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Abstract

Although the first studies of Zintl ions date between the late 1890's and early 1930's they were not structurally characterized until many years
later.1,2 Their redox chemistry is even younger, just about ten years old, but despite this short history these deltahedral clusters ions E9n- (E = Si,
Ge, Sn, Pb; n = 2, 3, 4) have already shown interesting and diverse reactivity and have been at the forefront of rapidly developing and exciting
new chemistry.3-6 Notable milestones are the oxidative coupling of Ge94- clusters to oligomers and infinite chains,7-19 their metallation,14-16,20-25

capping by transition-metal organometallic fragments,26-34 insertion of a transition-metal atom at the center of the cluster which is sometimes
combined with capping and oligomerization,35-47 addition of main-group organometallic fragments as exo-bonded substituents,48-50 and
functionalization with various organic residues by reactions with organic halides and alkynes.51-58

This latter development of attaching organic fragments directly to the clusters has opened up a new field, namely organo-Zintl chemistry, that is
potentially fertile for further synthetic explorations, and it is the step-by-step procedure for the synthesis of germanium-divinyl clusters described
herein. The initial steps outline the synthesis of an intermetallic precursor of K4Ge9 from which the Ge94- clusters are extracted later in solution.
This involves fused-silica glass blowing, arc-welding of niobium containers, and handling of highly air-sensitive materials in a glove box. The
air-sensitive K4Ge9 is then dissolved in ethylenediamine in the box and then alkenylated by a reaction with Me3SiC≡CSiMe3. The reaction is
followed by electrospray mass spectrometry while the resulting solution is used for obtaining single crystals containing the functionalized clusters
[H2C=CH-Ge9-CH=CH2]2-. For this purpose the solution is centrifuged, filtered, and carefully layered with a toluene solution of 18-crown-6. Left
undisturbed for a few days, the so-layered solutions produced orange crystalline blocks of [K(18-crown-6)]2[Ge9(HCCH2)2]•en which were
characterized by single-crystal X-ray diffraction.

The process highlights standard reaction techniques, work-up, and analysis towards functionalized deltahedral Zintl clusters. It is hoped that it will
help towards further development and understanding of these compounds in the community at large.

Video Link

The video component of this article can be found at http://www.jove.com/video/3532/

Protocol

1. Preparing Niobium Tubes

1. Before cutting the niobium (Nb) tubes, prepare Nb-cleaning solution. In a 500 ml plastic bottle, measure out and add via a 100 ml measuring
cylinder the following stock solutions as received: 110 ml H2SO4, followed by 50 ml HNO3, followed by 40 ml HF. Mix well and allow reaching
room temperature before using.

2. Measure the Nb tube, 4.5 cm in length, and cut with a pipe cutter. Avoid kinking the tubing. Repeat 3 more times.
3. In a well-ventilated fume-hood, place the four Nb tubes, length-wise, in a 100 ml plastic beaker. Pour the Nb-cleaning solution into the beaker

until tubes are completely covered. Close the sash of the fume-hood. Wait 12 to 20 seconds, or until brown nitrous oxide gas is released.
Immediately fill the beaker with water and allow reaching room temperature.

4. Use plastic thongs to remove Nb tubes, wash several times with water and then acetone, and dry them in a high temperature drying oven.
(Dispose of the used acid solution after carefully neutralizing with KOH).

5. Take the Nb tubes out of the oven and allow cooling down to room temperature. With vise-grips crimp about 1 cm of one end of each tube.
Bend slightly the edge, about 1 mm.

6. Turn on the vacuum pump and argon gas cylinder of the arc-welder. Clamp the four Nb tubes, in a staggered position, in the arc-welder's
holder. Center the brass block (heat sink) in the arc-welder and slowly adjust niobium tubes on top. Close and clamp shut the door of arc
welder.

7. Adjust welding tip to height of niobium tubes. Turn on vacuum valve (ensure that argon refill valve is close). Allow vacuum to reach below 100
mm Hg (ideal: 30 mm Hg; wait time: 30 - 40 minutes) in order to completely evacuate chamber and Nb tubes of all air and moisture.

8. When 30 - 60 mm Hg vacuum is achieved, close vacuum valve and slowly open the valve to argon cylinder to refill with argon to 7 in. Hg.
Close argon gas valve. System should now be under partial vacuum.

9. Put on certified rubber welding gloves. Position protective welding darkened glass over the window of the arc welder. Turn on the source set
at 15 A (thicker niobium tubes use 20 - 55 A). As welding tip makes contact with niobium tube, welding arc forms, raise 1 cm over tube and
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slowly sweep above tube as niobium melts and seals completely. Repeat for remaining niobium tubes. Turn off power source and allow
system to reach room temperature (15 - 30 min).

10. Remove clamp from arc welder door. Slowly open argon gas valve and refill with argon until door is opened.
11. Remove niobium tubes and label with electrical engraver: A, B, C, and D, respectively. Place back in drying oven until dry and place hot in

antechamber of drybox, pumping under vacuum for 30 - 45 min.
12. Refill small antechamber with high-purity nitrogen/argon gas. Bring four labeled niobium tubes into drybox. The containers are now ready to

be loaded.

2. Loading Niobium Tubes: Preparing K4Ge9

1. Tare the balance and then measure 156 mg K (4 mmol). With a spatula, carefully insert it into the Nb tube and push to the bottom.
2. Weigh 653 mg of Ge (9 mmol) and insert into the tube on top of potassium metal.
3. Carefully crimp the open end of the Nb tube using vise-grips and slightly bend the edge. Repeat for the three other Nb tubes. Place all four

tubes in a jar [under inert gas], close the jar and place it in the box antechamber in order to bring out.
4. Following steps 1.5 - 1.8, weld edges of four Nb tubes. The loaded tubes are now ready to be sealed in a fused silica tube.

3. Preparing Fused Silica Tube via Glass-Blowing

1. Use circular glass saw to cut 10-14" pieces of large quartz tube (ID/OD = 20/22 mm) and medium quartz tube (7/9 mm). Cut also end of
round ball joint. Wash thoroughly with water and acetone. Place in glass drying oven until completely dry. Take out of oven and allow reaching
room temperature.

2. Light the hydrogen/oxygen torch with a striker and slowly increase oxygen flow to get hot blue flame. Put on darkened safety glasses before
inserting any quartz tubing into flame.

3. Insert the large tube in the flame and slowly rotate one end allowing the tube to collapse to a bottle neck and then completely close. Using a
spare medium quartz tube as a shaping rod, pull one end of the "white hot" (as seen through safety glasses) quartz tube to close the opening
more quickly.

4. After sealing opening, attach rubber septum with a blow hose at the open end and insert blow pipe into mouth (do not blow yet). While
rotating the sealed end in the flame, slightly blow to keep positive pressure and prevent glass from collapsing. Next, a small hole is ready to
be made in the center.

5. Adjust gas flow to create a sharp blue flame and focus flame in center of closed end. When targeted spot becomes white hot, blow hard to
create a large bubble or opening. Break bubble by gently scraping on lab bench. Insert opened hole into flame and open to 0.7 - 1cm while
flaring edges with graphite reamer. This part (body) is now ready to be attached to the smaller tubing (neck).

6. Close one end of the neck piece with rubber septum. Holding in one hand the body (with mouthpiece in mouth, be ready to blow) and in other
hand the neck slowly rotate both ends simultaneously in the flame. Attach the ends and straighten outside of flame.

7. Adjust size of flame to sharp one and slowly work out each quarter of sealed joint to ensure no holes and air bubbles. Keep positive pressure
in order to prevent glass from collapsing. Remove the septum from top of neck. The neck is now ready to be attached to the ball joint.

8. Using septum, close ball joint opening. Attach end of ball joint to neck following steps 3.5 - 3.6.
9. Insert four Nb tubes into opened end of body. Attach end of blow hose to ball joint. Slowly close opened end of body by following step 3.3.

Turn off flame and close all gas cylinders. Allow fused silica/quartz jacket to cool down.
10. Pour dilute Nb cleaning solution (2 H20: 1 solution, refer to 1.1) into the silica tube and keep for 3 - 5 minutes until the Nb tubes are shiny and

free of any oxidized areas. Rinse three times each with distilled water and acetone. Allow to dry completely. The niobium tubes are now in a
fused silica/quartz jacket and ready to be evacuated and sealed off.

4. Sealing Fused Silica Tube using a High Vacuum Line

1. Turn on the pump for the vacuum line. Fill dewars with liquid nitrogen. Turn on the mercury diffusion pump and the cooling water. Allow to
reflux for a minimum of 30 minutes.

2. Coat ball joint of fused silica jacket with high vacuum silicone grease. Attach to vacuum line. Evacuate tube completely for 30 min.
3. Using a tesla coil, check for any leaks/holes.
4. Put on Borosilicate Safety Glasses. Turn on small house gas/oxygen torch. Slowly pass flame from bottom of tube to neck, ensuring all air

and moisture is gone.
5. Slowly pass flame over Nb tubes, heating gently for 1 - 2 minutes. Careful not to get glass white hot as it will collapse as it is pulled in by high

vacuum. Turn off torch and allow fused silica jacket to reach room temperature (15 - 30 min).
6. Repeat step 4.4. Intensify flame to a sharp hot blue color. Slowly seal off tube below ball and neck joint. (Tip: can get entire glass area white

hot and assist by slowing pulling off with other hand by holding end of silica jacket). Turn off torch.
7. Turn off Hg-distillation. Allow to reach room temperature. Turn off water. Allow liquid nitrogen to slowly evaporate. The fused silica jacket is

now ready to be placed in the furnace.

5. Heating the Reaction Mixtures in a Furnace

1. Gently bring niobium tubes to center of quartz jacket and place directly over thermocouple. Insulate openings of furnace with glass wool. Turn
on furnace and set at 950 °C for two days.

2. After completion, using the glass-cutting circular saw (refer to 3.1) cut open the end of the fused silica tube and remove the Nb containers.
Wash the niobium free of any debris with water and acetone and dry in the oven. Pump into the drybox.

3. Using wire-cutting pliers cut the ends of the niobium tubes. Gently crush the coarse product. The fine intermetallic precursor is now ready to
be brought into solution.

6. Dissolving Precursor in Ethylenediamine

1. Weigh out 81 mg (0.1 mmol) of K4Ge9 into a test-tube. Add stir bar.
2. Pipette in 2 - 2.5 ml of anhydrous ethylenediamine (previously distilled over sodium metal) and stir for 5 - 10 min at room temperature. A

bright red solution forms.
3. Note: If solution is stirred for too long, it will become green, indicative of oxidized clusters. A red solution is desired for functionalization.
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7. Reacting Ge9-clusters with Me3SiC≡CSiMe3

1. Slowly syringe in, drop-wise, 0.056 ml (0.25 mmol; a little over 2 equivalents) of Me3SiC≡CSiMe3. Oily layer is seen on top of the red cluster
solution. As the reaction is stirred, the solution slowly becomes brown. Stir for four hours until a clear honey-brown solution is achieved.

2. Place test-tube in centrifuge for 15 min. Carefully remove. Insert a glass fiber filter pipette (previously packed, dried at 180 °C overnight and
pumped into drybox) into a clean test-tube.

3. Carefully pipette the supernatant solution into the filter pipette and allow to filter. The clear honey-brown filtrate is now collected.
4. Set aside 0.1 ml of filtrate in order to run an electrospray mass spectrometry (ES-MS) sample to confirm product before crystallization.

8. Running ES-MS of Reaction Solution

1. Pump a clean 1 ml Hamilton syringe, syringe plunger and PEEK tubing into antechamber of drybox, for at least 30 - 45 min.
2. Insert syringe plunger into syringe and fill with anhydrous ethylenediamine and dispense into a waste container. Purge the syringe two more

times.
3. Fill the syringe again with anhydrous ethylenediamine and push through the PEEK tubing. Purge the PEEK tubing two more times. The PEEK

tubing is now filled with anhydrous ethylenediamine.
4. Fill the empty syringe with the filtered Ge9-divinyl solution. (Tip: this can be placed in a nitrogen filled Ziploc bag for transportation if mass

spectrometer is outside of the drybox). Bring out of drybox.
5. Place syringe attached to PEEK tubing in Harvard syringe pump at 10 μL/min. Attach PEEK tubing securely to electrospray mass

spectrometer. Collect spectrum in the negative ion mode on a Micromass Quattro-LC triple quadrupole mass spectrometer (typical conditions:
100 °C source temperature, 125 °C desolvation temperature, 2.5 kV capillary voltage, 30 - 65 V cone voltage) or on a Bruker Microtof-II mass
spectrometer (capillary at 3800 V, nebulizer at 0.6 Bar, desolvation temperature at 190 °C, capillary exit at 100 V, detector at 1200 V). (Note:
samples are highly air and moisture sensitive, purging the chamber for 15 - 60 min before running samples is preferred.)

6. Resulting spectrum will show isotope pattern for the functionalized clusters (see Figure 1). The remaining filtrate in the drybox can now be
crystallized.

9. Crystallizing Ge9-divinyl Ions with a Sequestering Agent

1. Pipette remaining filtrate into two equal aliquots in two clean test-tubes. Label test-tubes C and D (as an example). Set aside.
2. Weigh 0.4 mmol (105 mg) of anhydrous 18-crown-6 into a clean test-tube and add 8 ml of toluene. Mix well until completely dissolved.
3. Layering with Toluene, Method A: Gently pipette 4 ml of this solution on top of the test-tube C and D. (Tip: Try to achieve two separate

phases.) Place a rubber stopper on each test-tube. Set aside undisturbed in a test-tube rack to crystallize.
4. Layering with Toluene, Method B: Pipette 4ml of 18-crown-6/toluene solution into two clean test-tube labeled E and D. Insert a filter pipette

(note: if solution needs to be filtered again) or a regular pipette into test-tube E and F. Pipette the solution of test-tube C into E and test-tube D
into F. (Note: this reverse layering will quickly result in two phases.) Place a rubber stopper on each test-tube. Set aside undisturbed in a
test-tube rack to crystallize.

5. Bright orange blocks should crystallize within 1 - 3 days. The unit cell of the crystals can then be confirmed by single crystal X-ray diffraction.

10. Checking Crystals Unit Cell on a D8-Diffractometer

1. Fill a plastic bottle with Paratone-N oil and allow all air bubbles to be removed. Completely degas the oil in antechamber of drybox, under
vacuum, overnight. Bring into the drybox.

2. Apply 2 - 3 drops to glass slide. Coat spatula tip in the oil and insert into crystallizing test-tube. Select orange crystals from the test-tube and
immersed in the Paratone-N oil. (Note: ensure all air-sensitive crystals are coated in oil). Bring outside drybox.

3. Using a high resolution microscope, select a single crystal and drag to the edge of the oil on the slide with a straight stainless probe.
4. Carefully remove excess oil from the crystal by dragging to edge of glass slide. Mount single crystal on Mitegen micro mount loop and quickly

position under cold stream (100 K) of the Bruker D8 APEX-II diffractometer equipped with CCD area detector using graphite-monochromated
Mo Kα radiation.

5. Ensure good high angle diffractions and acquire unit cell.
6. Compare and confirm unit cell to that of [K(18-crown-6)]2[Ge9(HCCH2)2]•en, 1, triclinic, P-1, a = 10.974(4), b = 14.3863(5), and c = 16.2272(6)

Å, α = 85.946(2), β = 71.136(2), and γ = 89.264(2) °, V = 2412.21(15) Å3, Z =2. 53

11. Representative Results

The unique isotope pattern of the anionic clusters allows them to be easily detected in the negative ion-mode (Fig 1). Also noteworthy is that
reduced singly charged species, in addition to pairing with a potassium ion is a common phenomenon of this soft-ionization technique.59

The crystal structure with relevant bond lengths and angles of [Ge9(CH=CH2)2]2- in [K(18-crown-6)]2[Ge9(HCCH2)2]•en, 1, can be seen in Figure 2
.
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Figure 1. ES-MS spectra (negative-ion mode) of ethylenediamine solutions of the reactions of Ge9 clusters with Me3SiC≡CSiMe3. Shown are also
the theoretical isotope distributions below the experimental distribution. (Sevov et. al. Inorg. Chem. 2007, 46, 10953.)

 
Figure 2. A view of [K(18-crown-6)]2[Ge9(HCCH2)2]•en, 1. Color scheme: = Ge, = C, = H. Selected bond lengths and angles: Ge-C
1.961 and 1.950 Å, C=C 1.318 and 1.316 Å, Ge-C-C 123 and 127 °. (Sevov et. al. Inorg. Chem. 2007, 46, 10953.)
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Figure 3. Schematic representation of Preparing Niobium Tubes: (a) cutting Nb tubes; (b) cleaning Nb tubes in a Nb acid solution; (c) using
vise-grips to crimp and bend Nb tube.

 
Figure 4. Schematic representation of Preparing Niobium Tubes: (a) diagram of arc welder; (b) staggered Nb tubes in arc welder holder and (c)
welding tip above Nb tubes.

 
Figure 5. Schematic representation of Loading Niobium Tubes : (a) inside the drybox and (b) Nb tubes: (i) before welding, (ii) after using
vise-grips to crimp one edge, (iii) after welding one edge, (iv) after loading and then welding the Nb tube closed, (v) after opening the Nb tube to
take out the K4Ge9 precursor.
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Figure 6. Schematic representation of Preparing Fused-Silica Tube by Glass-Blowing in (a) and (b)(i) large and small quartz tubing, (ii) body and
neck sealed together, (iii) neck with ball joint, (iv) neck and ball joint sealed together, (v) Nb tubes sealed inside quartz tube, (vi) after the fused
silica tube is sealed.

 
Figure 7. Schematic representation of Sealing Fused Silica Tubes on a High Vacuum Line in (a) and (b) after the Nb tubes is sealed showing
etching of the quartz tube from Nb acid solution.
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Figure 8. Schematic representation of Placing Loaded Fused Silica Tubes in Furnace.

 
Figure 9. Schematic representation of Reacting K4Ge9 with Me3SiC≡CSiMe3 inside the drybox (a) (i) unopened Nb tube, (ii) one edge of the Nb
tube cut with the (iii) cutting pliers, (iv) crushed precursor and (b) (i) precursor dissolved in ethylenediamine, (ii) immediately after Me3SiC≡CSiMe
3 is added (oily droplets on top of test-tube walls seen).
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Figure 10. Schematic representation of Running ES-MS of Reaction Solution in (a) mass spectrometer syringe prepared in dry box, (b) Bruker
Microtof-II.
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Discussion

 
Figure 11. Schematic representation of Crystallizing Ge9-divinyl with Sequestering Agents in (a) reverse layering and (b) several hours later.

 
Figure 12. Schematic representation of Checking Crystals Unit Cell on a D8-Diffractometer: (a) selecting crystals under the microscope and (b)
collecting a unit cell.

It is important to clean well the partially oxidized Nb tubes. However, if the tubes are left too long in the Nb cleaning solution, this will severely
compromise the thickness of the tube. Thus, 10 – 15 seconds are imperative and the tubes should be very lustrous at the end (Fig 3). After the
tubes are sealed inside the fused silica jacket they should be cleaned again with a dilute Nb acid solution. This should result in mild
effervescence, cleaning any oxidized areas on Nb tubes that occurred during welding or glass-blowing. However, be careful not to leave too long
as the acid solution etches the glass (Fig 7b).
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It is important to ensure that the Alkali metal is inserted at the bottom of the precursor tube and none is at the top sides or opening of the Nb tube.
This will make welding easier as it heats the tube and prevent the metal from melting and then bursting out. (Tip: Use kimwipes wrapped around a
spatula to clean completely.)

When welding the loaded Nb tubes, do not allow the welding tip to dwell on the Nb tube too long before it is completely sealed. (Tip: If this
happens (a) the Nb tube and tip will be welded together; (b) K(s) will melt and leak (burst) from tube).

There are a few key tips and pointers to be aware of when preparing the fused-silica jacket via glass-blowing (Fig 6). First, be sure to have your
hair pulled back and no baggy sleeves on. Always use quartz safety glasses before inserting any tube into the flame and remember that it is
extremely hot and be careful of burns. Using the Nb tubes wet with water in the flame will cause steam to travel and can lead to burns. If the tube
is wet with acetone, this will be carbonized and should be discarded. When looking through the safety glasses, a white hot area on the tube
indicates that the glass is pliable and easier to manipulate. The width of the flame can always be adjusted by increasing or decreasing the gas
flow and should be appropriate per area working with. Flaring the edges of the tube before sealing a joint thickens and opens the edges and
allows for a quicker and easier attachment. Ensure that the tubes are white hot before attaching together. Blowing too hard through the
mouthpiece will create holes. However, one can use the shaping rod to add glass to the hole and then work it into the tube. Make sure not to
overwork the glass as it can collapse or become too thin. Most importantly, it does not have to be pretty, just functional (Fig 6). [It usually takes
about a month of practice to achieve the skill.]

It is important to reach high vacuum in the quartz ampule when flame-sealing it because niobium reacts with oxygen at high temperatures,
becomes brittle, and the tube contents become exposed.

When the tesla coil is used to check for leaks, a purple arc will be seen if there is a hole. In this case, repeat step 3 before continuing. Heating in
the presence of a small hole, under vacuum, will result in oxidized, black, brittle and unusable Nb tubes.

It is important to use very dry ethylenediamine and not to stir the solution of K4Ge9 too long before functionalization or the clusters will be oxidized
from a red color to a green color. If this is the case, the product yield will be very low.3-6 It should be mentioned that Ge94- clusters can be
extracted not only in ethylenediamine but also in liquid ammonia.

If the mass spectrometer is not attached to the drybox, the PEEK tubing is filled with anhydrous solvent to act as a barrier to air to prevent the
decomposition of functionalized clusters. The clusters are air and moisture sensitive and their decomposition will lead to clogging of the mass
spectrometer (Fig 10).

One draw-back towards dissolution of the clusters is the limited choice of solvents that they are soluble in. Without the use of sequestering agents
such as 18-crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane) or 2,2,2-crypt (4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane), K4
Ge9 is only soluble in ethylenediamine and liquid ammonia and sparingly so in pyridine. With the addition of sequestering agents, these clusters
are soluble in anhydrous pyridine, DMF (dimethylformamide), DMSO (dimethylsulfoxide) and MeCN (acetonitrile).

We have shown before that the alkenylation of Ge9 clusters by a reaction with alkynes is a nucleophilic addition of the clusters to the triple bond:
55,57

K4Ge9 + 2TMS-C≡C-TMS + 6H2NR → [K]2[Ge9-(CH=CH2)2] + 4TMS-NHR + 2K-NHR

where H2NR represents the solvent ethylenediamine. In the reaction, one of the germanium lone pairs attacks the empty π* orbitals of the triple
bond and supplies a pair of electrons to it. This breaks one of the C-C π bonds and, instead, a C-Ge bond is formed. The second carbon atom
becomes an anion and deprotonates an ethylenediamine molecule from the solvent. The resulting ethylenediamine anions attack the Si-atoms of
the TMS groups (SN2 reaction) and bond to them to form TMS-NHR. The resulting carbon anions get protonated again from more
ethylenediamine molecules to form the final product [H2C=CH-Ge9-CH=CH2]2-.

The methods described above are applicable to (a) synthesis of a variety of intermetallics and (b) functionalization of deltahedral Zintl ions with a
variety of pendant groups. At the same time they are attractive for their potential use as building block in cluster-assembled nanoparticles, larger
aggregates, and metastable bulk compounds.60-66 With these techniques at hand, the stage is set for further developments of the chemistry and
establishing fundamentals in the field.
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