic center (Cu'). Thus, strong Cu-S bonds (d=3.30 A) are
present in three of the five structures, which leads to cop-
per(I) molecular complexes in the structure of 1 and 2 or
to an extended 2D network as in 4. In contrast, the struc-
tures of 3 and 5, which were synthesized at elevated tem-
peratures, display either no Cu-S bond in 5 or a weaker
Cu-S bond (d=3.60 A) in 3; the existence of this bond is
additionally related to the occupation rate of 0.33 of the
copper ions disordered over two positions. It must be noted
that copper halide complexes based on simple disulfide li-
gands such as diethyl disulfide are quite scarcel'?! relative
to those based on polyfunctional disulfide multidentate li-

Eur. J. Inorg. Chem. 2008, 1654-1660

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

gands.[ The formation of Cu-S(cystamine) bonds in 1-4
may be explained by the additional effect of the ammonium
moiety of the cystamine cation, which interacts with the
bromine atom through electrostatic forces and hydrogen
bonding.

Structure of 1

The crystal structure of 1 is built from molecular tetra-
meric entities of [(SS),CuyBrg] (Figure 1) consisting of two
dimeric halves fused together by two edge-sharing tetrahe-
dra. A very interesting feature of this tetramer is that six of
the eight bromine atoms are on one side and cystamine is
on the opposite side; thus, the tetramer is expected to have a
high dipole moment. More important is that the cystamine
moieties are of the same helicoidal conformation, which
means that each tetramer can be considered as a chiral en-
tity (Figure 1b). The tetramer can also be described as two
disulfide bridged (p-bromo)dicopper(I) complexes con-
nected through two bromine atoms. The disulfide bridged
(u-bromo)dicopper(I) complex, which can be reduced to the
[-S-S—-Cu-Br—Cu-] cycle, (Figure 1b) is quite rare. It was
described recently as the result of the conversion of a bis(u-
thiolato)dicopper(Il) complex mediated by halide ions.[”"!
In 1, every copper is tetrahedrally coordinated by one S
atom [d(c,.s) = 2.318(1) A (Cul) or 2.390(1) A (Cu2)] and
three Br atoms (Table 1). The Cul and Cu2 copper atoms
bridged by disulfide are separated by 3.416(3) A, whereas

Figure 1. Structure of 1: (a) general view along the « axis and hy-
drogen bonds involving one selected molecular entity [(N)H-Br
and (C)H---Br in white dotted lines and black dotted lines respec-
tively]; (b) molecular entity (left) and part of it showing the-S—-S—
Cu-Br—Cu-—cycle (right), d[Cu(1)-Cu(1)#1] = 2.7213(14) A (#1: —x
+2,y—z+1/2;#21.5-x,05+ 3 05— 2).
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the distance between adjacent symmetry-related Cul atoms
bridged by two bromide atoms is 2.721(1) A. Such a short
Cu-Cu contact is often observed in bromocuprate(I)
salts.l1%?! The existence of these polar units, and thus strong
dipole—dipole interactions, and strong hydrogen bonding re-
sult in the stacking along the b direction of the tetramers
in a head-to-tail arrangement. Thus, acentric sheets parallel
to the ab plane can be defined. The hydrogen bonds involv-
ing the four ammonium parts of a selected molecular entity
are drawn in Figure la. Of the 12 (N)H-*-Br contacts, 10 of
them are in the range 2.44-2.71 A and occur between enti-
ties along the b direction. Several hydrogen bonds are
counted between molecules of neighboring sheets, especially
an unusual (C)H-+Br contact of 2.83 A (Figure la). Finally,
1 crystallizes in the centric C2/c space group, and neigh-
boring sheets are related by the ¢ glide plane. We can won-
der if these molecular entities exist in solution, or if they
are formed during the crystallization process. Nevertheless,
we note that rapid evaporation of the solution leads to 1,
which can be considered as kinetically controlled, whereas
slow evaporation of the solution mainly leads to thermody-
namically stable 4.

Table 1. Selected bond distances and angles for 1.

Atoms Distance [A] Atoms Angle [°]
Br(1)-Cu(1) 2.4363(9) S(2)-S(1)-Cu(l)  101.88(7)
Br(2)-Cu(l) 2.4816(9) S(1)-S(2)-Cu(2)  100.99(7)
Cu(1)-S(1) 2.3177(14) Cu(1)-Br(2)-Cu(2) 84.52(3)

Cu(l)-Br(D#1  2.5122(9) S(1)-Cu(1)-Br(2)  95.97(4)

Br(3)-Cu(2) 2.4199(9) S(2)-Cu(2)-Br(2)  106.89(4)
Br(2)-Cu(2) 2.5963(9)

Structure of 2

The crystal structure of 2 is built from anionic dimers,
[(SS)Cu,Brg]>, and noncoordinated diprotonated cyst-
amine (Figure 2). The asymmetric dicopper(I) entities are
formed by two kinds of tetrahedra, CuBr; and CuBr;S,
which are bridged by one bromine atom (Figure 2b). The
bond distances are given in Table 2. As the result of the
enantiomorphic P2,2,2, space group, all coordinated disul-
fide molecules on one hand, and all noncoordinated disul-
fide molecules on the other hand, have the same helicoidal
conformation. Noteworthy is that both kinds of disulfide
molecules display both helicoidal forms. To the best of our
knowledge, compounds having two enantiomers of equal
quantities crystallizing in a noncentrosymmetric space
group are very scarce. The present case is helped by the fact
that one enantiomer is coordinated and the other
is noncoordinated, which serves to counterbalance the
charges. Second-order nonlinear optical (NLO) properties,
which are only observable in noncentrosymmetric materials,
are detectable on the white powder sample of 2. The mea-
surements of the effective second-order susceptibility tensor
were evaluated by using the approximative Kurtz—Perry
method.['¥ The measured second harmonic generation
(SHQG) efficiency was compared to that of POM (3-methyl-
1656
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4-nitropyridine-1-oxide), which was used as a reference
material for the powders. The ratio of the harmonic and
fundamental intensities gives the conversion efficiency of
the sample, and it was calculated from the following
f:quation X<2>sample/)f<2>POM = (ISHsample/ISHPOM)l/2~ Com-
pound 2 shows a weak second-order nonlinear suscep-
tibility of 0.1 pmV~!, which is about 1 and 10% of the
efficiency of POM and quartz, respectively.

(@)

(b)

S1

Br3

q

Figure 2. Structure of 2: (a) general view along the « axis; (b) mo-
lecular entities of [(SS)Cu,Br¢]>, CuBry, and CuBr;S drawn as
dark-gray-colored and light-gray-colored tetrahedra, respectively.

Table 2. Selected bond distances [A] for 2.

Atoms Distance [A] Atoms Distance [A]
Br(2)-Cu(1) 2.5002(10) Br(4)-Cu(2) 2.4643(9)
Br(3)-Cu(1) 2.4890(9) Br(5)-Cu(2) 2.4540(8)
Cu(1)-S(1) 2.3544(14) Br(6)-Cu(2) 2.5000(10)
Cu(1)-Br(1) 2.4635(8) Br(3)-Cu(2) 2.5264(9)

Structure of 3

The crystal structure of 3 is built from 1D inorganic
chains running along the ¢ axis and is separated by the cys-
tamine cations (Figure 3). In the structure, Cu(1) is disor-
dered over two positions (see Experimental Section), which
implies two kinds of coordination for the copper ions:
either a CuBrsS tetrahedral coordination (CulA, Figure 3a)
or a nearly CuBr; triangular coordination (CulB, Fig-
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ure 3b). The structure determination from data collected at
room temperature leads to occupancy values of 0.33 and
0.67 for CulA and CulB, respectively, whereas the ratio
becomes 0.50/0.50 at 150 K. When considering the CulB
atom, the inorganic network is an unprecedented Cu,Bry
chain.['] In the chain, consecutive pairs of copper (Cu2)
edge-sharing tetrahedra are linked by two Cu(1B)Brj tri-
angular entities (Figure 3b) through one terminal bromine
atom of one dimer and a bridging bromine atom of another
pair. Note that the CulB atom that is bonded to three ne-
arby bromine atoms (average distance of 2.405 A) also
weakly interacts with another bromine atom at a distance
of 3.007(7) A (Table 3). A coordination of 3+1 appears to
be more appropriate. The distances between copper centers
are longer than 3.0 A. Especially, the CulB--Cu2 distance
of 3.015(5) cannot explain the preferential occupation of
the CulA site by Cul atoms at low temperatures as a result
of hypothetical CulB---Cu2 repulsion forces. Considering
the CulA site, one can consider a tetrahedral coordination
for Cul A atoms with three bromine atoms (average distance
of 2.478 A, see Table 3) and one sulfur atom (d = 2.638 A).
The 1D inorganic network with the formulation of Cu,Br,S

Figure 3. Part of the structure of 3, which shows the 1D inorganic
network along the « (left) and ¢ (right) directions in the case of (a)
[CulaBr;S] tetrahedral coordination of Cula (33% occupation
rate, light-gray-colored tetrahedra); (b) [CulbBrs] triangular coor-
dination of Culb (67% occupation rate); d[Cu(1B)-Cu(2)#3] =
3.015(3) A, d[Cu(1B)-Br2#4] = 3.007(7) A, d[Cu(2)-Cu(2)#5]
3SITNA M x, pz+ LL#d l—x, 1 -y, 2z #51—x, 1 -y,
—2).

Eur. J. Inorg. Chem. 2008, 1654-1660

Eur|IC

European Journal
of Inorganic Chemistry

can be described as pairs of copper (Cu2) edge-sharing tet-
rahedra sharing Br corners with four neighboring CuBr;S
tetrahedra (Figure 3a).

Table 3. Selected bond distances [A] for 3.

Atoms Distance [A] Atoms Distance [A]

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Br(2)-Cu(1A) 2.578(4) Br(2)-Cu(1B) 2.480(2)
Br(1)-Cu(1A) 2.360(4) Br(1)-Cu(1B) 2.400(3)
Cu(1A)-Br(3)#3  2.498(5) Cu(IB)-Br(3)#3  2.334(3)
S(1)-Cu(1A) 2.638(7)

Cu(2)-Br(4) 2.3893(15)  Br(3)-Cu(2) 2.4003(16)
Cu(2)-Br(2)#1 2.5357(16)  Br(2)-Cu(2) 2.6160(17)

[a]#l x+ 1,y + 1, —z+ 1, #2x, p,z-1; #3 x, p, z + L.

Structure of 4

The crystal structure of 4 is built from a two-dimensional
inorganic lattice (Figure 4). The asymmetry unit consists of
one independent cystamine units, three copper ions, and

(b)

Figure 4. The layered structure of 4: (a) general view along the a
axis showing the interlayer hydrogen bonding; (b) part of the struc-
ture showing the open two-dimensional network; d[Cu(1)#4-Cu(1)
#5] = 2.9822(18) A, d[Cu(3)#5-Cu(2)#5] = 2.7740(15) A, (#4 0.5 —
x, 05+ y —z; #5x-0.5,05 -y, z, #6 x, 1 + y, z); CuBry and
CuBr;S drawn as dark-gray-colored and light-grey-colored tetrahe-
dra, respectively.
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five bromine atoms. Cu2 and Cu3 are tetrahedrally coordi-
nated by four bromine atoms (bond distances in Table 4,
dark-gray-colored polyhedra in Figure4). They build
chains along the a axis that can be defined as pairs of cop-
per edge-sharing tetrahedra bridged together by two cor-
ners. The coordination of Cul is also tetrahedral: one sulfur
atom of the disulfide is linked with a distance of 2.278(1) A
and the average Cu-Br bond length is 2.488 A (Table 4,
light-gray-colored polyhedra in Figure 4). The chains of
CuBry tetrahedra running along the a direction and the
pairs of edge-sharing CuBr3S tetrahedra are linked together
and in so doing define the unprecedented Cu;BrsS open
two-dimensional framework (Figure 4b). Ten bridged
CuBry or CuBr;S tetrahedra define windows that accom-
modate the cystamine molecules. More precisely, the mole-
cules lie down inside the windows, and each of their ammo-
nium parts are located at each side of the inorganic sheet
in the interlayer space. The hydrogen bonds are drawn in
Figure 4a for (N)H-Br distances inferior to 2.95 A. Each—
N(1)H;z or -N(2)H3; ammonium part of the cystamine cat-
ions belonging to a given sheet interacts with two bromine
atoms of this sheet and with another of the neighboring
sheet. We can also note that the terminal Br5 bromine
atoms are stabilized by a set of hydrogen bonds given by
both —N(1)H; or —N(2)H; parts.

Table 4. Selected bond distances [A] for 4.

Atoms Distance [A] Atoms Distance [A]
Br(1)-Cu(1) 2.4137(11) Br(3)-Cu(2) 2.3908(13)
Br(2)-Cu(1) 2.5574(11) Br(4)-Cu(2) 2.7940(14)
Cu(1)-S(1) 2.2777(17) Br(2)-Cu(2) 2.4002(13)
Cu(1)-Br(1)#1[81 2.4943(12) Br(4)-Cu(2)#2 2.5297(12)
Br(3)-Cu(3) 2.4263(11) Br(5)-Cu(3) 2.5483(12)
Br(4)-Cu(3) 2.5195(12) Cu(3)-Br(5)#2 2.4846(11)

[a] #1 —x + 1, -y, —z; #2 x + 1/2, -y — 1/2, z; #3 x — 1/2, =y — 1/2,

zZ

Structure of 5

The crystal structure of 5 consists of noncoordinated cys-
tamine molecules and CuBr, chains that form an elegant
tetragonal arrangement (Figure 5). The CuBr, chains are
built from edge-shared tetrahedra. This kind of chain is not
unique, as other bromocuprate salts containing such a
chain have already been reported.['>] Moreover, we can no-
tice that this kind of polymeric anion is inclined to give
tetragonal symmetry as observed for 5, which crystallizes in
the I4,/a space group.'>® 154l In 5, consecutive molecules
along the ¢ axis are approximately perpendicular to each
other as underlined by the relative positions of their disul-
fide bridge (Figure 5). Finally, the structure may be re-
garded as if the cystamine molecules define a square po-
rous-like organic network that is filled with CuBr, chains.
The range of Cu—Br bond lengths is 2.475(1)-2.541(1) A in
the CuBry tetrahedra (Table 5), whereas a distance of
2.801(1) A is observed between neighboring copper ions.
This is due to hydrogen bonding between the ammonium
1658
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parts of cystamine and the bromine atoms and to consecu-
tive tetrahedra that are tilted in such a way that the Cu-
Cu—Cu angles are 161.0(1)°; thus gives rise to the distorted
chains.

Figure 5. General view along the ¢ axis of the structure of 5; disor-
der on molecules not shown.

Table 5. Selected bond distances for 5.

Atoms Distance [A] Atoms Distance [A]
Cu-Br(1) 2.5135(10) Cu-Br(2) 2.4753(10)
Cu-Br(1)#21  2.5409(10) Cu-Br(2)#1 2.5233(10)

[a] #1 y — 1/4, —x + 7/4, z — 1/4; #2 —y + /4, x + 1/4, z + 1/4.

Conclusions

We have established the use of the drug cystamine as a
ligand for Cu' and as a counterion within the same struc-
ture. The variety of structural phases obtained in this sys-
tem relates to the competition between the Br and S atom
for coordination with the Cu! centers. Furthermore, one of
these structural phases containing both enantiomers seren-
dipitously crystallizes in a noncentrosymmetric space
group. This fortuitous accident is due to the different crys-
tallographic sites occupied by the pair of enantiomers. Fur-
ther work in this area includes the use of other metal cat-
ions or the combination of Cu! with other metal cations (as
transition metal) to potentially add new properties (magnet-
ism in the case of transition-metal cations) to the com-
pounds so that they may be used as multifunctional materi-
als.

Experimental Section

Chemicals: All starting compounds were obtained from commercial
sources and used without purification.

Eur. J. Inorg. Chem. 2008, 16541660
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(SS)Cu"Br,: Compounds 2, 4, and 5 were prepared from (SS)-
Cu'"Bry, and 3 from CuBr,, by reduction with methanol by using
different thermal techniques and procedures. (SS)Cu''Br, was pre-
pared by a solvothermal method by using a Teflon-lined PARR
autoclave (internal volume: 25mL). Hydrobromic acid (48%,
SmL, Fw = 80.92, d = 1.49) was added to equimolar quantities of
Cu''Br; (134.02 mg, Fw = 223.36) and H,N-CH,-CH,-S-S-CH >
CH,-NH,-2HCI (97%, 135.12 mg, Fw = 225.2). After the heating—
cooling steps (2 h from room temperature to 85 °C, 4 h at 85 °C,
then 15 h from 85 °C to room temperature), very thin dark-purple
plate crystals of (SS)Cu''Br, were collected by filtration, washed
with cold ethyl acetate, and kept at 40 °C to prevent moisture from
being introduced. C4H 4BrsCuN,S, (1) (537.45): caled. C 8.94, Br
59.47, Cu 11.82, N 5.21, S 11.93; found C 9.21, Br 57.81, Cu 11.72,
N 5.18, S 11.71 (C1 < 0.1).

(SS),Cu,Brg (2): (SS)Cu''Bry (150-160 mg) was dissolved in meth-
anol (~3 mL). Copper(I) ions were formed by autoreduction of
copper(Il) in methanol. The mixture was stirred and heated on a
hot plate at reflux for 2-3 min and then filtered, and the resulting
dark-green solution was allowed to slowly evaporate in air for 1-
2 d. Colorless crystals of 2 were collected by filtration and washed
with cold ethyl acetate.

(SS)CusBrs (4): A solution prepared according to the procedure
for the synthesis of 2 was placed in a Teflon-lined PARR autoclave
and heated in an oven at 50 °C for 12 h. The vessel was then cooled
down rapidly. The resulting solution was filtered and colorless crys-
tals of 4 were obtained and washed with cold ethyl acetate.

02-(SS)Cu,Br, (5): A solution prepared according to the procedure
for the synthesis of 2 was placed in a Teflon-lined PARR autoclave
and heated in an oven at 80 °C for 12 h and then was cooled down
rapidly. After filtration, big colorless crystals of 5 as the main
phase, and a small amount of crystals of 3 were obtained and
washed with cold ethyl acetate. Crystals of 5 were selected by hand
under a binocular microscope.

(SS),CuyBrg (1): Compound 1 was prepared by slow evaporation
of an aqueous solution of Cu''Br, (2 g, Fw = 223.36), H,N-CH,-
CH,-S-S-CH,-CH,-NH,-2HCI (97%, 3 g, Fw = 225.2), and HBr
(48%, 1.266 mL, Fw = 80.92, d = 1.49). The copper bromide was
dissolved in distilled water (5mL) and hydrobromic acid
(1.266 mL). The cystamine salt was dissolved in distilled water
(5 mL) and then added to the previous solution. The resulting mix-
ture was stirred and heated to 50 °C for 1 h before it was rapidly
filtered. The mixture was then cooled to room temperature. Color-
less-to-pale yellow diamond-like crystals of 1 as the main phase
and a small amount of crystals of 4 were obtained within 2-3 h.
The crystals were collected by filtration and finally washed with
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cold ethyl acetate. Crystals of 1 were selected by hand under a
binocular microscope.

a1-(SS)Cu,Br, (3): Compound 3 was prepared under solvothermal
conditions in a Teflon-lined PARR autoclave. Methanol (4 mL)
and HBr (48%, 3.4 mL, 30 mmol, Fw = 80.92, d = 1.49) were added
to Cu'Br, (134.02 mg, Fw = 223.36) and H,N-CH,-CH,-S-S-
CH,-CH,-NH,-2HCI (97%, 202.68 mg, Fw = 225.2). The auto-
clave was heated in a programmed oven with the following param-
eters: 2 h from room temperature to 85 °C, 2 h at 85 °C, then 12 h
from 85 °C to room temperature. Colorless crystals of 3 were col-
lected by filtration and washed with cold ethyl acetate.

The use of Cu'Br and/or an excess amount of HBr as starting mate-
rials did not give new phases, and only phases of 3 and 4 were
obtained.

Thermal Analyses: Thermogravimetric analysis measurements,
which consist of a 10 °Cmin~! ramp from 25 to 900 °C under a
flowing nitrogen atmosphere, were carried out by using a TGA-
2050 Instruments System. Differential scanning calorimetry (DSC)
measurements were performed with a DSC-2010 TA Instruments
system. TGA measurements show that the compounds decompose
in two steps with a first weight loss at about 200 °C for all 1-5 and
a second weight loss at higher temperatures. As known in such
hybrids, the first step probably corresponds to the departure of
organic molecules together with HBr, whereas the second step cor-
responds to the sublimation of the remaining CuBr. On DSC
curves, endothermic peaks are observed in the range 150-200 °C
corresponding to melting or melting/solid state decomposition, be-
fore decomposition near 200 °C.

X-ray Crystallography: Powder X-ray diffraction measurements
were carried out with a D8 Bruker diffractometer by using Cu-
K, » radiation and a linear Vantec super-speed detector. Powder
X-ray patterns of the homogeneous samples of 1-5 showed that all
reflections are indexed in the unit cells obtained from X-ray diffrac-
tion of the single-crystal studies (see Supporting Information). X-
ray diffraction data of selected single crystals were collected with a
Bruker—Nonius KAPPA-CCD diffractometer equipped with graph-
ite-monochromated Mo-K,, radiation (/. = 0.71073 A). A summary
of crystallographic data and refinement results for compounds 1—
5 are given in Table 6. The structures were solved and refined by
using the SHELXL.97 package. Heavy atoms (Cu, Br, S) were first
located by using direct methods, and C and N atoms were then
located from the analysis of the Fourier difference maps. A statisti-
cal disorder affects one copper ion in the structure of 3. Two posi-
tions were defined, and the occupancy of each was first refined by
using isotropic thermal parameters constrained to be equal. Fi-
nally, the refinement of occupancy of disordered atoms with aniso-

Table 6. Crystallographic data for (SS),CuyBrg (1), (SS),Cu,Brg (2), a1-(SS)Cu,Bry (3), (SS)CusBrs (4), and 2-(SS)Cu,Bry (5).

1 2 3 4 5
Fw [gmol ] 1202.02 915.12 601.01 744.46 601.01
Space group C2le P2,2,2, P2/a P2/a 14,/a
a[A] 7.7957(8) 10.2558(7) 10.0661(9) 7.8248(8) 16.562(1)
b[A] 14.755(1) 12.1174(7) 22.008(3) 22.909(2) 16.562(1)
¢ [A] 25.212(3) 20.264(2) 6.6746(6) 9.3890(9) 10.893(1)
p [1 93.40(1) 90 96.91(1) 108.04(1) 90
V [A3)] 2894.9(8) 2518.3(3) 1467.9(3) 1600.3(5) 2987.9(2)
Z 4 4 4 4 8
Observed refl. [I>26(1)] 2641 3866 1655 2777 1295
Parameters 130 219 141 148 78
R, [I>206(1)] 0.042 0.039 0.044 0.050 0.043
wR, (all data) 0.083 0.052 0.126 0.120 0.088
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tropic thermal parameters leads to a 0.33/0.67 ratio (see main text).
In the structure of 5, a disorder affects the C—S—S—C parts of mole-
cules. The S atom and the C atom bonded to S were disordered
over two positions. First, the occupancy of each part (CIA-S1A
and C1B-S1B) was refined with the isotropic thermal parameters
of S1A and S1B, and C1A and C1B, constrained to be equal, lead-
ing to = 0.8 for the CIA-S1A part. Finally, all C and S atoms
were refined anisotropically, the occupancies of two disordered
parts were fixed to 0.8 and 0.2, respectively. All hydrogen atoms
were treated with a riding model in all five structures. Positions
and anisotropic displacement parameters of the non-H atoms were
refined by full-matrix least-squares routines against F2. Absorption
effects were corrected by using the Gauss method or the SADABS
method. Selected bond distances and angles for 1-5 are provided
in Tables 1-5. CCDC-668343, -668344, -668345, -668346, and
-668347 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Non-Linear Optical Properties: The optical SHG was performed on
powders by using the Kurtz and Perry method. The fundamental
excitation wavelength at 1064 nm was provided by a Q-switch
Nd:YAG laser (Model Continuum Leopard p-10) at a pulse dura-
tion of 16 ps and an average density power of 0.2 mJ per pulse for
the repetition frequency of 10 Hz. The power of the fundamental
beam was varied with a half-wave plate and a Glan polarizer. The
beam was focused on the sample by a convergent lens having a
focal length of 250 mm. The sample was rotated by using a stepped
motor monitored by a power station of acquisition with an angle
resolution up to 0.04°. The SH signal was detected by a photomul-
tiplier tube (Hamamatsu R;828-01), then integrated by a boxcar
integrator and processed by a computer. Crystals of (SS),Cu,Brg
(2) were crushed and sieved in order to assure a crystallite size in
the range 125-250 um and then placed between two microscope
slides.

Supporting Information (see footnote on the first page of this arti-
cle): Powder X-ray patterns for 1-5, thermal analysis (TGA, DSC),
and experimental setup of the SHG experiment.
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