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Two new thiostannates (DBNFHn:Ss (1) and (DBNHYCusSnSs Then reflections of start to grow and reflections @foccur some
(2) were synthesized under solvothermal conditionslyapy Cu, time later. The appearance of a thiostannate(Iip@d by the
Sn, S and DBN (DBN = 1,5-diazabicyclo[4.3.0]non-7)enerystallization of a mixed-valent thiostannatel),l suggests
Compoundl is a rare example of a mixed-valent thiostannBte. complex redox reactions occurring under the sokwotial

Sn(ll) species appears in the rare trigonal-pyram@hvironment conditions. Syntheses without Cu in the reactionrgllead to the
whereas Sn(1V) is in a tetrahedral coordinatione Thain-anion isformation of1 within a very short time. The results of the itusi
composed of alternating $ semi-cubes and $% rings. The studies clearly indicate that the presence of Cgispen solution
structure of2 consists of undulated anionic layers and amie¢ards the nucleation and crystallization of The crystalline
molecules between the layers. The layers may beedeas aintermediate was quenched with ex-situ experimeiltsyntheses
heteroatom % graphene layer constructed by condensed ;Cp&formed with this intermediate do not lead to thgstallization

triangles and SnSetrahedra. The two thiostannates coexist whathl or 2, i.e., there is no direct relation between thdseet
was investigated with in-situ energy dispersive ay-iscattering crystalline compounds. The spectroscopic and thepraperties
under real solvothermal conditions. Prior to therfation ofl and of 1 and2 are also discussed.

2 a crystalline intermediate appears which disagpatier 60 min. (© WILEY-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

_ ) ) ) . sulfides. Until now the number of mixed-valent Sulfides is
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under http:/Awww.eurjic.org/ or from the author. [24] and CpSnsSe [25] featuring the coexistence of Sn(ll) and
Sn(Iv).

Introduction

The well-known problem of the solvothermal methedhat in

these heterogeneous multi-component processes p@ayneters

Applying the solvothermal route several thiostaeadtave been |ike temperature, time, solvent, concentration @dluence the
synthesized using different amines as structuextlirg agents, e.g. product formation. Despite several efforts undestaky different
in *[SnS-en] (en = ethylenediamin®), (CoHaoNa)[SRSd'2  groups we are far from a deeper understanding efréaction

H0A  (CH1ND)(CHoNoISS®  ReSnS; (R = mechanisms occurring under solvothermal conditif2gy. The
tetramethylammonium TMA! R = diazabicyclooctane DABCS,  foliowing example should illustrate the main prabte of the
R = ammonium/tetraethylammonium ATEA, tetraethylamiom  so|yothermal approach: syntheses performed with SSbii and
TEA ™), R.SnS, (R' = tetrapropylammonium TPA, giethylenetriamine as structure director leads tocoaiple of
tetrabutylammonium TBA®) and (enH)Sn,S¢.["! Beside the compounds like [Ni(dien),ShSs [27], [Ni(dien)],ShS, [28] or

interesting structural features, thiostannates eardidates for [Nj(dien),]5(Sb;S), [29] under almost identical conditions.
catalysis applications and chemical sen&ff. In addition, the

integration of transition metals (TM) into the netk alters the _
physical and chemical propertiéY. Thiostannates containing In order to shed light on some aspects of the pinena
transition metals are for example [Ni(ga$nSs, [Co(tren)bSn,Ss ~ occurring under  solvothermal conditions and to gebre

(tren = tris(2-aminoethyl)amine), [Ni(trenfnSs*2 (1,4- information about such ‘black-box-reactions’, kioetanalyses
dabH)Ag,SnS, (1,4-dab = 1,4-diaminobutanjl ~ applying in-situ methods are necessary. Duringladise few years
(DBUH)CuSng (DBU = 1,5-diazabicyclo[4.3.0]non-5-ene), We successfully investigated several solvothermahctions
(1,4-dabH)C,SnS, ™ [Ni(dien)s] ,Sn:Ss (dien = applying time resolved in-situ energy dispersiveay-diffraction

diethylenetriaminé}® or [M(en)],SnSs (M = Mn, Co, zn)i®  (in-situ EDXRD)"**¥ This technique facilitates investigations of
Sn(lV) is the most common oxidation state in thaostates and tin the influence of different parameters onto the poddormation
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under real reaction conditiof&. 3" The occurrence, growth and Ottemannite Sn(SAB™*Y CosHNOSNS, 3 CpoHaASSNS,
decay of crystalline precursors or intermediates daectly be and G,HsPSnS.*¥ In these compounds the Sn-S bond lengths are
observed which is not possible with ex-situ experits. In in the range of 2.532(10) to 2.765(2) A and thensSSangles
addition, it can be directly monitored whether suhnsient scatter from 83.59(2) to 96.87(3)°.The two Sp@ramids and the
compounds are related to or necessary for theatligstion of the SnS group share common edges to form a so-calle®,Semi-
product. Finally, these studies supply the necgssaaction cube (Fig. 1). Neighbored semi-cubes are joinedhaaterminal S
conditions for quenching such precursors and/@rimediates. In atoms of the SnSgroups yielding a one-dimensional anionic
our ongoing work in the field of the solvothermaintheses of [SnsSg? chain running along [010] (Fig. 1). Alternativelthe
transition metal containing thiostannates we stlidielvothermal structure of the chain may be viewed as alternaBngs, semi-
reactions applying Cu, Sn, S and 1,5-diazabicycBodnon-5-ene cubes and Sf$, rings.

(DBN) as solvent and structure directing agent. Ateriesting
observation made during the solvothermal synthesesthe
coexistence of two thiostannates of one of whica &n(I1)/Sn(1V)
mixed-valent compound without Cu and the secondaioestCu
and Sn(IV). This experimental finding requires ateynatic study
of the solvothermal reaction and therefore is appabe for
investigations using in-situ EDXRD. In the paper present the
solvothermal syntheses of the two new thiostannates
(DBNH),SnSs (1) and (DBNH)CusSnSs (2), their crystal
structures, the thermal and spectroscopic proestiel the results
of the in-situ EDXRD studies.

Results and Discussion

The new thiostannate (DBNEHnSs (1) crystallizes in the
monoclinic space group2,/n with all atoms located on general
positions. The three unique Sn atoms are in diftee@vironments Figure 1: The anionic chain directed along [010jeter with atom
of S atoms. Sn(1) and Sn(2) are surrounded by ®r@saforming labelling. The displacement ellipsoids are drawrthe&t 50% probability
distorted rectangular pyramids (Fig. 1). The Sme8ds range from level.
2.3901(14) to 2.7024(13) A for Sn(1) and from 2343 to
2.7157(13) A for Sn(2), with corresponding S-Snrglas varying

from 86.64(4) to 126.39(6)° (Table 1).
@ ©)°( ) Within the chains the $8, semi-cubes are arranged in a zig-

zag-like fashion and the amine molecules are |ldcati¢he cavities
Table 1. Bond lengths [A] ft. of neighbored chains (Fig. 2). In contrast to otb@mpounds with
SnsS, units, the divalent Sn atom of the;Spsemi-cube inl is
Sn(1)-S(4) 2.3901(14 . .
n()-S(4) (14 trigonally coordinated and has no contact to othudfiur atoms (see

Sn(1)-S(6) 2.3927(14) Fig. 1). Short S---H-N separations (S(1)-N(2): 8(28) A and
Sn(1)-S(3) 2.4149(12) S(2)-N(4): 3.499(2) A) indicate weak hydrogen baomgi
Sn(1)-S(2) 2.5367(14) interactions.

Sn(1)-S(1) 2.7024(13)
Sn(2)-S(5) 2.3937(14)
Sn(2)-S(2)  2.4020(13)
Sn(2)-S(3) 2.4201(12)
Sn(2)-S(4) 2.5222(14)

Sn(2)-S(1) 2.7157(13) . 7
Sn(3)-S(1) 2.5059(13) |
Sn(3)-S(5) 2.5335(16)

Sn(3)-S(6) 2.5511(17)
Symmetry transformations used to generate equivatems:

& x+3/2,y+1/2,-z+1/2 .
)e»
These values are in good agreement with literatata [38, 39]. “ L‘?

Interestingly, Sn(3) is surrounded by only threat&ns to form a
trigonal pyramidal Sns$Sunit. This geometry is an indication for
Sn(Il) and the bond valence calculations confiria #ssignment as
well as the mixed-valent character of (DBNSKS; (all
parameters for the calculations were taken from4@f. The Sn-S
bond lengths in the Sp®yramid are 2.5059(13), 2.5335(16) and
2.5511(17) A (average Sn-S: 2.5302 A) with the esponding
angles 88.02(4), 88.62(4) and 102.39(6)°. Sn in rigoral
pyramidal environment is quite rare, but some exammre

Figure 2: Packing in thiec-plane of (DBNH)Sn:Ss with undulated
chains along [010]. H atoms are omitted for clarity



An interesting observation is that the anionic ohaif
(DBNH),Sn:Ss shows similar structural motifs like those in the
layered thiostannates R-SnS-1 and R-SnS-3 (R
molecule)®® 3% In these compounds two-dimensional {Sif” and
[SnyS]? anionic layers are observed containing alsgSSeemi-
cubes which are formed by interconnection of Se8ahedra. The
semi-cubes are joined via twd @nions yielding anionic layers
with rings consisting of 24 atoms (largest intenaito distances:
10 A). The organic molecules act as charge compiegseations
and are located above/below the pores and betweetayerd*s
In R-SnS-3 the $%, units are joined by SpSetrahedra to form
[SnySo]? layers with elliptical rings measuring about 18.8 11.3
A for TBA-SnS-3 (TBA = tetrabutylammoniunf). Instead of
organic structure directors alkali metal ions weised for the

Sn(2)-S(1y 2.385(2)  Cu(4)-S(6}  2.240(2)
Sn(2)-S(8) 2.408(2)  Cu(4)-S(2}  2.246(2)
Sn(2)-S(5) 2.427(2)  Cu(@)-S(5) 2.295(2)
Sn(2)-Cu(3) 3.0951(13) Cu(5)-S(7) 2.241(2)

Cu(5)-S(5) 2.268(2)
Cu(1)-S(1) 2.239(2) Cu(5)-S(6) 2.284(2)
Cu(1)-S(7§ 2.249(2)  Cu(5)-Cu(6) 2.833(2)
Cu(1)-S(3) 2.282(2) Cu(6)-S(8f 2.200(3)
Cu(2)-S(2) 2.220(3) Cu(6)-S@) 2.260(3)
Cu(2)-S(1J 2.258(3) S(1)-Cu(@} 2.258(2)
Cu(2)-S(3) 2277(2) S()-Sn(2) 2.385(2)

synthesis of thiostannates like SinsS; 02 H,O or CgSnsS,;, [12
H,0 “® 4T\which also contain S8, groups as well as $8, rings.

Symmetry transformations used to generate equivatems:
& xy+l,z % -x+3/2)y,z-1/2 & -x+3/2,y,z+1/%: x,y-1,z

In CsSnS;, 02 H,O two SnS, semi-cubes are connected via a

common corner and with two bridging” Sanions to form the
anionic layers containing elliptical pores with mieter of about 7.3

All Cu atoms have bonds to three S atoms formingordesd
Cu$; triangles with the Cu atoms being located sliglathpve the

- 9.9 A. In RBSRS; (2 H,O the anionic layers are constructed byPlanes of the three S atoms. The Cu-S bond lengtittes between

face-sharing semi-cubes and bridgingSsmings.

The second new compound (DBNB)sShSg (2) crystallizes in
the non-centrosymmetric orthorhombic space gr@ge2; with
two unique Sn, six Cu and eight S atoms as welvasprotonated
DBN molecules. All atoms are located on general tims. The
structure consists of undulated anionic layersien(iL00) plane and
protonated amine molecules acting as charge corapegsations
between the layers (Fig. 3).
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Figure 3: Arrangement of the undulated anionic fiayend the cations in
compound? (view along theéb-axis). H atoms are omitted for clarity. Some
DBN molecules are disordered and the split positine not displayed.

Each Sn atom is in a tetrahedral environment ofdgns with
Sn-S distances from 2.392(2) to 2.414(2) A (Tablard S-Sn-S
angles between 109.98(9) and 112.90(8)°, indicatingnoderate
deviation from ideal tetrahedral geometry. Thedaesamatch well
with data published in literaturé? 4!

Table 2. Bond lengths [A] fa2.

Sn(1)-S(2) 2.392(2) Cu(3)-S(4) 2.238(2)
Sn(1)-S(3) 2.405(2) Cu(3)-S(8) 2.357(3)
Sn(1)-S(6) 2.407(2) Cu(3)-S(5) 2.446(3)
Sn(1)-S(4) 2.414(2) Cu(3)-Cu(d) 2.7755(18)

Sn(1)-Cu(6) 3.1678(18) Cu(3)-Cu(5) 3.052(2)

2.200(3) and 2.446(3) A (Table 2) and the corredpman angles
are between 97.88(8) and 141.84(15)°. All valuesiarthe typical
range reported in literature* % *°IThe Cu(3) to Cu(6) atoms each
have a Cu atom at distances ranging from 2.7755¢18)052(2) A
(Table 2). Some examples with comparable valuesdoh Cu-Cu
distances are (enldCu,SbS (en ethylenediamine), (1,3-
dapH)o CLShS (1,3-dap 1,3-diaminopropariay,
(CeNaH20)0.sCUSRSs 2 and (1,4-dabb)Cu,SnS, (1,4-dab = 1,4-
diaminobutane}? In the literature d®-d*® interactions are
discussed for several sulfidéd, but in those cases the Cu-Cu
distances are even shorter than in compdund

CuS triangles and SnStetrahedra are joined to form six
different six-membered G8nS heterorings: Cu(4)Cu(5)Sn(k)S
(A), Cu@@)Cu(d)sn(2)s (B), Cu(1)Cu(2)sn(l)s (C),
Cu(2)Cu4)sn(2)s (D), Cu(@)Cu(5)sn(2)s (E), and
Cu(1)Cu(2)Sn(2)$ (F) which are condensed in the (100) plane
(Fig. 4; left) yielding an undulated layer which yrize viewed as a
distorted graphené®tayer.
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Figure 4: Condensation of the different heteroriimysompound forming
the anionic layer (top, left). The chain made up ibterconnection of
Cu(3)s, Cu(6)S and Sng tetrahedra (top, right). Bottom: undulated
arrangement of a layer (view approximately alorejtaxis).

Along [001] the sequence of the rings is ...A-B-Gind ...D-E-F....
Cu(3)S and Cu(6)sunits do not participate in these rings and they
are joined into chains along [010] by corner-sh@nmith each
other and edge-sharing with the gt&rahedra (Fig. 4, right).The
chains and layers are connected via S atoms @nietetrahedra.
This connection scheme leads to the formation ofthés
heterorings like Cu(3)Cu(4)Cu(5%nd Cu(4)Cu(6)Sn(2}S The
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structural motif of condensed six-membered ringsfasnd in
layered thioantimonates like  (8:H;)CusShSs and

survives approximately 60 min and when this phases h
disappeared, the (200) and (201) reflection® dfecome visible

49 .
(CoNaH20)0sCUsS,Ss 1), but was never observed before ingfier 63 min and 72 min, respectively. After 11(hmeaction time,

thiostannates. The amine molecules are locatedeeetithe layers
with an interlayer distance of about 7.5 A. Short--8-N
separations (S(3)-N(4): 3.162(14) A and S(3)-N@B13(27) A)
indicate weak hydrogen bonding interactions.

In-situ EDXRD investigations

Solvothermal syntheses often deal with the probibat the
products are not phase pure and sometimes eveneirreaction
mixture thiometalates with different compositioneegist. An
example is the synthesis of [Ni(dig]9h,S; - H,O where the
product always contained [Ni(dief¥SbS), ¥ as the second
phase. In the present case not only two differbtstannates
coexist but these two compounds have Sn in diffecatidation
states. In the syntheses elemental Sn and Cu grkedipand
obviously complex redox reactions lead to the fdiomaof Sn(ll)

and Sn(lV) in1 and Sn(IV) in2. A broad variation of the synthesis

conditions was performed to increase the yields #&mdfind

conditions where only compour?l appears in the final product.

But after about 50 syntheses without success thetiqueraised
whether the occurrence of the two products is aherent
“problem”. Several scenarios can be imagined: gthlcompounds
crystallize simultaneously and coexist due to alamstability; (ii)
one of the two compounds is formed first and theosd start to
grow at later stages of the reaction; for instattee,Cu containing
material @) appears first and is partially dissolved provilitne
species for crystallization df

The energy range of the spectra was chosen to sthdeast
two reflections of the final products respectivefyeach compound
at the same time. A typical spectrum obtained at ¢hd of a
reaction with Cu, Sn, S and DBN shows the Sm-d&hd Sn-kG
fluorescences as well as the Bragg peaks of thectwmapounds
(Fig. 5).
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Figure 5: A typical powder pattern recorded atlibamline F3. The Bragg
reflections of both compounds and the Sn fluoresegrare labelled. The
peak at ~ 15.5 keV is the escape peak of the Getdet

The progress of a typical reaction at 160 °C is shaw time-
resolved spectra in Fig. 6. In the beginning of rsction only Sn
fluorescences are observable and a crystallinenieidiate starts to
grow (marked in Fig. 6) after about 8 min. Thiseimmbediate

the Cu free compound starts to grow with all reflections
appearing at the same reaction time.

intensity
N
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(=]
o

intermediate
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Figure 6: Time resolved powder diffraction pattemisa synthesis at
0 °C. The reflection of the crystalline internsdj the (-101) of
(DBNH),Sn:Ss (1) and the (200) reflection of (DBNEJWwSnSs (2) are
marked. The energy is converted to thé &cale applying Cu-&
wavelength. The peak at ~ 6.6° 2 theta is the espapk of the Ge detector.

First we analyse the crystallisation kinetics ofnpmund 2.
The evaluation of the data dfis difficult due to the relatively low
intensity of the reflections and the overlap wigffiections of2. In
principle a deconvolution of superimposed refletsids possible
with the program calf3 (see experimental sectiomj aas also
done. But the scattering of the intensity of the teflections was
too large for an unambiguous analysis of the clyztiion kinetics.
In the literature different models of the crystadlion kinetics and
the evaluation of appropriate data are well docugw®ef>>% In the
overwhelming cases kinetics are evaluated on trssbaf the
Johnson-Mehl-Avrami (JMA) kinetics. Several striconditions
like random nucleation and no hard impingement havebe
fulfilled before the JMA kinetics will hold. The JMkinetics does
not take into account that different reactions cacur parallel
and/or successive. In addition, it is assumed that reaction
exponentm is temperature and time independent, which is not
necessarily the case. Therefore, it is often oleskrthat the
experimentally derived reaction exponents diffeonfr the
theoretical values.

The kinetic analyses are done by integrating thensities of
the product reflections which are normalized agaims intensities
of the Sn-Ki fluorescence. The experimental data are expressed
the extent of reaction and compared with the themalevalues for
solid state kineticsa(t) is the ratio of the normalized intensity at
time t to the intensity at time, and is defined by the following
equation:

alt)=1,0)/1,(.)

Using the Avrami-Eroféev expression the kineticapagter for
the reaction exponemt (Avrami exponent) and the rate constant
can be estimated. The kinetic parameters can asextracted
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using the Sharp-Hancock plot (SH plot) [56]. Theactéon
exponentm corresponds to the slope of the curve and the rate
constantk is the intercept with the y-axis. If the reactifaiows

one mechanism over the whole reaction time all expntal data
points are on a straight line in a SH plot. Therefa change of the
mechanism during a reaction can be detected imitedglidor the

1.0+

0.8

evaluation of the kinetic data the induction titgavas subtracted 0.6
from the timet. The SH plot for the (200) peak &fat 160 °C is B
shown in Fig. 7. ~ 0.4+
0.2+
1.0 4
0.0 T T T T 1
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Fig. 7: Sharp-Hancock plot for the reaction at $6Qusing the s_,,-;-ﬁ’ - PR =2
(200) reflection oR. The lines are guides for the eyes. 1 e ATl L Ak | . .
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oft)

The growth of2 can be roughly divided into three different
parts. Up toa(t) = 0.3, the value fom is about 0.6 which is near
models for diffusion control (3Ds. In the second part (0.3 & < Fig. 8: Comparison of different kinetic models aD1® with
0.75)m increases to 1.6 indicating a change of mechani®$is e gata for the (200) peak.
value is in between the nucleation Avrami modelahd a first
order reaction F For a > 0.75m decreases to about 0.4. In the
present case it seems that no simple kinetics daissrthe reaction.

This is further evidenced by plottingt,s versusa allowing a 104 ne%e oo nt
direct comparison with the established models (8)g. wj!.gﬁ',:'::":-""‘i:' ."""-:":-':".B:':'
0.8 ..':ﬂ "
Analyzing the region betweea(t) = 0.1 and 0.5 (Fig. 8, top) 064 -
the experimental data points gradually shift froiffudion control =
to Avrami nucleation models AA; with increasing reaction time. T 4l
In Figure 10 the data points betweett) = 0.4 and 0.75 suggest .
that Avrami nucleation models dominate the kinetfesr the later 0.2
stages of the reaction the data points scatteraviémdency toward = 002 peak of (DBNH),Sn,S,
a diffusion control. Two different cases can betidgished for oo=_ , ¢ 101 peak

T T 1
0 20 40 60 80 100 120 140

Avrami nucleation: all nuclei form instantaneougtgro order) or
nuclei are added during the reaction progress @ncer).

time / min

Fig. 9: Extent of reaction for compouridat 170 °C synthesized

The reaction exponemh contains both information and taking without Cu in the reaction mixture.

into account the two-dimensional nature of the talgam = 1.6
implies a two-dimensional growth and instantangpdisimation
of the nuclei. The deviation oh from the ideal value 2 may be
caused by heterogeneous nucleation on the wattseoflass tube.
For all temperatures a changenofs observed during the reaction
progress with a tendency to later stages of thetimawhere the
change ofm occurs. The reactions performed without Cu are ve
fast and all reflections occur simultaneously afteort induction
times (Fig. 9), and a quantitative evaluation @& thaction kinetics
is in this case not possible due to the fast reaqirogress.

As mentioned above prior to the formation bfand 2 a
crystalline intermediate appears during the symthegth Cu, Sn,
S and DBN. In syntheses performed without Cu, notahyse
rg/)recursor or intermediate could be observed intémperature
window from 140 to 190 °C. This is a clear indicatithat the
crystalline intermediate species occurs only inghesence of Cu
in the reaction slurry. In addition the presenc€ofis not required
for the crystallization of the mixed-valent compduh i.e., Cu is
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not involved in the redox reaction. For the chernicaplotting the extent of reactiom(t) versus time. The curves
characterization of the crystalline intermediatés tbhase was presenting the growth of the (200) reflection Dfat different

isolated by quenching the reaction at differenttiea times. For temperatures are shown in Fig. 11, and the evelutb the

the intermediate quenched after 30, 40, 50 and @D BDX crystalline intermediate plotted together with thewth of the

analyses give nearly identical ratios for Cu:Sn:Sabbut 2:1:6. (200) reflection of2 and the (-101) reflection dof at 160 °C is

The CHN content is in agreement with about one DBNemwe displayed in Fig. 10.

assuming Cy6nS as chemical composition of the inorganic part,

i.e., the chemical formula of the intermediate i®sin likely

(DBNH)Cw,SnS. Charge neutrality of this compound requires the

presence of § anions assuming Cu(l), Sn(IV) and a double

protonated DBN molecule.

More information about the role of the intermedispecies for

the formation ofl and 2 can be extracted by comparing the
evolution of the extent of reaction for the intedis¢e phase and

compoundsl and 2 (Fig. 10). Obviously, compoung starts to
grow when the intermediate disappeared. The crgogmint of a(t)

of the intermediate witla(t) of 2 is far below aboutt = 0.2 — 0.3,
or even atr = 0. A possible interpretation is that the intediage is
a metastable compound which is destroyed and the stable
compounds start to grow. Furthermore the firstefons ofl

appear when roughly 40% of compoubdare formed. At longer
reaction times both compounds are in equilibriurppsuting the
observation of the ex-situ syntheses presentedeabdfithin the
experimental accuracy no decrease of the inten$itgflections of
2 is observed indicating thdtis not growing at the cost @ We

note that only afl = 160 and 170 °C the crystalline intermediate

appears. At higher temperatures no reflectionsisfintermediate
were detected and two possibilities can be envisagexplanation
for this observation: the crystalline transient pomnd is not
formed at higher temperatures or the experimeirta scale is too
slow for the detection of this compound due to ayvéast

formation and disappearance.
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Figure 10: The extent of reactiom(t) for the (200) reflection of
(DBNH),CusSnSs (2), the (-101) reflection of (DBNH$nSs (1) and for
the intermediate compound at 160 °C. Note that dbattering of the
individual data points is due to the relatively lomtensity of the (-101)
peak and the reflection of the intermediate

The temperature dependence of the reactions wastigated
between 160 and 190 °C. The time until the firststalites are
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Figure 11: Temperature dependency of the crysaitin of
(DBNH),CusSnpSg (2).

It is interesting to note thag for the formation of is reduced
by roughly 60 min when the temperature is raiseinfrl60 to
170 °C (Fig. 11). For the reaction temperatures-1790 °C t, is
very similar and also the product growth is vergtfat these
temperatures. In addition, the reactions at higbmperatures are
finished after about 100 min.

A qualitative comparison of the reactions applyibg, Sn, S
and DBN with those performed without Cu clearly desteates
that the induction timé, is drastically reduced to 20 min at 160 °C
(120 min with Cu) and to 4 min at 190 °C (42 min w@h). In the
competitive crystallization it seems that the fotioa of 2 is
preferred and the growth &fis inhibited.

The sizes of the coherent scattering particles othb
compounds can be estimated applying the Schertetieq:

K[A1180/x

D, =
deynu [E0SH
with D, average crystallite sizedrwyy full width half
maximum, 8 Bragg angle,A wavelength andK the Scherrer
constant (0.89 was used). The valuedaguy of the (200) peak of
2 (0= 4.14°) decreases from 0.22 to 0.16° during tlaetien ¢ =
240 min) leading to an increase of the cohererttestiag domains
from 36 to 49 nm. Thelwyy for the (002) reflection ol (8 =
4.72°) is reduced from 0.2 to 0.17° yielding sip€89 and 46 nm,
respectively.

Ex-situ experiments were performed for further exation of
the role of the intermediate for the formationlodnd?2. Treating

observed is the induction tintg which depends on the reactionthe intermediate with DBN at 160 °C for 5 h, elemkntgstalline

temperature. Increasing the temperature leads tEigaificant
decrease offy. Typical for solid state kinetics are sigmoidahas

Sn and an amorphous phase containing Cu, Sn amd feraned.
The reaction under similar conditions adding alspr&uces Sn
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and Cu sulfides. But in the XRD a peak at 7.8°i® observed
which cannot be explained with known Sn/Cu sulfideshe title
compounds. Several experiments were conducted i
intermediate applying different reaction conditioBsit in all cases
the title compounds were not formed. Two importemclusions
can be drawn from this observation: (i) in accomdamvith the
results of the in-situ EDXRD investigations the si@mt crystalline

Conclusions

Under solvothermal conditions the new thiostannates
(DBNH),SnsSs (1) and (DBNH}CusSnSg (2) were obtained
simultaneously as yellow needles and red platqsentisely. The
quality of the crystals could be increased applypger reaction

times. The simultaneous occurrence of the mixedntal
thiostannatel and a Sn(lV) containing Cu thiostannates of
special interest. Obviously, a complex redox resxcticcurs during
synthesis progress.

compound can be regarded as a new material whichots
necessary for the formation df and 2. (ii) Under the real
solvothermal conditions soluble species are presdnith are
important for the formation df and?2.

Further experiments were done to explore whethean be The Sn(ll) atom inl is in a trigonal pyramidal coordination
transformed t®. Cu, S and DBN were added to a small amount ofhich is quite rare. The layered structure2ahay be viewed as an
1 and heated at 170 °C for 5 h. The EDX analysisigiel Cu/Sn/S inorganic & graphene layer constructed by condensation of;CuS
ratio of 3/1/4, but the powder diffraction patteconfirms the triangles and SnStetrahedra. Such a structural motif was never
presence of and2. observed before in the structures of thiostannates.

Despite a large variation of several synthesis rpatars,
compound2 could not be obtained as phase pure product.tin-si
EDXRD experiments not only reveal thdt and 2 start to
crystallize within a narrow time window but alsoghiights the
occurrence of a crystalline intermediate prioramfation ofl and

Raman spectroscopyn the Raman spectra the resonances & This intermediate is a new metastable compounighwis not
compoundL at 367, 336, 313 and 258 Zrare in the typical region simply transformed into the final products. The mgled
for Sn-S resonance$” ® The symmetric Sn-S stretch vibration ismetastable compound could not be transformed inéoad the two
located at 367 cthand symmetric SniRiging Modes appear at 336 stable compounds. The successful preparation obtife)/Sn(IV)
and 313 cnl. The resonance at 258 ¢ris caused by a $8 ring  compound demonstrates that neither the intermediateCu is
vibration. For compound only two modes are observed. The bandlirectly involved in the complex redox reaction. eTlin-situ
at 362 crit is the symmetric Sn-S stretching and that at 382 ¢ experiments also show that crystallizationlofs retarded in the
the symmetric Sn+ayging Vibration. Surprisingly, no resonances orpresence of Cu species in the solution. The resfltin-situ
modes caused by Cu-S vibrations are observed. experiments of reactions with only Sn, S, and DBNhadestrate
that 2 is formed within a couple of minutes. Such infotima
cannot be acquired using only ex-situ syntheses.

Spectroscopy

UV/Vis spectroscopyThe optical band gap was determined
from transformed UV/Vis diffuse reflectance spectsith the
Kubelka-Munk-method. Fot E; amounts to 2.6 eV (477 nm) in Despite the large amount of information acquiredirdu the
agreement with the yellow color. The value ®of 1.84 eV (674 studies several synthetic challenges are left open.instance, it
nm) is in accordance with the red color of thegdat would be of great interest to synthesize the mat@stintermediate
for structural characterization. The challengeiiglihg synthesis
conditions where only this metastable compoundiméd, or at
least crystals of appropriate quality are preseris. also necessary
synthesizing phase pure material &f and further explorative

Compound 1 decomposes in two steps. The first thermasyntheses with different Cu and Sn compounds arerundy. But
reaction starts afgnset= 229 °C Tpeak= 234 °C) and is associated changing the starting material requires a large bermof
with a mass loss of 11.2 %. The next step occufg.ai= 288 °C  experiments until the reaction conditions for tlenfation of a
(Tpeak = 310 °C) with a weight change of 21.5 %. The défeee  desired compound are established.
between observed and calculated weight ladBy{z, (2 DBN + 1
H,S) = 35.3 %) can be explained with a contaminafloHN) of
the residue. The decomposition product is black &né was
identified in the powder pattern.

Thermal Stability

Experimental Section

Syntheses:

. General: All chemicals were purchased (see below for puaitgd company) and used
The thermal decomposition of compoufidstarts atTypse =

218 °C Tpeax= 281 °C) with a related weight loss of 28.9 % athi
is slightly higher than the calculated valgdmy,e, (DBN + H,S) =
28.3 %). The obtained powder is black and contaifeswv percent
of CHN. The compounds SnS and CuS were identifiedh&
powder pattern.

without further purifications. Both compounds wepeepared under solvothermal
conditions in teflon-lined steel autoclaves (innelume: 30 mL). The crystalline

reaction products were filtered off, washed withtevaand ethanol and dried in
vacuum.

Synthesis of (DBNHSnSs (1) and (DBNHYCuSnSs (2): 118.7 mg (1 mmol) Sn

(99.5 %, Aldrich), 63.5 mg (1 mmol) Cu (99.5 %, &lesar), 105.8 mg (3.3 mmol) S
in 3 mL of 1,5-diazabicyclo[4.3.0]non-5-ene (DBN) 98.0 %, Fluka) were reacted
for 27 d at 140 °C, followed by cooling to 25 °C 30 h. In the reaction products
yellow needles ol and red plates df were found in a total yield of 30 mg (10.4 %).
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The compounds can also be obtained applying aioeadte of 5 d, but the quality of

a volume of 7 mL. The delay time between filling tmixture of the starting materials

the crystals especially fo2 was not good enough for single crystal structurein the autoclave and starting the reaction was @baenin and the reaction temperature

determination. During the optimization of the réactconditions, the duration was

was reached within 1 min. Time-resolved X-ray powgatterns with acceptable

elongated from 5 d over 10 and 15 d up to 27 dlllayntheses Cu and Sn sulfides are counting statistics could be recorded with acqgaisitimes between 120 and 180 sec.

the main products. A large number of syntheses peaformed to increase the yield
and also the homogeneity.

1 can also be synthesized reacting 1 mmol Sn andhaI8 in 3 mL DBN for 20 d at
170 °C in a yield of 25 mg (11.1 %). The differeaaction products were manually
separated and the homogeneity of both compoundsce@med by X-ray powder
diffraction. Elemental analyses (results in %):CisH26NsSnSs (798.82): caled. C
21.10, H 3.04, N 7.03; found: C 21.05, H 3.21, N17.2: Cy4HeNsCusSnSs
(1125.49): calcd. C 14.94, H 2.33, N 4.98; found:4282, H 2.46, N 4.81

Structure determination:

Intensity data were collected on a STOE IPDS-1 ¢fima Plate Diffraction System)
with Mo-Ka radiation at room temperature. The structures veeteed with direct
methods using the program SHELXS-97 [62] and tlimements were done against
F? with SHELXL-97 [63]. Anisotropic displacement paraters were used for all non-
hydrogen atoms. The H atoms of the amines werdipasd with idealized geometry
and refined using a riding model and a fixed ioizadisplacement parameter. 2n
some disorder of the DBN is present and the stragefinement was performed using
a split model. Some selected refinement resultsamemarized in Table 3.

Table 3: Selected technical details of data cabectand results of the structure

refinement of the title compounds.

(DBNH),S1:Ss (DBNH),CusSnpSs

Crystal system Monoclinic Orthorhombic
Space group P2,/n Pc&;
alA 9.5822(8) 21.3017(10)
b/A 13.1199(7) 6.6837(3)
c/A 19.9506(16) 19.9480(13)
a 90 90
B 97.192(10) 90
y 90 90
VA3 2488.4(3) 2840.1(3)
z 4 4
peaic /glcm’® 2.132 2.632
p/ mm'* 3.501 6.734
Scan Range 2.650 < 28.02° 2.8 0 < 28.02°
Reflections collected 21603 16982
Refl. with Fy > 4o (Fy) 1536 2160
Independent reflectiong 5831;[R= 0.0589] 6810 [R: = 0.0636]
Goodness-of-fiton¥ | 1.006 0.985
Final R indices | R1=0.0387, R1=0.0441,
[l > 20(1)] wR2= 0.0874 wR2=0.1031

. R1=0.0626, R1=0.0597,
Rindices (all data) WR2= 0.0958 WR2= 0.1108
Res. Elec. Dens. / €A | 0.928/-0.971 1.667/-1.634
Flackx parameter -0.02(2)

Further crystallographic details have been depdsit@ith
Crystallographic Data Centre as publication no. ©@CI®9992 {) and CCDC 709993
(2). Copies of the data can be obtained, free ofgghawn application to CCDC, 12
Union Road, Cambridge CB2 1 EZ, UK (mail: deposit@zca.ac.uk).

the Cambridge

Energy Dispersive X-Ray Diffraction (EDXRD):

All EDXRD experiments were carried out at the HASM beamline F3 at DESY,
Hamburg, Germany. The beamline station receivesevdlyinchrotron radiation from a
bending magnet witk. = 16.6 keV and gives a positron beam energy of5&¥%. The
energy range from 6 to 60 keV exhibits a maximurakatut 20 keV. A liquid nitrogen
cooled solid-state germanium detector with a reégoiuof about 1% was used. The
angle of the detector was fixed at approximate8f Which allowed the detection of
the Bragg reflections and the observabkpacing range was 3.1 to 32.3 A givenbby
= 6.199/@- sinf). The beam was collimated to 200 x 200 mm giving lbest results.
More experimental details can be found in [30, 3Me in-situ investigations were

conducted in glass tubes in special autoclaves avitmternal diameter of 10 mm and

Under stirring conditions the compounds were sysiesl using 30 mg (0.47 mmol)
Cu, 60 mg (0.5 mmol) Sn and 50 mg (1.55 mmol) S imL DBN at temperatures
ranging from 140 to 200 °C. Compourdwas prepared applying 60 mg Sn (0.5
mmol) and 50 mg S (1.55 mmol) in 1 mL DBN at tenaperes between 140 and
190 °C. The resulting spectra were evaluated witiXEBowd [64] and the Origin6.0
program package. Due to some problems in integydtiple peaks of spectra series,
we used the program “calf3” which was developedcliose cooperation with A.
Rothkirch (Hasylab, DESY). It was written to suppohe energy calibration of
beamline F3 and to evaluate spectra time serigssifu EDXRD measurements. The
routine is written in Interactive Data Language )P ITT Visual Information
Solutions, Boulder, CO, USA and runs also with IBtual machine. For the data
evaluation of time series, an input file must bemied which provides regions of
interest for possible peak positions and (optioredjons for background. The data are
background corrected by a polynomial assumptionragibns of interest are scanned
for diffraction/fluorescence peaks. The peaks ditedf to Gaussians (possible for
single or even superimposed triple peaks) and agggrintegrated for every single
spectrum. In addition, a normalization of the imédg to a reference can be applied
(e.g. integral of fluorescence peak within a sirgpectrum). The derived coefficients
and integrals are written to an output file as veal an illustration for first visual
analysis. The integrals of the product reflectiaese normalized with the integrals of

the intensity of the Sn-i fluorescence.

X-Ray Powder Diffraction

X-ray powder diffraction patterns were recordedransmission mode with a STOE
Stadi-P diffractometer equipped with an imagingelosition sensitive detector (IP-
PSD) and Ge monochromator using CadK(A = 1.54056 A) radiation.

Thermal investigations:

DTA-TG experiments were carried out using a NetzS@# 429 DTA-TG device.
The samples were heated up to 500 °C with @ik under a flow of argon (75
mLinY) in Al,O; crucibles. The TG data were corrected for buoyaamy current

effects.

Scanning electron microscopy (SEM)/ energy disperXi-ray fluorescence (EDX):
A Philips ESEM XL30 equipped with an EDAX EDX systevas used to determine

the compositions.

Spectroscopic experiments:

Infrared spectroscopyln the IR spectra the absorptions located at 327 -NH
stretch), 3104 (m, -NH stretch), 2922 (s, £h-s, -NH stretch), 1670 (m, -CC), 1567
(m-s, -NH), 1417, 1298, 1201 (m, -CN) and 1064 {@\) cm" (1) respectively at
2920 (s, -Cht m-s, -NH stretch), 1670 (m, -CC), 1371, 1292,4.{®, -CN) and 1064
(m, -CN) cmt (2) are detected of the DBN molecules.

Raman:The data for the Raman spectra were collectebdrregion from 100 to 500
cnit with a Bruker IFS 66 Fourier Transform Raman speoeter (wavelength: 541.5
nm).

UV/Vis: Investigations were done at room temperature usifgV-VIS-NIR two-
channel spectrometer Cary 5 from Varian Techtron, Brarmstadt. The absorption
data were calculated with the Kubelka-Munk approtmhdiffuse reflectance data.

BaSQ powder was used as reference material.

Elemental analysis:
CHNS analyses were done using a EURO EA ElementellyXer, fabricated by
EURO VECTOR Instruments and Software.
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