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Abstract: Herein, we present the synthesis of two pyrene-

functionalized clusters, [(RpyrSn)4S6]·2 CH2Cl2 (4) and
[(RpyrSn)4Sn2S10]·n CH2Cl2 (n = 4, 5 a ; n = 2, 5 b ; Rpyr =

CMe2CH2C(Me)N-NC(H)C16H9), both of which form in reac-

tions of the organotin sulfide cluster [(RNSn)4S6] (C ; RN =

CMe2CH2C(Me)N-NH2) with the well-known fluorescent dye

1-pyrenecarboxaldehyde (B). In contrast, reactions using an
organotin sulfide cluster with another core structure,

[(RNSn)3S4Cl] (A), leads to formation of small molecular frag-

ments, [(RpyrCl2Sn)2S] (1), (pyren-1-ylmethylene)hydrazine (2),

and 1,2-bis(pyren-1-ylmethylene)hydrazine (3). Besides syn-
thesis and structures of the new compounds, we report the
influence of the inorganic core on the optical properties of

the dye, which was analyzed exemplarily for compound 5 a
via absorption and fluorescence spectroscopy. This cluster

was also used for exploring the potential of such non-vola-
tile clusters for deposition on a metal surface under vacuum

conditions.

Introduction

Pyrene-functionalized compounds are currently attracting

much attention in materials research, as they combine many
desirable properties for optoelectronic applications with a
comparably easily achievable wide range of chemical modifica-

tions.
A large variety of organic pyrene-functionalized molecules

have been presented in the literature,[1] which show an overall
high photoluminescence efficiency[2] with a long singlet life-
time[3] and a large stokes shift. Furthermore, small changes in
the environment can be monitored through shifts in position

and intensity of the absorption and emission spectra of the
molecules.[4] These properties have led to the application of
pyrene-functionalized compounds in organic dyads,[5] in smart
polymers,[6] as chemical sensors,[7] and labels for biomole-

cules.[8] The high charge carrier mobility and excellent hole in-

jection ability of the molecules have additionally led to appli-
cations in optoelectronic devices,[9] like light-emitting diodes,

organic field-effect transistors,[10] or molecular switches and
logic gates.[11] Some organic–inorganic hybrid compounds
have also been synthesized,[12] with Sn-based molecules for

possible application as catalysts[13] or Fe-based molecules for
electrochemical applications,[14] and the attachment of pyrene

ligands to surfaces has recently emerged as a means of tailor-
ing optical properties of nanosized particles[15] or for the func-
tionalization of planar surfaces.[16]

Still only a few examples of organic–inorganic hybrid com-

pounds based on pyrene-functionalized inorganic cores have
been known to date, although the combination with inorganic
moieties allows for even more possibilities in tuning of the
overall optoelectronic properties due to an enhanced struc-
ture-property relationship. Hence, fine-tuning of the bandgap

energy, the electron affinity, emission pathways, or the
strength of interactions with surfaces are achievable by adopt-

ing the chemical composition of the inorganic part of the com-

pound.
In our work, we focus on the combination of semi-conduc-

tor-derived inorganic cluster structures with functional organic
substituents. During the past decade, we have developed a

family of C=O or C=NNH2 functionalized organotin sulfide clus-
ters, which serve as a versatile platform for the targeted exten-
sion of the organic ligands. The functionalities that are accessi-

ble this way vary from the provision of sufficient electron den-
sity for generating extreme non-linear optical properties,[17]

through the exposure of bio-organic groups,[18] to chelate li-
gands that allow for the targeted trapping of metal ions.[19]

This approach also served to synthesize a variety of organotin
sulfide compounds with aromatic ligands,[20] which so far com-
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prised relatively small aromatic groups like phenyl, benzyl or
naphthyl moieties,[21] some heteroaromatic molecules like ben-

zothiazole, furan, or quinolone[21, 22] or chelate ligands like bi-
pyridyl or bispyridyl.[23] According to our general approach, the

attachment of these molecules succeeded through condensa-
tion reaction of the functionalized precursor clusters under

mild conditions.
In order to introduce new overall optical properties into this

family of compounds and at the same time facilitate an inter-

action with metal or semiconductor surfaces, we have expand-
ed this idea towards an extended p-aromatic system under

otherwise unchanged mild reaction conditions. For this pur-
pose, we have chosen an organic residue that already possess-

es intriguing optical properties, while exhibiting a polycyclic ar-
omatic structure. First studies into this direction were under-
taken by reactions of the defect-heterocubane-based precursor

cluster [(RNSn)3S4Cl] (A ; RN = CMe2CH2C(Me)N-NH2) with the
well-known fluorescent dye 1-pyrenecarboxaldehyde (B). This

procedure yielded small molecular compounds that allow for
insight into the fragmentation processes during such reactions,

[(RpyrCl2Sn)2S] (1; Rpyr = CMe2CH2C(Me)N-NC(H)C16H9), (pyren-1-yl-
methylene)hydrazine (2), and 1,2-bis(pyren-1-ylmethylene)hy-

drazine (3). By using the „double-decker“-based precursor clus-

ter [(RNSn)4S6] (C) instead, the reaction proceeded as planned,
leading to the formation of two pyrene-functionalized clusters,

[(RpyrSn)4S6]·2 CH2Cl2 (4) and finally [(RpyrSn)4Sn2S10]·n CH2Cl2 (n =

4, 5 a ; n = 2, 5 b), upon two or six days reaction time, respec-

tively. All compounds were characterized by standard analytical
methods (NMR spectroscopy, mass spectrometry) and were

structurally determined by means of single-crystal X-ray diffrac-

tion. To probe the effect of the combination of these inorganic
cluster moieties with the fluorescent dye, we studied the opti-

cal properties of compound 5 via UV-visible and photolumines-
cence spectroscopy, and we explored the compounds’ ability

to interact with solid surfaces.

Results and Discussion

The reactions of the two precursor clusters [(RNSn)3S4Cl] (A)
and [(RNSn)4S6] (C ; RN = CMe2CH2C(Me)N-NH2) with 1-pyrenecar-

boxaldehyde (B) under mild conditions, which led to the for-
mation of compounds 1–5 under release of water are summar-

ized in Scheme 1.
First, we tested the behavior of the known organotin sulfide

cluster [(RNSn)3S4Cl] (A) in reactions with 1-pyrenecarboxalde-

hyde (B). Solutions of both starting materials were combined
and stirred for three days. After layering with n-hexane, two
different crystal types were obtained, comprising the com-
pound [(RpyrCl2Sn)2S] (1) (Rpyr = CMe2CH2C(Me)N-NC(H)C16H9) and

(pyren-1-ylmethylene)hydrazine (2). Compound 1 crystallizes in
the monoclinic space group P21/n with four formula units per

unit cell. Compound 2 crystallizes in the triclinic space group

P1 with one molecule per unit cell.
The molecular structure of 1 (Figure 1, top) consists of two

pyrene-terminated organotin groups that are connected by a
sulfur atom and additionally bind two chloride ligands each for

compensation of the charge. The Sn@S bonds lengths in 1
with 2.380(4) a and 2.405(6) a are in the range of Sn@S bond

lengths of the starting material A (2.376(4)–2.645(7) a),[24] and

the Sn···N distances with 2.380(6) a and 2.407(8) a are slightly
elongated but similar to the Sn···N distances reported for a re-

lated ferrocene-functionalized molecule (2.336(1)–2.425(1) a).[25]

The elongation of the Sn···N distance may be due to the size

of the organic ligand. Although this structural motif is known
for organotin sulfide clusters, it is not always isolable, but ap-

pears as intermediate during cluster formation according to

NMR studies.[24] Hence, its observation sheds light on the first
steps in cluster rearrangement processes, which we anticipate

to take place here, and which may help to understand the for-
mation of compound 5 below.

Compound 2 (Figure 1, bottom left) most probably repre-
sents a follow-up product, which formed after the condensa-

tion reaction between the hydrazone-functionalized organotin

sulfide cluster A and the 1-pyrenecarboxaldehyde (B) had al-

Scheme 1. Reaction of [(RNSn)3S4Cl] (A) and [(RNSn)4S6] (C) with 1-pyrencarboxaldehyde (B), yielding compounds 1–5 discussed in this work. For clarity, the in-
tramolecular Sn–N interactions in compounds A, C, 1, 4 and 5 are not shown explicitly. Note that the scheme is not balanced in terms of the reaction stoichio-
metries.
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ready taken place. This is indicated by the fact that 2 compris-

es a hydrazone group that stemmed from A. Hence, the re-

lease of the organic ligand included a C@N bond cleavage on
the other side of the N=N unit. We extended the reaction time

in order to potentially skip this intermediate state of the reac-
tion. However, this led to the formation of yet another addi-

tional crystalline compound. Obviously, compound 2 is system-
atically released in this reaction mixture, and over time reacts

with spare 1-pyrenecarboxaldehyde (B) to form the yet unpre-

cedented dimer 1,2-bis(pyren-1-ylmethylene)hydrazine (3 ;
Figure 1, bottom right).

These results indicate (a) a high tendency of the organotin
sulfide precursor A toward fragmentation in this reaction

system, and (b) a relatively low reactivity of the intermediates.
We ascribe the latter to the presence of chloride ligands that

serve to coordinatively saturate the tin atoms under formation

of a neutral compound (an analogous compound with terminal
sulfide ligands instead would be anionic). While the high frag-

mentation tendency would generally enable the formation of
(larger) organotin sulfide clusters, the formation and crystalliza-
tion of a relatively stable intermediate definitely serves to in-
hibit further cluster growth.

To overcome the early termination of the reaction, we thus

chose to use another organotin sulfide precursor cluster with-
out chloride ligands. Hence, a solution of B was added to a so-
lution of another known compound, [(RNSn)4S6] (C ; RN =

CMe2CH2C(Me)N-NH2). Upon stirring for two days, we observed

the formation of the desired pyrene-functionalized derivative
[(RpyrSn)4S6]·2 CH2Cl2 (4) upon condensation reaction between

the precursor compounds. Compound 4 crystallizes in the tri-

clinic space group P1̄ with one formula unit per unit cell.
The molecular structure of 4 (Figure 2, top) exhibits a virtual-

ly unchanged “double-decker”-like cluster topology with crys-
tallographic inversion symmetry. The Sn@S bond lengths, rang-

ing from 2.404(3) a to 2.440(4) a, are almost identical with
those found in C (2.390(9)–2.514(2) a),[26] but the Sn···N distan-

ces increased from 2.341(3)–2.391(02) a in C to 2.530(9) a and
2.571(0) a in 4. These values correspond to Sn···N distances ob-

served in an organo-functionalized {Sn2S2} four-membered ring
exhibiting the same trigonal-bipyramidal coordination environ-

ment of the tin atoms (2.548(4) and 2.560(5) a).[27] The pyrene
ligands are arranged in pairs at opposite sides of the inorganic
cluster core. They are tilted towards each other by 64.3(5)8, in-

dicative for the absence of notable intramolecular p-stacking
interactions.

The crystal structure also indicates only weak intermolecular
p-stacking, given that just a small part of one of the organic li-

gands of the asymmetric unit is able to overlap with its sym-
metry generated counterpart having centroid···centroid distan-

ces of 3.81(1) to 3.82(6) a. The closest centroid···centroid dis-

tances between the other planarly oriented pyrene groups of
adjacent clusters amount to 6.35(0) a, clearly above the critical

threshold of corresponding interactions.
After stirring for six days and subsequent layering with n-

hexane, bright yellow crystals of [(RpyrSn)4Sn2S10]·n CH2Cl2 were
obtained from the same solution with varying amount of co-

crystallized solvent molecules (n = 4, 5 a ; n = 2, 5 b) and differ-

ent packing of the molecules within the crystal structure. 5 a
crystallizes in the triclinic space group P1̄ with one molecule

per unit cell, 5 b crystallizes in the monoclinic space group
P21/c with two molecules per unit cell.

During the reaction, the inorganic cluster core undergoes a
rearrangement from the initial “double-decker”-like topology

Figure 1. Molecular structure of compounds 1 (top), 2 (bottom, left), and 3
(bottom, right). Anisotropic displacement ellipsoids are drawn at 50 % prob-
ability. Carbon atoms are drawn as wires, hydrogen atoms and solvent mole-
cules are omitted for clarity.

Figure 2. Molecular structure of compound 4 (top) and view of the packing
of the molecules in the crystal (bottom). Anisotropic displacement ellipsoids
are drawn at 50 % probability. Carbon atoms drawn as wires, hydrogen
atoms and solvent molecules are omitted for clarity. Contacts between
ligand ring centroids are drawn as light blue dashed lines.
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of A to form a m-S-bridged dimer of defect-heterocubane-type
cages (Figure 3 for 5 a, Figure S30 for 5 b). This kind of rear-

rangement is known to occur in functionalization reactions of
A with expanded organic molecules.[25, 28] Along with this rear-

rangement, the Sn@S bond lengths partially increase from
2.390(9)–2.514(2) a in C to 2.392(01)–2.731(9) a in 5 a and

2.391(1)–2.879(03) a in 5 b, which corresponds to the Sn@S
bond lengths observed in molecules exhibiting a similar core

structure (2.387(1)–2.755(3) a).[24] Whereas the Sn···N distances

in 5 a (2.377(7)–2.392(05) a) remain in the range of those
found in the starting material (2.341(3)–2.3910(2) a), they par-
tially increase in 5 b to be 2.374(7) a and 2.621(2) a. This is still
in the expected range for Sn···N distances, and smaller than
Sn···N distances in compounds with octahedrally coordinated
tin atoms.[29] The reason for the (partial) elongation of the

Sn···N distance may be the presence of a dichloromethane
molecule relatively close to the organic group, even though

the distance of 3.020(7) a is too long as to be estimated as a
significant hydrogen bond.

Since the inorganic core exhibits an elongated form, the
four attached residues are divided into two groups of two sub-

stituents. The ligands of these two groups orient themselves
away from each other but within the group, the ligands are

aligned in an almost parallel fashion (deviation from co-planari-

ty 4.05(1)8) with partial p-stacking. The intramolecular distan-
ces between the centroids of the aromatic rings range from

3.338(5) to 3.537(1) a. In addition, the ligands are also aligned
parallel to a ligand group of the neighboring molecule, at an

intermolecular distance of 3.398(4)–3.881(6) a between the or-
ganic molecules. This way, a chain of molecules is created, con-
sisting of alternating organic and inorganic units (Figure 4).

The structure of the molecule in 5 b (see Figure S30) is
almost identical with that observed in compound 5 a. Again,
the pairs or organic ligands are trans-disposed with respect to
the cluster core in opposite directions, and the ligands are

aligned almost parallel to each other and also to a neighboring
ligand group. The intramolecular distances between the aro-

matic ligands range from 3.327(8) to 3.920(6) a and the inter-

molecular ones from 3.344(8) to 3.912(5) a. The comparably
broader ranges of both types of distances result from the

slightly larger deviation of the ligand orientation from co-pla-
narity (5.07(7)8). Yet, the stacking of the organic ligands again

leads to the formation of a chain-like arrangement with alter-
nating organic and inorganic units. The difference between

the crystal structures of 5 a and 5 b is found in the packing of

Figure 3. Molecular structure of compound 5 in three perpendicular views,
shown for 5 a as an example. Anisotropic displacement ellipsoids are drawn
at 50 % probability. Carbon atoms are drawn as wires, hydrogen atoms and
solvent molecules are omitted for clarity.

Figure 4. Top: Chain of molecules upon intense p-stacking between the
pyrene groups in the crystal structure of compound 1 a. Bottom: packing of
molecules in the crystal structure of 1 a. Anisotropic displacement ellipsoids
are drawn at 50 % probability. Carbon atoms are drawn as wires, hydrogen
atoms and solvent molecules are omitted for clarity. Contacts between
ligand ring centroids are drawn as light blue dashed lines.

Chem. Eur. J. 2021, 27, 2734 – 2741 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH GmbH2737

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202003889

 15213765, 2021, 8, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202003889 by K

arlsruher Inst F. T
echnologie, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.chemeurj.org


these chains within the crystal structure. While all chains are
oriented the same way in 5 a, they are arranged in two layers

with a tilt of 22.346(8)8 between the layers in 5 b (see Fig-
ure S32).

We like to note that, while the rearrangement of the smaller
{Sn4S6} core to form the larger {Sn6S10} is very typical for func-
tionalization reactions of organotin sulfide compounds with
large organic substituents, the observation of both, the un-
changed and the rearranged version is rare. The rearrangement

of the cluster core enlarges the space between the substitu-
ents, which explains the preference of this process. Hence, the

appearance of both topologies in this case shows that both
can indeed coexist within one reaction solution, but the larger
clusters seem to be more stable over time.

We chose compound 5 for investigating further properties

of the novel pyrene-functionalized organotin clusters, as the
intense p-stacking seemed to allow for excimer formation (see
below) and also for a relatively large degree of order of the or-
ganic substituents as a helpful precondition for deposition on
substrates.

To investigate the optical properties of compound 5, UV-visi-
ble and photoluminescence (PL) measurements were per-

formed. For this purpose, crystalline samples of 5 and the start-

ing material 1-pyrenecarboxaldehyde (B) were analyzed under
inert gas conditions (argon). The resulting UV-visible spectra,

displayed in Figure 5, show that 1-pyrenecarboxaldehyde (B)
absorbs light with wavelengths below 500 nm (from an energy

of about 2.48 eV upwards), with characteristic features in the
region of 321 nm to 419 nm (2.96–3.86 eV)[5b, 30] and a steep in-

crease of absorbance below these. The absorption of com-

pound 1 has an onset around 527 nm (2.35 eV) and is thus
shifted by 27 nm (0.13 eV) towards lower energies. In addition,

the characteristic features of B are smoothed in the spectrum
of compound 5, and result in a weaker absorbance level in this

region and a sharp increase in absorption at 329 nm (3.77 eV)
corresponding to the steep increase observed for B. The

change of the characteristic region shows the influence of the
inorganic core and can be taken as an indicator for electronic

communication between the ligands and the cluster core lead-
ing to a reduced probability of the optical transition of the or-

ganic Ligand.
The PL spectra of the same compounds are shown in

Figure 6. B exhibits a broad emission of light between 470 nm
and 750 nm, with a maximum around 570 nm upon excitation

with 405 nm, which fits to literature.[31] The spectrum of com-

pound 5 is similar to the previous one, as the sample emits

light from 475 nm up to 750 nm, with its maximum at ca.
555 nm. The PL spectra measured on the organic molecule

alone and upon attachment to the cluster have slightly shifted

maxima in the intensity, but both cover almost the complete
visible range and have similar curve shapes. This shows that

the photoluminescence properties of the organic ligand are re-
tained when attached to the tin sulfide core. According to the
literature, the broad emission in this range can be assigned to
an emission of an excited dimer of pyrene-groups (“exci-
mers”).[3a, 4a] The presence of excimers is expected in this case,
as the measurements were carried out on single-crystalline
samples, in which intense p-stacking of pyrene-groups was ob-

served.
In a first attempt to deposit (non-volatile) organotin sulfide

clusters onto a surface under vacuum conditions, we prepared
a solution of 5 in CH2Cl2 (0.5 mmol L@1) and sprayed it onto a

clean Au(111) surface in a vacuum system using a pulse valve

(see the Experimental Section for details). X-ray photoelectron
(XP) spectra taken after deposition of 20 pulses are displayed

in Figure 7. The survey spectrum (Figure 7 a) shows the signals
of all constituting elements and of some minor contaminants.

Detailed XP spectra of selected binding energy regions are pre-
sented in Figure 7 b–e and in Figure S36. The signals of the

Figure 5. UV-visible spectra of B and 5, measured in diffuse reflectance on
pulverized single crystals under argon atmosphere.

Figure 6. Photoluminescence spectra of B and 5. For B, the excitation wave-
length was 405 nm with an excitation power of 0.42 mW and for 5, an exci-
tation wavelength of 440 nm with an excitation power of 0.5 mW was ap-
plied.
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constituting elements appear in the expected binding energy
ranges characteristic for the bonding situation in the molecule,
indicating that deposition of the intact compound on a metal

surface is possible. While the asymmetry of the N 1s signal
may indicate partial decomposition, it is more likely caused by
interaction of the N atoms in the molecule with different ad-
sorption sites and in different adsorption geometries. This is
supported by corresponding scanning tunneling microscopy

(STM) images (Figures S37 and S38), which reveal a largely dis-
ordered layer. Because of the conformational flexibility of the

molecules, many different adsorption configurations are ex-
pected. Indeed, while the images exhibit features in the right
order of magnitude of the pyrene units, the variability of ap-

pearance makes it impossible to identify individual molecules.
We assume that the molecules cannot dock to the surface

with all four pyrene groups at a time owing to geometrical re-
strictions by the cluster structure. As a consequence, there are

many possible variations of attachment modes for varying
numbers of pyrene units in a cluster molecule.

Conclusions

In this contribution, we presented the synthesis and single
crystal structure of a first series of organotin sulfide com-

pounds that were functionalized with pyrene units to modify
the optical absorption properties of the clusters, introduce

fluorescence properties to them, and allow for interaction with

solid surfaces. Compounds [(RpyrCl2Sn)2S] (1), (pyren-1-ylmethy-
lene)hydrazine (2), 1,2-bis(pyren-1-ylmethylene)hydrazine (3),

[(RpyrSn)4S6]·2 CH2Cl2 (4), and [(RpyrSn)4Sn2S10] (5) were obtained
in single-crystalline form from reactions of hydrazone-function-

alized organotin sulfide clusters with the 1-pyrenecarboxalde-
hyde (B). We identified a general difference in the product

spectrum when using [(RNSn)3S4Cl] (A ; RN = CMe2CH2C(Me)N-
NH2) or [(RNSn)4S6] (C), respectively, as precursor clusters. We as-
cribe the observation of small molecular fragments 1, 2, and 3
upon reactions using A to the presence of chloride ligands in
this starting compound. In contrast, reactions that start out

from C lead to the desired products upon condensation reac-
tions at the original substituents, which are extended by the
pyrene units this way. We could show that the reactions pro-
ceed in a way that allows the isolation of a cluster with un-

changed tin sulfide cluster core (4) upon two days, whereas a
rearrangement of the core structure and crystallization of a
larger cluster (5) occurred after prolonged reaction time. The

latter is typical for the presence of bulky organic substituents
at such clusters, hence the intermediate occurrence of the un-

changed version is a rare observation.
Both cluster types show significant differences in the relative

orientation of the pyrene groups, with significantly more pro-

nounced p-stacking in the case of 5. We therefore analyzed
this compound’s optical properties and could show that there

seems to be a communication between the organic dye and
the tin sulfide cluster core, which influences the absorption

properties of the pyrene moiety, while the fluorescence prop-
erties inherited from the pyrene ligand are essentially un-

changed relative to the parent compound B. In addition, XPS

and STM measurements gave first evidence towards successful
neutral-spray vacuum deposition of the cluster molecules on a

gold surface, resulting in a disordered layer with large variabili-
ty in conformational adaptation. Future investigations will in-

clude further polycyclic aromatic and related polycyclic com-
pounds in order to further enhance optical properties and the

quality of thin cluster layers on planar surfaces.

Experimental Section

General : All synthesis steps were carried out under dry argon at-
mosphere with exclusion of air and moisture. All solvents were pu-
rified and dried prior to use. [(RNSn)3S4Cl] (A) and [(RNSn)4S6] (C)
(RN = CMe2CH2CMeN-NH2) were synthesized according to proce-
dures reported in the literature.[26, 32] Further chemicals were pur-
chased from Sigma–Aldrich and used as received.

Figure 7. XP spectra taken after vacuum spray deposition of 5 onto a
Au(111) surface from CH2Cl2 solution. (a) Survey spectra of the clean Au(111)
surface (bottom) and after deposition of 5 (top), showing additional signals
corresponding to the elements present in 5 (C, N, S, and Sn) as well as some
contaminations (O, I). High-resolution spectra of selected binding energy re-
gions: (b) C 1s, (c) N 1s, (d) S 2p, (e) Sn 3d.
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Synthesis of [(RpyrCl2Sn)2S] (1; Rpyr = CMe2CH2C(Me)N-NC(H)C16H9),
(pyren-1-ylmethylene)hydrazine (2), and 1,2-bis(pyren-1-ylme-
thylene)hydrazine (3). [(RNSn)3S4Cl] (A; RN = CMe2CH2CMeN-NH2 ;
105 mg, 0.128 mmol) was dissolved in 10 mL of CH2Cl2 (dichloro-
methane, DCM) and added to a solution of 1-pyrenecarboxalde-
hyde (123 mg, 0.538 mmol) in 10 mL of DCM. The bright yellow
mixture was stirred for 3 d at room temperature. Layering of the
solution with n-hexane (1:1.5) yielded pale yellow, block-shaped
crystals of 1 and bright yellow plates of 2. Stirring for any addition-
al amount of time leads to additional crystallization of 3. For 1 and
2, no evidence of ions was found by mass spectrometry, attributed
to either low concentration or low stability at ionization conditions.
For 3) HRMS (LIFDI): m/z calcd.: 456.16265 [M]+ found: 456.16512.
NMR data of 1 could not be measured, as the (intermediate) com-
pound was obviously not stable in solution. By-products 2 and 3
were not further investigated besides X-ray diffraction and LIFDI
mass spectrometry.

Synthesis of [(RpyrSn)4S6]·2 CH2Cl2 (4; Rpyr = CMe2CH2C(Me)N-
NC(H)C16H9): [(RNSn)4S6] (C ; RN = CMe2CH2CMeN-NH2 ; 100 mg,
0.089 mmol) was dissolved in 15 mL of DCM and added to a solu-
tion of 1-pyrenecarboxaldehyde (93 mg, 0.405 mmol) in 10 mL of
DCM. The bright yellow mixture was stirred for 48 h at room tem-
perature. Layering of the solution with n-hexane (1:1.5) yielded
bright yellow, block-shaped crystals of 4. 1H NMR (300 MHz, CDCl3,
25 8C): d= 10.72 (s, 1 H, C(N)H), 9.32 (d, J = 9.3 Hz, 1 H), 8.35 (d, J =
8.0 Hz, 1 H), 8.27–8.19 (m, 3 H), 8.15 (d, J = 9.0 Hz, 2 H),8.03 (dd, J =
15.1, 8.2 Hz, 2 H), 2.52 (s, 1 H), 1.90–1.71 (m, 2 H), 1.43–1.20 (m, 4 H).
13C NMR (75 MHz, CDCl3) d= 193.05, 152.51, 135.53, 131.34, 131.08,
131.00, 130.82, 130.72, 130.47, 129.03, 127.46, 127.24, 127.10,
126.88, 126.61, 124.66, 124.58, 124.08, 123.03, 53.54, 51.13, 26.70,
16.74; note that a 119Sn NMR spectrum of compound 4 could not
be recorded owing to the extremely low solubility of the crystals
and too low concentration of 4 in the reaction solution due to
either immediate crystallization upon formation or further reaction
to 5. HRMS (ESI+): m/z calcd. : 1461.1077 [M]+ found: 1461.1031.

Synthesis of [(RpyrSn)4Sn2S10]·n CH2Cl2 (n = 4, 5 a; n = 2, 5 b; Rpyr =
CMe2CH2C(Me)N-NC(H)C16H9): [(RNSn)4S6] (C ; RN = CMe2CH2CMeN-
NH2 ; 100 mg, 0.089 mmol) was dissolved in 15 mL of DCM and
added to a solution of 1-pyrenecarboxaldehyde (93 mg,
0.405 mmol) in 10 mL of DCM. The bright yellow mixture was
stirred for 6 d at room temperature. Layering of the solution with
n-hexane (1:1.5) yielded bright yellow, block-shaped crystals of 5 a
and 5 b in approx. 60 % yield. Both solvates are indistinguishable
with the naked eye by microscopy. 1H NMR (300 MHz, CD2Cl2,
25 8C): d= 10.77 (s, 1 H, C(N)H), 9.41 (d, J = 9.4 Hz, 1 H), 8.46 (d, J =
8.0 Hz, 1 H), 8.31 (ddd, J = 19.6, 8.4, 5.7 Hz, 5 H), 8.16–8.06 (m, 2 H),
2.49 (s, 2 H, CH2), 1.78 (s, 3 H, CH3, CMe), 1.32 (s, 6 H, CH3,
CMe2) ppm. 13C NMR (75 MHz, CD2Cl2, 25 8C): d= 193.04, 152.19,
135.64, 131.44, 131.16, 131.07, 130.86, 130.77, 130.60, 127.73,
127.36, 127.21, 126.93, 126.78, 124.77, 123.09, 50.88, 36.46, 26.34,
16.49, 0.90. 119Sn NMR (187 MHz, CD2Cl2, 25 8C): d=@114 ppm;
owing to the poor solubility of the compound the signal-to-noise
ratio is very low, hence the signal is very weak; we take this as an
explanation for the observation of the stronger signal only, instead
of two signals with relative intensities of 2:1 that would be expect-
ed according to different chemical environments of Sn1 and Sn2
as compared to Sn3. HRMS (ESI+): m/z calcd. : 2333.8173 [M]+

found: 2333.8665.

Spectroscopy and spectrometry : 1H NMR spectra were recorded
on a Bruker AVII 300 spectrometer at 300 K. 1H, 13C, and 119Sn NMR
spectra were recorded with a Bruker AVIII 500 spectrometer. Elec-
trospray-ionization (ESI) mass spectra were recorded with a Finni-
gan LTQ-FT Ultra mass spectrometer from Thermo Fischer Scientif-

ic. The resolution was set to 100.000. All samples were handled
under argon and dissolved in dry solvents. Hamilton syringes
(250 mL) were used for sample injection via syringe pump infusion.
Liquid injection field desorption/ionization (LIFDI) mass spectra
were recorded with an AccuTOF GCv 4G from JOEL Time of flight
(TOF) mass spectrometer. An internal or external standard was
used for drift time correction. The LIFDI ion source was purchased
from Linden ChroMasSpec GmbH (Bremen, Germany).

X-ray diffraction and structure analysis : Single-crystal X-ray struc-
ture data of compounds 1, 2, 4 and 5 a was measured on a STOE
IPDS 2T diffractometer applying a Mo-Ka X-ray source (l=

0.71073 a). Single-crystal X-ray structure data of compounds 3 and
5 b was measured using a STOE StadiVari diffractometer applying a
Cu-Ka X-ray radiation source (l= 1.54186). All measurements were
carried out at 100 K. Reflection Data were processed with
X-Area 1.[33] The structures were solved by intrinsic Phase methods
in SHELXT[34] and refined by full-matrix-least-squares refinement
against F2 in SHELXL[35] using the Olex2[36] user interface.

Deposition Numbers 2022910, 2022911, 2022912, 2022913,
2022914, and 2022915 (1, 2, 3, 4, 5 a, and 5 b) contain(s) the sup-
plementary crystallographic data for this paper. These data are pro-
vided free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Structures
service.

UV-visible spectroscopy : Measurements were carried out on a Agi-
lent Cary 5000 with a Praying Mantis Diffuse Reflectance Accessory.
Samples were prepared inside an argon glovebox and placed in a
sealable sample holder for measurements.

Photoluminescence spectroscopy (PL): Photoluminescence spec-
troscopy was carried out in two different experimental setups: For
compound 5, the frequency doubled output of a titanium sapphire
laser at 440 nm was used and compound B was excited with the
405 nm output of a diode laser. The different excitation conditions
are not assumed to have any influence on the emission character-
istics of the material. In both cases luminescence spectra were de-
tected with a USB spectrometer (Ocean Optics). More PL spectra of
different crystals are presented in the supplemental material (see
Figure S35 for details).

X-ray photoelectron spectroscopy (XPS) and scanning tunneling
microscopy (STM): The XPS and STM experiments were performed
in a ultrahigh-vacuum apparatus (base pressure in the low
10@10 mbar range), equipped with a monochromated Al-Ka X-ray
source (1486.7 eV), three-grid low-energy electron diffraction
(LEED) optics (SPECS ErLEED 1000A), a SPECS Phoibos 150 electron
energy analyzer, a SPECS STM 150 Aarhus, and a preparation cham-
ber. The Au(111) single-crystal sample was prepared by repeated
cycles of Ar+ ion bombardment (500 eV) and annealing (800 K).
Surface cleanliness and long-range order were confirmed by X-ray
photoelectron spectroscopy (XPS) and LEED, respectively. Deposi-
tion of the molecules was performed in UHV by spraying a solution
(0.5 mmol L@1 in CH2Cl2) into the vacuum using a pulse valve
(Atomic Layer Deposition ALI-1000 by BihurCrystal).
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2009, 15, 6595 – 6604.
[27] B. M. Schmidt, M. Dr-ger, K. Jurkschat, J. Organomet. Chem. 1991, 410,

43 – 52.
[28] a) B. E. K. Barth, B. A. Tkachenko, J. P. Eußner, P. R. Schreiner, S. Dehnen,

Organometallics 2014, 33, 1678 – 1688; b) Z. H. Fard, M. R. Halvagar, S.
Dehnen, J. Am. Chem. Soc. 2010, 132, 2848 – 2849.

[29] K. Jurkschat, S. van Dreumel, G. Dyson, D. Dakternieks, T. J. Bastow, M. E.
Smith, M. Dr-ger, Polyhedron 1992, 11, 2747 – 2755.

[30] A. F. L. O. M Santos, J. A. S. A. Oliveira, M. J. S. Monte, J. Chem. Thermo-
dyn. 2015, 90, 282 – 293.

[31] X. Sheng, A. Peng, H. Fu, J. Yao, Colloids Surf. A 2007, 308, 136 – 140.
[32] Z. Hassanzadeh Fard, C. Meller, T. Harmening, R. Pçttgen, S. Dehnen,

Angew. Chem. Int. Ed. 2009, 48, 4441 – 4444; Angew. Chem. 2009, 121,
4507 – 4511.

[33] Stoe and Cie GmbH, X-Area, 2016.
[34] G. M. Sheldrick, Acta Crystallogr. Sect. A 2015, 71, 3 – 8.
[35] G. M. Sheldrick, Acta Crystallogr. Sect. C 2015, 71, 3 – 8.
[36] O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Pusch-

mann, J. Appl. Crystallogr. 2009, 42, 339 – 341.

Manuscript received: August 23, 2020
Revised manuscript received: September 16, 2020

Accepted manuscript online: September 16, 2020

Version of record online: December 17, 2020

Chem. Eur. J. 2021, 27, 2734 – 2741 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH GmbH2741

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202003889

 15213765, 2021, 8, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202003889 by K

arlsruher Inst F. T
echnologie, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.3390/molecules24142551
https://doi.org/10.3390/molecules24142551
https://doi.org/10.3390/molecules24142551
https://doi.org/10.1016/j.eurpolymj.2020.109564
https://doi.org/10.1016/j.eurpolymj.2020.109564
https://doi.org/10.1021/cr100428a
https://doi.org/10.1021/cr100428a
https://doi.org/10.1021/cr100428a
https://doi.org/10.1021/cr100428a
https://doi.org/10.1016/j.tetlet.2019.151232
https://doi.org/10.1016/j.tetlet.2019.151232
https://doi.org/10.1016/j.tetlet.2013.06.121
https://doi.org/10.1016/j.tetlet.2013.06.121
https://doi.org/10.1016/j.tetlet.2013.06.121
https://doi.org/10.1016/j.tetlet.2013.06.121
https://doi.org/10.1007/s10853-018-2690-9
https://doi.org/10.1007/s10853-018-2690-9
https://doi.org/10.1007/s10853-018-2690-9
https://doi.org/10.1007/s10853-018-2690-9
https://doi.org/10.1002/chem.200500638
https://doi.org/10.1002/chem.200500638
https://doi.org/10.1002/chem.200500638
https://doi.org/10.1016/j.synthmet.2011.01.029
https://doi.org/10.1016/j.synthmet.2011.01.029
https://doi.org/10.1016/j.synthmet.2011.01.029
https://doi.org/10.1016/S1010-6030(01)00562-7
https://doi.org/10.1016/S1010-6030(01)00562-7
https://doi.org/10.1016/S1010-6030(01)00562-7
https://doi.org/10.1021/cr00018a001
https://doi.org/10.1021/cr00018a001
https://doi.org/10.1021/cr00018a001
https://doi.org/10.1039/c3an00928a
https://doi.org/10.1039/c3an00928a
https://doi.org/10.1039/c3an00928a
https://doi.org/10.1039/C7CP03990E
https://doi.org/10.1039/C7CP03990E
https://doi.org/10.1039/C7CP03990E
https://doi.org/10.1039/C7CP03990E
https://doi.org/10.1016/j.jlumin.2017.09.042
https://doi.org/10.1016/j.jlumin.2017.09.042
https://doi.org/10.1016/j.jlumin.2017.09.042
https://doi.org/10.1002/cplu.201900337
https://doi.org/10.1002/cplu.201900337
https://doi.org/10.1002/cplu.201900337
https://doi.org/10.1002/cplu.201900337
https://doi.org/10.1016/j.cplett.2012.03.069
https://doi.org/10.1016/j.cplett.2012.03.069
https://doi.org/10.1016/j.cplett.2012.03.069
https://doi.org/10.1016/S0009-3084(02)00020-8
https://doi.org/10.1016/S0009-3084(02)00020-8
https://doi.org/10.1016/S0009-3084(02)00020-8
https://doi.org/10.1021/la2047646
https://doi.org/10.1021/la2047646
https://doi.org/10.1021/la2047646
https://doi.org/10.1007/s12221-013-2010-6
https://doi.org/10.1007/s12221-013-2010-6
https://doi.org/10.1007/s12221-013-2010-6
https://doi.org/10.1016/j.tetlet.2010.04.100
https://doi.org/10.1016/j.tetlet.2010.04.100
https://doi.org/10.1016/j.tetlet.2010.04.100
https://doi.org/10.1016/j.ica.2011.09.011
https://doi.org/10.1016/j.ica.2011.09.011
https://doi.org/10.1016/j.ica.2011.09.011
https://doi.org/10.1002/asia.201000724
https://doi.org/10.1002/asia.201000724
https://doi.org/10.1002/asia.201000724
https://doi.org/10.1039/C5CC07513K
https://doi.org/10.1039/C5CC07513K
https://doi.org/10.1039/C5CC07513K
https://doi.org/10.1002/ejic.200400952
https://doi.org/10.1002/ejic.200400952
https://doi.org/10.1002/ejic.200400952
https://doi.org/10.1039/c1cs15014f
https://doi.org/10.1039/c1cs15014f
https://doi.org/10.1039/c1cs15014f
https://doi.org/10.3390/molecules16097909
https://doi.org/10.3390/molecules16097909
https://doi.org/10.3390/molecules16097909
https://doi.org/10.1016/j.optmat.2019.109632
https://doi.org/10.1021/ja908061q
https://doi.org/10.1021/ja908061q
https://doi.org/10.1021/ja908061q
https://doi.org/10.1007/s11426-016-0392-7
https://doi.org/10.1007/s11426-016-0392-7
https://doi.org/10.1007/s11426-016-0392-7
https://doi.org/10.1021/ic801226p
https://doi.org/10.1021/ic801226p
https://doi.org/10.1021/ic801226p
https://doi.org/10.1016/S0009-2614(99)00526-6
https://doi.org/10.1016/S0009-2614(99)00526-6
https://doi.org/10.1016/S0009-2614(99)00526-6
https://doi.org/10.1016/S0009-2614(99)00526-6
https://doi.org/10.1021/jo049868o
https://doi.org/10.1021/jo049868o
https://doi.org/10.1021/jo049868o
https://doi.org/10.1016/j.ijhydene.2017.05.092
https://doi.org/10.1016/j.ijhydene.2017.05.092
https://doi.org/10.1016/j.ijhydene.2017.05.092
https://doi.org/10.1016/j.ijhydene.2017.05.092
https://doi.org/10.1021/nn700241w
https://doi.org/10.1021/nn700241w
https://doi.org/10.1021/nn700241w
https://doi.org/10.1021/acs.langmuir.7b00135
https://doi.org/10.1021/acs.langmuir.7b00135
https://doi.org/10.1021/acs.langmuir.7b00135
https://doi.org/10.1021/acs.jpcc.7b04266
https://doi.org/10.1021/acs.jpcc.7b04266
https://doi.org/10.1021/acs.jpcc.7b04266
https://doi.org/10.1039/C4CC02753A
https://doi.org/10.1039/C4CC02753A
https://doi.org/10.1039/C4CC02753A
https://doi.org/10.1039/C4CC02753A
https://doi.org/10.1002/chem.201901588
https://doi.org/10.1002/chem.201901588
https://doi.org/10.1002/chem.201901588
https://doi.org/10.3390/nano10020363
https://doi.org/10.3390/nano10020363
https://doi.org/10.3390/nano10020363
https://10.1002/anie.202011370
https://10.1002/ange.202011370
https://doi.org/10.1002/anie.201909981
https://doi.org/10.1002/anie.201909981
https://doi.org/10.1002/anie.201909981
https://doi.org/10.1002/ange.201909981
https://doi.org/10.1002/ange.201909981
https://doi.org/10.1002/ange.201909981
https://doi.org/10.1002/ange.201909981
https://doi.org/10.1002/adom.201801793
https://doi.org/10.1021/jacs.6b10738
https://doi.org/10.1021/jacs.6b10738
https://doi.org/10.1021/jacs.6b10738
https://doi.org/10.1021/jacs.6b10738
https://doi.org/10.1126/science.aaf6138
https://doi.org/10.1126/science.aaf6138
https://doi.org/10.1126/science.aaf6138
https://doi.org/10.1021/acs.organomet.8b00734
https://doi.org/10.1021/acs.organomet.8b00734
https://doi.org/10.1021/acs.organomet.8b00734
https://doi.org/10.1021/acs.organomet.8b00734
https://doi.org/10.1021/acs.organomet.6b00561
https://doi.org/10.1021/acs.organomet.6b00561
https://doi.org/10.1021/acs.organomet.6b00561
https://doi.org/10.1021/acs.organomet.6b00561
https://doi.org/10.1002/ejic.201900528
https://doi.org/10.1002/ejic.201900528
https://doi.org/10.1002/ejic.201900528
https://doi.org/10.1002/ejic.202000290
https://doi.org/10.1002/ejic.202000290
https://doi.org/10.1002/ejic.202000290
https://doi.org/10.1002/ejic.202000290
https://doi.org/10.1039/C9QI00424F
https://doi.org/10.1039/C9QI00424F
https://doi.org/10.1039/C9QI00424F
https://doi.org/10.1039/D0CC01887B
https://doi.org/10.1039/D0CC01887B
https://doi.org/10.1039/D0CC01887B
https://doi.org/10.1021/ic500367y
https://doi.org/10.1021/ic500367y
https://doi.org/10.1021/ic500367y
https://doi.org/10.1002/ejic.201900508
https://doi.org/10.1002/ejic.201900508
https://doi.org/10.1002/ejic.201900508
https://doi.org/10.1002/ejic.201900508
https://doi.org/10.1002/chem.201003426
https://doi.org/10.1002/chem.201003426
https://doi.org/10.1002/chem.201003426
https://doi.org/10.1021/acsaelm.9b00703
https://doi.org/10.1021/acsaelm.9b00703
https://doi.org/10.1021/acsaelm.9b00703
https://doi.org/10.1021/acsaelm.9b00703
https://doi.org/10.1021/acs.organomet.5b00295
https://doi.org/10.1021/acs.organomet.5b00295
https://doi.org/10.1021/acs.organomet.5b00295
https://doi.org/10.1002/ejic.201601143
https://doi.org/10.1002/ejic.201601143
https://doi.org/10.1002/ejic.201601143
https://doi.org/10.1002/ejic.201601143
https://doi.org/10.1039/c3cc43649g
https://doi.org/10.1039/c3cc43649g
https://doi.org/10.1039/c3cc43649g
https://doi.org/10.1039/c3cc43649g
https://doi.org/10.1039/C6DT02910H
https://doi.org/10.1039/C6DT02910H
https://doi.org/10.1039/C6DT02910H
https://doi.org/10.1002/chem.201301521
https://doi.org/10.1002/chem.201301521
https://doi.org/10.1002/chem.201301521
https://doi.org/10.1021/ic4022992
https://doi.org/10.1021/ic4022992
https://doi.org/10.1021/ic4022992
https://doi.org/10.1002/chem.200900523
https://doi.org/10.1002/chem.200900523
https://doi.org/10.1002/chem.200900523
https://doi.org/10.1002/chem.200900523
https://doi.org/10.1016/0022-328X(91)83023-W
https://doi.org/10.1016/0022-328X(91)83023-W
https://doi.org/10.1016/0022-328X(91)83023-W
https://doi.org/10.1016/0022-328X(91)83023-W
https://doi.org/10.1021/om500014z
https://doi.org/10.1021/om500014z
https://doi.org/10.1021/om500014z
https://doi.org/10.1021/ja908917w
https://doi.org/10.1021/ja908917w
https://doi.org/10.1021/ja908917w
https://doi.org/10.1016/S0277-5387(00)83631-1
https://doi.org/10.1016/S0277-5387(00)83631-1
https://doi.org/10.1016/S0277-5387(00)83631-1
https://doi.org/10.1016/j.jct.2015.07.008
https://doi.org/10.1016/j.jct.2015.07.008
https://doi.org/10.1016/j.jct.2015.07.008
https://doi.org/10.1016/j.jct.2015.07.008
https://doi.org/10.1016/j.colsurfa.2007.05.083
https://doi.org/10.1016/j.colsurfa.2007.05.083
https://doi.org/10.1016/j.colsurfa.2007.05.083
https://doi.org/10.1002/anie.200805719
https://doi.org/10.1002/anie.200805719
https://doi.org/10.1002/anie.200805719
https://doi.org/10.1002/ange.200805719
https://doi.org/10.1002/ange.200805719
https://doi.org/10.1002/ange.200805719
https://doi.org/10.1002/ange.200805719
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889808042726
http://www.chemeurj.org

