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5-(2-Mercaptoethyl)-1H-tetrazole: Facile Synthesis and Application
for the Preparation of Water Soluble Nanocrystals and Their Gels

Sergei V. Voitekhovich,*® André Wolf," Chris Guhrenz,™ Alexander S. Lyakhov,”
Ludmila S. Ivashkevich,” Marion Adam,’ Nikolai Gaponik,™ Stefan Kaskel," and

Alexander Eychmiiller®™

(Abstract: A facile method for the preparation of the novel
capping ligand 5-(2-mercaptoethyl)-1H-tetrazole for the sta-
bilization of water-soluble nanocrystals was developed. This
effective synthetic procedure is based on the cycloaddition
of sodium azide to 3,3'-dithiobis(propionitrile) followed by
the reductive cleavage of a S—S bond with triphenylphos-
phine. The structure of the synthesized compound was con-
firmed by single-crystal X-ray analysis. A target tetrazole was
successfully applied for the direct aqueous synthesis of CdTe

and Au nanocrystals. CdTe nanocrystals capped with 5-(2-
mercaptoethyl)-1H-tetrazole were found to reveal high
photoluminescence efficiencies (up to 77%). Nanocrystals
capped with this tetrazole ligand are able to build 3D struc-
tures in a metal-ion-assisted gelation process in aqueous
solution. Critical point drying of the as-formed hydrogels
allowed the preparation of the corresponding aerogels,
while preserving the mesoporous structure.

/

Introduction

Tetrazole derivatives have received much attention in the
recent years in the field of nanostructured materials." This in-
terest is due to the unique combination of miscellaneous prop-
erties of these seemingly exotic polynitrogen compounds.
First, it is the donor character of the tetrazole ring that deter-
mines the ability of tetrazoles to form stable metallocomplexes
as well as to stabilize colloidal nanocrystals (NCs).> Second, it
is a specific thermally induced fragmentation of the tetrazole
ring leading to the formation of a high proportion of volatile
products like nitrogen, nitrenes, azides, and others.”® In con-
sequence of these features, the easily available 1-alkyltetrazole-
5-thiols (1) (Figure 1) were studied as suitable capping ligands
for semiconductor (CdS,” CulnSe,, Culn, ,Ga,Se,®) and noble
metal (Au,” Ag, Pd, Pt"”) NCs. Corresponding stable NCs were
prepared by solution-phase organic syntheses,”*'” including
ligand exchange strategies,”® or by a solid-phase single-precur-
sor approach based on the thermal decomposition of tetra-
zole-5-thiolates.”” As previously shown, using tetrazoles 1 as li-
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Figure 1. Tetrazole derivatives used for the preparation and functionalization
of NCs (colloidal nanocrystals).

gands opens up a straightforward opportunity to obtain highly
conductive, closely assembled, and organic-free nanocrystalline
solids that have great potential in photovoltaic and catalytic
applications.® A thermolytic approach was also applied for the
preparation of nanoporous metal foams with remarkably high
surface areas by using metal tetrazolates as metal precursors
as well as foaming agents."" Moreover, tetrazole derivatives
were found to be useful as nitrogen precursors for the prepa-
ration of nitrogen-enriched carbon nanotubes by heating the
tetrazoles with multiwalled carbon nanotubes.!?
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Due to the hydrophilic nature of the heteroring, tetrazoles
are of great interest in the preparation of water-soluble nano-
crystals. 5-Monosubstituted tetrazoles, being nonclassical ana-
logs of carboxylic acids,"® are most attractive for such purpos-
es. Therefore, 5-aminotetrazole (2) and 5-methyltetrazole (3)
were applied for an aqueous synthesis of Ag NCs."¥ Although
the as-prepared NCs show a quite broad size distribution, they
are of interest due to their controllable agglomeration accom-
panied with drastic changes in the optical properties. 5-(1-Mer-
captomethyl)-1H-tetrazole (4) was found to be a good substi-
tute for thioglycolic acid widely used as a capping agent in the
aqueous synthesis of colloidal semiconductor NCs; the use of
4 allows to prepare water soluble CdTe!™ and ZnSe"® NCs. The
CdTe NCs obtained are characterized by a strong luminescence
with a quantum yield of up to 60 %.

It should be noted that NCs capped with tetrazole 4 possess
the unique ability to reversibly form hydrogels upon addition
of metal salts.'7 After forming the gels, the CdTe NCs pre-
serve their absorption and photoluminescence properties, al-
though their emission is markedly quenched. The metal-assist-
ed gelation of tetrazole-capped NCs can also be employed to
integrate different types of NCs to tune the emission of the
resulting gel. Such an approach has been proposed for the
gelation of NCs covered by silica shells. For these purposes,
silica shells were functionalized with tetrazole 5, which has the
ability to bind to the silica surface by a silane group.'

Very recently, a new sensitive method for the colorimetric
detection of AP, based on the complexation of tetrazole 4
capped gold NCs with the detected cations in aqueous media,
was reported."” Interaction of Ag' ions with tetrazole 6 in
water was found to produce a hydrogel with spherical silver
NCs attached to the gel fibers.”™ These NCs effectively catalyze
the reduction of nitro groups by borohydride, acting as an
electron relay system. Moreover, the applicability of the
tetrazole functional groups as an efficient anchoring group for
organic photosensitizers in hybrid materials for energy
applications was demonstrated in the photosensitization of
TiO, nanoparticles using the tetrazole 7.2

Therefore, in spite of the relatively short history of studies of
tetrazoles as ligands and precursors in nanochemistry, quite in-
teresting and promising results have been obtained. The pre-
pared nanomaterials have great potential for applications in
catalysis, hydrogen storage, optical sensing devices, field effect
transistors, switches, solar cells, and exchange spring magnets.
Progress in the synthetic chemistry of tetrazole derivatives
stimulates further design and study of tetrazole-capped nano-
materials. Herein, in continuation of our previous studies con-
cerned with the aqueous synthesis of NCs,"*""! we present 5-
(2-mercaptoethyl)-1H-tetrazole (8) as a novel capping ligand
for the preparation of water soluble NCs. This ligand is an
alternative to its homologue 4 as well as thioglycolic and
3-mercaptopropionic acids that are frequently used in the
preparation and functionalization of NCs."*?
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Results and Discussion

Preparation and characterization of the ligand 8

In a previous work we reported the synthesis of the ligand
4, which is a homologue of the tetrazole 8 differing only by
one methylene group (Scheme 1). For the synthesis of 4, we
started from the available chloroacetonitrile 9. A cycloaddition
of an in situ generated aluminium azide to the above nitrile in

N
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Scheme 1. Synthetic routes for the formation of the tetrazole ligands 4 and
8.

THF leads to the formation of 5-chloromethyl-1H-tetrazole (10).
The subsequent treatment of 10 with thiourea generates the
thiouronium salt 11, which can be transformed to the tetrazole
4 under boiling with aqueous sodium hydroxide. The main dis-
advantage of the above approach is the necessity to use a sub-
stantial excess (3 equiv) of sodium azide, which generates the
toxic and explosive hydrazoic acid during the synthetic work-
up procedure. Moreover, by applying this methodology to 8,
a substitution of chlorine by a thiol group can be accompanied
with the dehydrohalogenation of the intermediate 5-(2-chlor-
oethyl)-1H-tetrazole to form 5-vinyl-1H-tetrazole as a byproduct.
Taking these circumstances into account, herein, we develop
another synthetic strategy for the preparation of 8, which is
described below.

Commercial 3,3'-dithiobis(propionitrile) (12) was used as
a starting compound (Scheme 1). Transformation of the nitrile
group into tetrazol-5-yl was successfully carried out using an
adapted Koguro procedure,” which is based on the reaction
of nitrile with sodium azide and triethylammonium chloride
under reflux in toluene. The advantage of this process is its ex-
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perimental simplicity, including the product isolation. The
formed triethylammonium salt 13 can be extracted straight
from the reaction mixture into water. The following acidifica-
tion leads to the tetrazole 14, which is insoluble in water and
can be easily separated by filtration in 93% vyield. Several re-
ducing agents were tested for the cleavage of the S—S bonds
in 14. Zn/HCl and NaBH, were found to be ineffective and, as
a consequence, the obtained tetrazole 8 was significantly
contaminated with 14 together with some other byproducts.
Triphenylphosphine in MeOH/H,O (8:1) was found to be a
convenient and effective agent for the reduction of 14. The
cleavage of the S—S bonds was achieved by stirring of the
reaction mixture under reflux for 3 h with an 89% yield of 8.
The structures of 8 and 14 were confirmed by 'H and
3C NMR spectroscopy. It should be noted that the NMR spec-
tra were recorded from freshly prepared samples, since the tet-
razole 8 undergoes a slow oxidation to give 14 when stored in
[DgIDMSO as well as in other solvents. At the same time, the
crystalline 8 is air stable. No impurity of 14 was found by NMR
and powder X-ray diffraction (PXRD) experiments after the
sample storage under air for a week. All peaks of the
experimental PXRD pattern of 8 matched well with those of
the simulated one, which indicates the phase purity of the
crystalline 8 (Figures S1 and S2 in the Supporting Information).
Single-crystal X-ray analysis was carried out for 8. The crystal
data and structure refinement details for this compound, inves-
tigated at 100 and 296 K, are presented in Table 1. As follows
from the X-ray data, the molecular and crystal structures of 8
are practically the same at the two temperatures. Figure 2
shows the molecular structure of the tetrazole 8 at 100K,
which crystallizes in the monoclinic space group P2,/c with
four molecules in the unit cell. The tetrazole ring geometry of
the compound is typical for 5-monosubstituted tetrazoles. The

Table 1. Crystal data and structure refinement details for 8.2

Empirical formula C3HgN,S

formula weight 130.18

wavelength [A] 0.71073

crystal size [mm] 0.50%0.26 x0.07

crystal system monoclinic

space group P2,/c

T [K] 100 296

aA] 8.30940(10) 8.3776(2)

b [A] 7.01100(10) 7.16620(10)
c[A] 9.8814(2) 9.8995(2)
B 90.9822(10) 90.8258(11)
VA% 575.578(16) 594.26(2)
V4 4 4

Deaica [gem™] 1.502 1.455

u [mm™] 0.451 0.437
reflections collected 6263 6684
independent reflections 1691 1756
restraints 0 0
parameters 97 79

Ry/WR, [for I>2a(l)] 0.0309/0.0919 0.0405/0.1244
Ri/wR, [all data] 0.0332/0.0944 0.0511/0.1356
goodness of fit 1.023 1.033

[a] Supplementary crystallographic data for 8 can be found in ref. [35].
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Figure 2. ORTEP-3 drawing of 8 (100 K) with displacement ellipsoids drawn
at the 50% probability level. The hydrogen atoms are shown as spheres of
arbitrari radii. Selected bond lengths (A): N1—C5 1.3388(14), N1-N2
1.3486(13), N2—N3 1.2969(13), N3—N4 1.3611(14), N4—C5 1.3248(14), S1-C7
1.8152(13), C5—C6 1.4869(16), C6—C7 1.5281(17).

intermolecular hydrogen bonds N1—H1--N4® (symmetry trans-
formation: b) x, ',—y, z—'/,) between neighboring molecules
are responsible for the formation of polymeric chains running
along the c¢ axis (Figure 3). There are also weak hydrogen
bonds S1-H1S-:N3? (symmetry transformation: a)1—x, —y,
1—z) connecting the above chains into polymeric layers
parallel to the bc plane.

In spite of the high nitrogen content (x43%), tetrazole 8
shows a moderate thermal stability. According to the thermo-
gravimetric (TG) and differential scanning calorimetry (DSC)
curves (Figure S3), the reported compound melts at 102.5°C. A
noticeable weight loss starts at about 150°C. Further heating
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Figure 3. Crystal packing of 8 (100 K) viewed along the a axis. Dashed lines
indicate hydrogen bonds.
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up to 500°C is accompanied by roughly 92% weight loss and
one exothermic peak at 267 °C.

Nanocrystals capped with 5-(2-mercaptoethyl)-1H-tetrazole

Over the last decade, the great potential of tetrazoles as stabi-
lizing agents in the synthesis of colloidal semiconductor quan-
tum dots has been demonstrated."?? Quantum dots stabilized
in this way possess superior properties, such as strong photo-
luminescence, long term stability, compatibility with biological
media, and the ability to assemble. Till now, mainly thiols
having short alkylene chains with terminal hydrophilic groups
(NH,, OH, COOH) have been employed in the aqueous synthe-
sis of metal chalcogenide NCs. The typical synthetic protocols
for the preparation of these NCs includes an initial reaction of
the chalcogen precursor with a metal-thiol complex that was
generated in situ from a metal salt and a free ligand.
Nucleation and growth of the NCs is achieved by heating
(reflux) under open-air conditions and the size is controlled by
the heating duration.

Following the above approach, we applied the tetrazole 8 as
a capping ligand for the preparation of CdTe quantum dots.
The growth of CdTe NCs was monitored by UV/Vis absorption
and photoluminescence (PL) emission spectroscopy (Figure 4
and Figures S4 and S5 in the Supporting Information). Already
after 5 min under reflux, the CdTe NCs, which show a green

620 — l¢]
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Figure 4. Temporal evolution of the UV/Vis absorption (@) and the PL
emission (O) peak positions of CdTe NCs capped with tetrazole 8 under
continuous reflux of the reaction mixture during the synthesis.

band-edge emission with a PL maximum at roughly 500 nm,
are formed. Further treatment under reflux allows the NCs to
grow and achieve a red emission. The PL bands of the CdTe
NCs are sufficiently narrow (FWHM (full width at half maxi-
mum) values lie in the range of 32-37 nm, Figure S6), which
indicates a narrow size distribution of the NCs. According to
transmission electron microscopy (TEM), the average NCs size
is 26 nm after 51 h under reflux of the reaction mixture
(Figure 5).
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Figure 5. TEM image of CdTe NCs capped with ligand 8 after 51 h under
reflux of the reaction mixture.

Comparing the behavior of the tetrazoles 4™ and 8 in the
aqueous synthesis of CdTe NCs, we can conclude that the in-
troduction of an additional methylene group between the
thiol and the tetrazole groups results in a slight change in the
growth rate, but significantly enhanced the PL quantum effi-
ciency (QE). Whereas a QE of 60% was achieved using ligand
4, the novel ligand 8 produces CdTe NCs with a QE of up to
77%. The increase in the QE can be explained by a change in
the coordination properties of the ligand 8 compared to 4,
caused by the introduction of an
additional methylene group. This
methylene group can decrease the
stability of the chelate cadmium-
thiolate complexes, formed in the
first stage of the synthesis
(Figure 6). It is well known that
complexes containing five-mem-
bered chelate rings are significant-
ly more stable than complexes
with six-membered chelate
rings.”?” Cadmium-thiolate com-
plexes that are present in the
ligand shell, significantly affect the optical properties of the
quantum dots, as reported for the colloidal synthesis of NCs in
the presence of thioglycolic acid.”® Moreover, the six-mem-
bered chelate complex can more easily undergo hydrolysis
under reflux, increasing the amount of sulfur in the NCs, which
can be seen in the selected area electron diffraction pattern
(Figure S7). This may be the reason for such a strong QE en-
hancement, as was discussed in previous studies.’?*?”

It was found in the present work that the tetrazole 8 is suita-
ble for the stabilization of metal NCs as well. In particular, the
reduction of tetrachloroauric acid with sodium borohydride in
the presence of tetrazole 8 yields spherical Au NCs with an
average size of 2.7+0.6 nm. Moreover, Au NCs with a size of
2.440.7 nm were prepared using 14 instead of 8 under analo-
gous conditions. In this case, ligand 8 is generated in situ by

S N=N,

| N
+Cd—N-

Figure 6. Probable chelate
fragment of cadmium-thio-
late complexes formed during
the synthesis of CdTe NCs
capped with tetrazoles 4
(n=1) and 8 (n=2).
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splitting of the S—S bond of 14 upon the addition of sodium
borohydride as reducing agent. TEM images of the obtained
Au NCs are presented in Figures S8 and S9 in the Supporting
Information. Figure S10 shows UV/Vis spectra of the freshly
prepared Au NCs. The absorption spectrum of the Au NCs pre-
pared in the presence of ligand 8 displays a broad peak at
about 515 nm, which results from the surface plasmon band of
gold. However, the absorption spectrum of the Au NCs synthe-
sized by using 14 exhibits no plasmon band. This spectral dif-
ference is due to the strong size dependence of the 5d-6sp in-
terband transition and also additional charge-transfer effects
between the NCs and the capping ligands.

It should be noted that colloidal solutions of the NCs
capped with tetrazole 8 show an excellent stability. Therefore,
the optical properties of the CdTe NCs have not changed upon
storage of the samples under air for months. The as-prepared
Au NCs showed no color changes or precipitation under
analogous conditions.

Metal-assisted assembly of nanocrystals

Recently,"*"” we found that the addition of an aqueous solu-

tion containing transition metal cations (Cd**, Zn**) to colloi-
dal Au, CdTe, and ZnSe NCs capped with tetrazole 4 leads to
the formation of hydrogels, which are formed within relatively
short times (from a few seconds up to weeks, depending on
the amount of the salt added). Furthermore, this facile ap-
proach for the formation of NC assemblies was applied for the
preparation of hybrid metal/semiconductor and mixed semi-
conductor-l/semiconductor-Il three-dimensional structures with
controllable and tunable compositions. These assemblies can
be preserved by critical point drying. The as-received highly
porous aerogels are interesting materials due to their energy-
and charge-transfer properties.'>'®

Here, we examined the ability of tetrazole-stabilized NCs
capped with 8 to gelate under the action of metal ions. We
found that the addition of an aqueous solution of zinc acetate
(107%m) to colloidal CdTe NCs capped with 8 led to the forma-
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tion of hydrogels (Figure S11). Similar observations were made
for Au NCs as well. A plausible mechanism for the gel forma-
tion is the cross-linking of separate NCs by the complexation
of tetrazolate units with metal cations as shown in Figure 7.
This mechanism is very similar to that of the formation of tet-
razolate coordination polymer gels®®? under interaction of 5-
monosubstituted tetrazoles with an excess of metal salts. Since
the tetrazolate anion can act as mono-, di-, tri-, or tetradentate
ligand,”* any endocyclic nitrogen atom of 8 can bind with the
metal cation under gelation. The coordination by the N*(N?)
atom is favored due to steric reasons.

The as-prepared hydrogels were further dried by critical
point drying, yielding the corresponding aerogels. Nitrogen
physisorption measurements showed the porous structure of
the obtained aerogels. For the Au aerogel, a total pore volume
of 0.85cm®g™" and a specific surface area of 195 m?g~' have
been determined. These values are significantly higher in com-
parison with those for the aerogels prepared previously using
4 as a ligand (0.51 cm®*g~" and 50 m?g~", correspondingly)."”
The difference can be explained by the different size of the ini-
tial NCs as well as by the structural distinction between the
ligands 4 and 8. The isotherm acquired for the investigated
aerogel is similar to typelV according to the IUPAC
classification with a hysteresis of type H4, which indicates a
mesoporous structure of the material with additional micro-
pores (Figure S12).

For a pure CdTe aerogel, a specific surface area of 87 m*g™"
was determined. This result proves the crucial role of the tetra-
zole unit in the metal-ion-assisted gelation process and the
suitability of the novel ligand 8 for the preparation of 3D as-
semblies of colloidal NCs, which are of great interest as objects
for studies in photophysics and catalysis.!'”>!

Conclusions

We have developed a facile route for the preparation of 5-(2-
mercaptoethyl)-1H-tetrazole, which is a promising ligand for
the stabilization of metal and semiconductor nanocrystals in

Figure 7. Gelation mechanism of the NCs capped with tetrazole 8 in the presence of metal cations.
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water. Being more accessible in comparison with its homo-
logue 5-mercaptomethyl-1H-tetrazole, the novel ligand shows
a similar behavior in the aqueous synthesis of nanocrystals and
considerably improves the photoluminescence quantum effi-
ciency of the prepared CdTe quantum dots. The presence of
a tetrazolyl moiety capable of metal binding, determines the
ability of the nanocrystals capped with 5-(2-mercaptoethyl)-1H-
tetrazole for a metal-ion-assisted gelation, which can be used
for the preparation of assemblies of colloidal nanocrystals
including hydrogels and aerogels with mesoporous structures.

Experimental Section

General information. All reagents were used as received from
commercial sources. Milli-Q ultrapure water (Millipore Co., USA)
was employed as the solvent for the preparation of the NCs. 'H
and "*C NMR spectra were recorded on a Bruker Avance-500 spec-
trometer. The TG and DSC curves were obtained with a NETZSCH
STA429 thermoanalyzer under a dynamic nitrogen atmosphere
(heating rate 10°Cmin~', aluminum oxide, mass 5-6 mg,
RT-500°C).

Synthesis of 1,2-bis(2-(1H-tetrazol-5-yl)ethyl)disulfane (14). Tri-
ethylammonium chloride (12.4 g, 90 mmol) and sodium azide
(5.85 g, 90 mmol) were added to a solution of 3,3’-dithiobis(propio-
nitrile) (12, 5.3 g, 31 mmol) in toluene (100 mL) and the mixture
was stirred under reflux for 24 h. After cooling the reaction mixture
to room temperature, distilled water (100 mL) was added, the
aqueous layer was separated, and the toluene layer was washed
with water (3x50 mL). The joint aqueous layers were acidified to
pH 2 using conc. hydrochloric acid. The precipitate was filtered off,
washed with water, and dried in a vacuum oven to give a cream-
colored powder. Yield: 93% (7.5 g, 29 mmol). '"H NMR (500 MHz,
[DJDMSO): 6=3.13 (t, J(HH)=7.0 MHz, 2H, CH,), 3.27 ppm (t,
J(H,H)=7.0 MHz, 2H, CH,); *C NMR (125 MHz, [D¢g]DMSO0): 6 =22.86
(CH,), 34.42 (CH,), 154.44 ppm (C,,,); elemental analysis calcd (%)
for CgH,NsS, (258.33): C 27.90, H 3.90, N 43.38, S 24.83; found: C
27.75, H 4.05, N 43.10, S 24.98.

Synthesis of 5-(2-mercaptoethyl)-1H-tetrazole (8). A solution of
14 (209, 7.7 mmol) and triphenylphosphine (2.6 g, 10 mmol) in
methanol (40 mL) and water (5 mL) was refluxed for 3 h. After cool-
ing to room temperature, the reaction mixture was diluted with
water (200 mL), and aqueous NaOH (50%) was added until reach-
ing pH 8-9. A precipitate containing triphenylphospine oxide and
unreacted triphenylphosphine was removed by filtration. The fil-
trate was acidified to pH 2 using conc. hydrochloric acid. After-
wards, the solvents were evaporated and the residue was extracted
with hot chloroform (200 mL). The addition of toluene (20 mL) to
the extracts followed by slow evaporation of the solution gave col-
orless crystals of 8. Yield: 89% (1.78g, 13.7 mmol); m.p. 101-
102°C. "H NMR (500 MHz, [D;]DMS0): 6 =2.56 (t, J=8.1 MHz, 1H,
HS), 2.88 (g, J(HH)=7.2MHz, 2H, CH,), 3.17 ppm (t, JHH)=
7.1 MHz, 2H, CH,); *C NMR (125 MHz, [DJDMSO): 6 =21.49 (CH,),
27.45 (CH,), 155.5 ppm (C,,); elemental analysis calcd (%) for
C3HgN,S (130.17): C 27.68, H 4.65, N 43.04, S 24.63; found: C 27.40,
H 4.45, N 42.88, S 24.70.

Preparation of CdTe NCs capped with 5-(2-mercaptoethyl)-1H-
tetrazole. Tetrazole 8 (0.344 g, 0.72 mmol) and cadmium(ll) per-
chlorate hexahydrate (1.000 g, 2.38 mmol) were dissolved in water
(250 mL) under stirring, followed by adjusting the pH to 11.5 by
dropwise addition of aqueous NaOH (1 m). The resulting solution
was placed into a flask, fitted with a septum and valves, and flush-
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ed with argon for 45 min. Under stirring, H,Te gas (generated by
the reaction of 0.300 g, 0.69 mmol Al,Te; pellets with an excess
amount of 1N H,SO,) was passed through the solution together
with a slow argon flow for 45 min. Further refluxing under argon
led to the nucleation and growth of the CdTe NCs.

Preparation of Au NCs capped with 5-(2-mercaptoethyl)-1H-tet-
razole. The ligand, namely tetrazole 14 (7.8 mg, 30 umol) or 8
(7.8 mg, 60 umol), was dissolved in water (20 mL), followed by the
addition of aqueous NaOH (1m, 100 uL) and 50 mm HAuCl,
(200 pL). A dropwise addition of a freshly prepared, aqueous
NaBH, solution (50 mm, 400 uL), accompanied with a color change
from yellow to brown, indicates the formation of Au NCs. To
remove byproducts and agglomerates, the reaction mixture was
concentrated under reduced pressure, and the obtained residue
was washed with 2-propanol and redissolved in water.

X-ray structure determination. Single crystals of 8 suitable for X-
ray analysis were obtained by crystallization from chloroform/tolu-
ene (10:1). X-ray data were collected at 100 and 296 K on a SMART
APEX Il diffractometer using graphite-monochromated Moy, radia-
tion (1=0.71073 A). The reflection data were corrected on absorp-
tion. The structures were solved by direct methods with the pro-
gram SIR20115" and refined on F? by the full-matrix least-squares
technique with SHELXL 2014.5% All nonhydrogen atoms were re-
fined in anisotropic approximation. The tetrazole ring H atom and
the thiole H atom were found from the difference Fourier map and
refined independently in isotropic approximation. The methylene
H atoms were placed in calculated positions and refined using
a “riding” model with U,(H)=1.2 Uy(C). Molecular graphics was
performed with the programs ORTEP-3 for Windows® and
PLATON.®¥ Supplementary crystallographic data for 8 can be
found in ref. [35]. Powder X-ray diffraction (PXRD) was used to con-
trol the purity of the polycrystalline samples 8 and 14. The powder
patterns were recorded with an EMPYREAN diffractometer using
Cuy, radiation (Ni filter) at 296 K.

Nitrogen adsorption characterization. Nitrogen physisorption
measurements were performed at 77 K on a Quadrasorb (Quan-
tachrome Instrument). Prior to the measurement, the sample was
evacuated at 423 K for 24 h. High purity gas was used (nitrogen:
99.999%). Specific surface areas were calculated using the Bruna-
uer-Emmett-Teller (BET) equation in a relative pressure range of
0.05-0.20 p/p,. The total pore volume was determined at 0.99 p/p,,.

Quantum efficiency determination. The quantum efficiency of the
CdTe NCs capped with 5-(2-mercaptoethyl)-1H-tetrazole were mea-
sured using a Horiba Fluorolog 3 equipped with a Quanta-® and
a PPD-850 detector (HORIBA Scientific). The sample was excited at
550 nm. The excitation spectra were measured using a neutral-den-
sity filter 2.0 in a range of 540-560 nm with an increment of
0.1 nm and an integration time of 1s. The emission spectra were
measured in a range of 560-660 nm with an increment of 1 nm as
well as an integration time of 1s. For blank measurements, the
same cuvette and solvent, but without NCs, were used. The meas-
urements were carried out two times to reduce experimental
errors. The results of the experiments are summarized in Table S1
in the Supporting Information.

Transmission electron microscopy and selected area electron
diffraction. Samples were prepared by dropping diluted colloidal
nanocrystals in water/acetone 1:1) on a holey graphene oxide TEM
grid with subsequent evaporation of the solvent. TEM imaging was
carried out on a LIBRA 120 microscope (high voltage of 120 kV)
and a Tecnai T20 (FEl) electron microscope with an acceleration
voltage of 200 kV, equipped with a LaBg cathode. Images and se-
lected area electron diffraction (SAED) patterns were recorded with
the software iTEM. SAED patterns were evaluated with the soft-
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ware Image) (https://imagej.nih.gov/ij/index.html) and the Radial
Profile Plot  plugin  (http://rsb.info.nih.gov/ij/plugins/radial-profi-
le.html) written by Paul Baggethun. First, the region of interest in
the SAED pattern was distinguished with a circular selection and
then the image data were radially integrated using the plugin. The
gained output consisted of a two-dimensional data array that was
normalized to averaged intensity versus d spacing.
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A simple ligand with huge impact! A
novel tetrazole-based capping ligand
was designed and applied for the direct
aqueous synthesis of semiconductor
and metal nanocrystals. Nanocrystals
capped with tetrazole ligands are capa-
ble for a metal-ion-assisted assembly to
give corresponding hydrogels and
aerogels with mesoporous structures.

I Nanocrystal Synthesis

S. V. Voitekhovich,* A. Wolf, C. Guhrenz,
A. S. Lyakhov, L. S. lvashkevich, M. Adam,
N. Gaponik, S. Kaskel, A. Eychmdiller

5-(2-Mercaptoethyl)-1H-tetrazole:
Facile Synthesis and Application for
the Preparation of Water Soluble
Nanocrystals and Their Gels

Chem. Eur. J. 2016, 22,1-8 www.chemeurj.org 8 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
KK These are not the final page numbers!


http://www.chemeurj.org

