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Bent copper tubes have been successfully used for solid state reactions at high temperature, under 
nonoxidizing atmosphere. They provide an inexpensive and convenient alternative to gold and plati- 
num for reactions between fluorides, and do not reduce some elements such as tin(R), as nickel does. 
Solid state NMR studies of fast fluoride ion conductors Phi-,Sn,Fz prepared in copper tubes show 
that contamination by paramagnetic CuZ+ is minimal. llpSn Mossbauer spectroscopy is used as a 
sensitive probe for the formation of SnOz, and indicates that no oxygen leaked in the tubes. Like any 
reaction carried out in a sealed container, those resulting in a gas being evolved and/or highly exother- 
mic reactions can lead to explosions and thus must be avoided. An attempt to synthesize Ti14 in a 
sealed copper tube is described, as an example of a dangerous uncontrollable reaction by this 
method. 0 1988 Academic Press, hc. 

introduction 

Solid state reactions between intimately 
mixed powdered reagents are often carried 
out in open containers, under air for oxides 
or under flow of an inert or reactive gas as 
appropriate. When an inert atmosphere is 
required or when some reagents are volatile 
at high temperature, sealed containers are 
best suited. 

The most inexpensive and convenient 
type of sealed container is a tube that is 
sealed at one end, loaded with the starting 
reagent mixture, and then sealed at the 
other end under the appropriate atmo- 
sphere. Not many materials are suitable 
and the choice depends on the type of re- 
agents and reaction temperature. Only 
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glass and vitreous silica (often improperly 
called “quartz”) tubes can be easily evacu- 
ated and sealed under vacuum. Glass tubes 
are limited to 300-4Oo”C, while quartz 
tubes can be used well above 1000°C 
(quartz mp = 1610°C). For reactions be- 
tween fluorides, it is common to use gold or 
platinum tubes. These are about the only 
metals totally unreactive to fluorides at high 
temperatures; however, they suffer from 
two main disadvantages: (i) they are very 
expensive, and (ii) they have poor mechani- 
cal properties, such that they cannot usu- 
ally withstand the high pressure created 
just by heating the inert gas they contain. 
The most common way to prevent leakage 
is to enclose them in a vitreous silica tube, 
under one atmosphere pressure (at room 
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temperature) to counterbalance the pres- 
sure created upon heating. However, when 
quenching is desired in order to stabilize 
high-temperature phases, fast cooling rates 
cannot be obtained because of the low ther- 
mal conductivity of silica and the poor 
physical contact between silica and the in- 
ner tube. Finally, the two ends of the tubes 
must be welded with an acetylene torch 
(mp: Au = 1063°C Pt = 1772”C), and in 
welding the second end, precautions must 
be taken not to overhead the reagents be- 
cause of the high conductivity of the 
metals. 

This paper presents an inexpensive and 
convenient alternative to gold and platinum 
for high-temperature reactions of halides, 
namely, copper. Although copper is re- 
stricted to moderately high temperatures, it 
allows a larger number of reactions and at a 
much larger scale, because of its low price. 
Two main types of reactions are presented: 
(i) reaction of halides, and (ii) oxidation of 
titanium by iodine in an attempt to prepare 
Ti14. While reactions of the first type are 
perfectly safe, the second type results in 
violent explosions and should not be at- 
tempted in sealed tubes unless a special 
procedure is used. A known alternative, 
nickel, is compared to copper, as sealed 
tube material, for reactions of halides; how- 
ever, nickel presents redox stability prob- 
lems for metals in suboxidation states, such 
as with divalent tin halides, and for highly 
oxidized metals, such as U(VI), Nb(V), 
Ta(V), or V(V), for example. 

The Sealed Copper/Nickel Tube 
Technique 

Both nickel and copper tubes are cleaned 
in a dilute HCl solution to remove surface 
oxide, rinsed with distilled water, then with 
acetone (or ethanol and diethyl ether) to re- 
move water, and dried at room temperature 
(Fig. la). The nickel tubes are sealed at one 
end after hammering in order to have a flat 
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FIG. 1. Successive steps for loading and sealing a 
copper tube for solid state reactions by the bending 
technique. See text for details. 

regular joint, filed to have a clean smooth 
surface for welding, then arc-welded under 
flow of argon to avoid oxidation of the mol- 
ten nickel. Welding must be done very 
carefully in order to avoid leakage at high 
temperature. Copper cannot be welded be- 
cause a layer of black cupric oxide always 
forms on the surface of the metal, even un- 
der flow of argon. An alternative way of 
sealing the copper tubes, which we have 
developed, consists of flattening them and 
bending the end around itself three or four 
times (Fig. lb). Soft, i.e., nonannealed, 
copper must be used for this because other- 
wise the tubes split upon hammering and 
bending. Next, the tubes are loaded with 
the reagent mixture (Fig. Ic) in a glove box 
under controlled atmosphere if one or more 
reagents are air sensitive, outside the glove 
box otherwise. Temporary sealing is done 
inside the glove box (Fig. Id) using a rubber 
or plastic tube stopped at one end. Figure 2 
shows the detail of a copper tube after tem- 
porary sealing. Then the tubes are removed 
from the glove box and the area above the 
reaction mixture (area C on Fig. 2) is ham- 
mered flat over ca. 3 cm length (Fig. le). 
This makes another temporary sealing, 
such that the rubber tube can be removed 
and the tube is flattened all the way to the 
upper end (Fig. If). Then, for a nickel tube, 
the excess flattened part is cut off and the 
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FIG. 2. Detailed picture of a copper tube after load- 
ing and temporary sealing in the glove box. (A) Sealed 
end, (B) sample area, (C) empty area for sealing sec- 
ond end, (D) rubber or plastic tube, (E) metal rod or 
closed tube. 

cut is filed and arc-welded. For a copper 
tube, the upper end is bent several times 
following the same procedure as for the 
lower end (Fig. lg). Now the tubes are 
ready to be heated. When cutting the reac- 
tion tube open after reaction care must be 
taken not to allow metal chips to fall inside 
and contaminate the product. Nickel parti- 
cles can be removed using a magnet be- 
cause Ni is ferromagnetic at room tempera- 
ture, but copper particles cannot. Use of 
shears to open the tubes reduces this prob- 
lem but does not totally eliminate it. 

Reaction of Halides in Bent Copper Tubes 

Because most of our research is con- 
cerned with reactions of fluorides, few ma- 
terials, besides gold and platinum, offer the 
required lack of reactivity. Teflon can be 
used but is hard to seal, although we have 
successfully used it for the lgF and ‘lgSn 
NMR study of molten SnF2 (I). Sealing was 
performed by applying one layer of Teflon 

tape in the thread of the screw cap. How- 
ever, Teflon cannot be used above 400°C. 
Monel is a Ni (= 60%)-Cu (= 40%) alloy, 
which is highly unreactive to fluorides and 
is often used for reactions with fluorine and 
anhydrous HF. Nickel metal is also unreac- 
tive to many fluorides and has been used 
successfully for the synthesis of rare-earth 
fluorozirconates (2) and rare-earth-ura- 
nium(IV) mixed fluorides (3). However, 
when we tried reactions of stannous fluo- 
ride, SnF*, with other fluorides in nickel 
tubes, corrosion of the wall of the tube was 
observed, due to reduction of some of the 
tin(I1) to tin metal and oxidation of some of 
the nickel(O) to nickel(II), which contami- 
nates the samples. Therefore, in the pres- 
ence of species in oxidation states easily 
reduced, nickel cannot be used. 

Other unreactive elements in the same 
groups as platinum and gold are palladium 
and silver; however, they are also very ex- 
pensive. On the other hand, copper, with 
the same valence electronic structure as 
gold and silver, i.e., (n - l)d’Ons’, can be 
called a “seminoble” metal in nonoxidizing 
environment, Using sealed copper tubes, 
we were able to carry out the synthesis of 
many types of SnFz-based fluorides and ox- 
ifluorides, under nitrogen atmosphere. For 
example, MSnF4 (M = Pb, Sr, Ba) fast ion 
fluoride conductors have been prepared, up 
to 600°C with no corrosion or leakage prob- 
lem (4). These materials have been studied 
by a variety of techniques, including X-ray 
and neutron diffraction, 19F solid state 
NMR, electrical conductivity and transport 
number measurements, and l19Sn M&s- 
bauer spectroscopy (5-8), which show no 
evidence of contamination by copper. This 
is corroborated by examination of the inner 
wall, which is nicely shiny red after reac- 
tion, showing no evidence of corrosion. 

Leakage upon heating would result in 
fast hydrolysis of tin(I1) fluoride to black 
SnO (9), followed by oxidation to SnO;! . 
This does not occur because formation of 
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SnO or SnOz would be very easily detected 
by Miissbauer spectroscopy as the recoil- 
free fraction of Sn02 [fa(SnOz) = 0.441 (10) 
at room temperature is almost 13 times as 
large as that of a-SnFz [fn(SnFJ = 0.0341 
(II). As a result, oxidation of 1% of the 
tin(H) of cr-SnFz to Sn02 would give a signal 
for SnOz of 13% of the total signal. Because 
the SnO* signal never exceeded 4% in our 
samples, we can safely assume that only ca. 
0.3% of the total tin was in the stannic 
form. In addition, at least half of that 
tin(IV) was already present in the stannic 
form in the starting stannous fluoride mate- 
rial, whoever the supplier was (Omnium 
Scientific Industrial, Alfa, or Ozark Mahon- 
ing) (12). We can therefore conclude that 
only about 0.15% of the total tin was oxi- 
dized to Sn02 in the worst case of copper 
tube showing no sign of leakage. This mi- 
nute oxidization can be attributed to traces 
of moisture contained in the nitrogen gas 
and in the starting materials. 

Up to ca. 400°C leakage was never ob- 
served. Above, leakage frequency in- 
creases with reaction time. However, we 
were successful in carrying out 1-hr reac- 
tions at up to 800°C even though at that 
temperature about 50% of the tubes leaked. 
This is not surprising considering that cop- 
per melts at 1083°C. Leakage was more fre- 
quent when the tubes were quenched in 
water, probably because uneven thermal 
contraction distorted the bent flattened 
tube, allowing water in. 

Attempted Synthesis of Titanium 
Tetraiodide in Bent Copper Tubes 

In the course of a 47,49Ti NMR study of 
titanium compounds (13), the direct syn- 
thesis of Ti14 by solid state reaction in a 
sealed copper tube was attempted. This is 
not the standard method of preparation of 
titanium tetraiodide, but was considered a 
possible alternative. The most common 
synthetic procedure is probably the reac- 

tion of powdered titanium at room tempera- 
ture with iodine gas, in a closed vessel, un- 
der vacuum at temperatures as high as 
425°C. 

The thermal stability of the titanium io- 
dides has also been well established and the 
two following reactions are reported to take 
place: 

-at 480°C: Ti14 + Ti + 2TiIz (I); 
-at 350°C: Ti14 + Ti12 + 2TiIX (II). 

These equilibria play an important role in 
the well-known method of purification of 
titanium by the Van Arkel-de Boer process 
(W. 

In a first attempt, stoichiometric amounts 
of iodine and titanium powder, for a theo- 
retical yield of 5 g of TiL, were weighed 
and mixed together, in a glove box, under 
dry nitrogen. Exact stoichiometry is hard to 
achieve because of the volatility of iodine. 
The mixture was loaded in a copper tube 
under nitrogen and sealed following the 
procedure described in Fig. 1. The tube, 
which was about a quarter filled with the 
reaction mixture, was held almost vertical 
in a narrow beaker that contained enough 
water to have about half of the tube im- 
mersed; i.e., the water level in the beaker 
was well above the level of the reaction 
mixture in the copper tube to ensure uni- 
form heating. The temperature of the water 
bath was raised slowly. As it reached ca. 
90°C a violent explosion occurred, splitting 
the copper tube open, shattering the 
beaker, and splashing the reagents. The re- 
action was repeated at a much smaller scale 
(500 mg TiL), under the same conditions. 
Again at about 90°C an explosion oc- 
curred, so violent that the top end of the 
copper tube, that was bent four times, un- 
bent and split open. The reaction mixture 
was thrown out, splashing the fume hood, 
and the beaker broke. Obviously, even 
small amounts of reaction mixtures are 
very dangerous and no further attempt to 
control the reaction was done. 
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We found no report in the literature on 
the danger of explosion during the synthe- 
sis of T& from the elements. The only 
warnings reported are about their high sen- 
sitivity to air (hygroscopicity leading to hy- 
drolysis, which results in HI being evolved) 
and their violent reaction with water upon 
dissolution. One must also be very careful 
when removing the product from the reac- 
tion vessel as unreacted powdered titanium 
may be pyrophoric. However, warning 
about possible explosions have been given 
for the synthesis of low-valence metal 
halides (15). We published a warning letter 
about the explosions encountered in the 
above experiments (16). 

It is clear that solid-gas reactions, with 
iodine and the metal contained in different 
sections of the sealed systems, are much 
safer. 

Obviously, it seems much harder to con- 
trol the solid state reaction at ca. 90°C than 
the solid-gas reaction at 400°C. The tem- 
perature of the water bath was purposely 
kept below the melting point of iodine; 
however, the vapor pressure of iodine at 
90°C must have been high enough to allow a 
significant amount of iodine gas to react 
with solid titanium. One could, however, 
have expected the reaction rate to be slow 
at that temperature. It is most likely that 
the reaction of iodine and titanium is highly 
exothermic, such that heating at 90°C al- 
lows the reaction kinetics to reach an ex- 
plosive rate. 

Conclusion 

Copper can be considered the “poor 
man’s gold” for high-temperature solid 
state reactions of halides under unreactive 
atmosphere. Reactions up to 700°C have 
been carried out between SnF2 (mp = 
215°C) and ZrF4 (sublimes at ca. 600°C) in 
bent copper tubes. No significant copper 
contamination of the products or loss of 

ZrF4 were observed. Sealed copper tubes 
allow quenching of the product in order to 
isolate high-temperature phases. However, 
copper cannot be welded and therefore 
sealing is performed by flattening and bend- 
ing several times both ends of the tubes. 
Surprisingly, this method is efficient for 
leak-free reactions under moderate heating 
(e.g., 1 hr at 400-500°C) as shown by ‘rgSn 
Mossbauer spectroscopy, which is very 
sensitive to the formation of SnOz , for reac- 
tions of SnF2, which easily oxidizes at high 
temperature. Some leaks occur at higher 
temperatures, such that 800°C seems to be 
about the upper limit. However, absence of 
welding seems to have been a blessing in 
the above unfortunate attempts to prepare 
Ti14 by solid state reactions between the el- 
ements. Indeed, if the tubes were welded, 
they would probably have allowed a signifi- 
cantly higher pressure to build up, leading 
to much more violent explosions. There- 
fore, the bending seal, in some way, must 
have acted as a safety valve, preventing 
worse damage. For example, a nickel tube 
would have been much worse because the 
metal is harder and would have sustained a 
much higher pressure. 

However, highly exothermic reactions 
and those leading to the formation of highly 
volatile compounds must be avoided be- 
cause the kinetics may be hard to control 
and they may lead to explosions. Pressure 
buildup does not seem to be prevented by 
having a colder zone, because for the at- 
tempted syntheses of T& half of the copper 
tube was not in the water bath. The cold 
end could have become hot because of the 
high thermal conductivity of copper. How- 
ever, a vacuum system is probably neces- 
sary for condensing volatile products at the 
cold end of the tube because inert gases hin- 
der gaseous molecule transport due to colli- 
sions between molecules. Of course, cop- 
per tubes sealed by the technique described 
here cannot be evacuated. On the other 
hand, they provide a cheap and convenient 
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alternative to gold and platinum and allow 
reactions between halides of metals in sub- 
oxidation states such as divalent tin which 
are reduced in nickel tubes, but they must 
never be used for reactions such as oxidiz- 
ing metals with halogens. 

In summary, bent copper tubes are inex- 
pensive and convenient reactors for moder- 
ately high-temperature reaction of fluo- 
rides. They are unreactive to fluorides and 
do not contaminate the samples. They do 
not generate redox instabilities of some ele- 
ments in suboxidation states such as diva- 
lent tin. They allow easy fast quenching for 
stabilizing high-temperature phases. 
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