
 
GeO2 crystals prepared by a 
chemical transport reaction 

 
 
In this exercise single crystals will be prepared using a chemical transport reaction. 
GeO2 is chosen as an example because transport of this compound is well documented from 
earlier studies. Thermodynamic data for the system are known and the transport rates at 
various conditions have been measured and compared with theoretical calculations. In this 
exercise these experiments will be repeated at a basic level in order to demonstrate kinetic 
effects at various conditions. 
 
The material 
 
GeO2 have two polymorphs. At low temperature a tetragonal rutile type structure (Fig. 1a) 
is the thermodynamically stable modification, while a hexagonal cristobalite type structure 
(Fig. 1b) is stable at temperatures above 1033ºC. GeO2 melts at 1116ºC. There are 
significant differences in the physical properties of the two modifications, e.g. large 
differences in the density and hardness. The rutile modification has a density of 6.24 g/cm3 
and a hardness measures as VHN of ca. 1500 i.e. harder than corundum (2100). In contrast, 
the cristobalite polymorph shows values of 4.23 g/cm3 and VHN 300-400. (Properties at 
25ºC) 
 

  a)               b) 
Fig. 1:   Modifications of GeO2. a) Rutile-type structure. b) Cristobalite-type structure; 
 • Ge, Ο  O 
 
 
 



The Method  
 
A chemical transport reaction may in principle be written as: 
 

i A(s)   +   k B(g)    ⇔    j C(g)

 
 
Here A is the compound which is transported; B is the transport species which is added. C 
is the gaseous intermediate species which is critical for transporting compound A, and 
which includes the transport species, B. The reaction is most often more complicated than 
described by this equation. Other gaseous intermediate species than C often exist and these 
must also be transported in the system in order to transport the A compound. 
By tuning the temperatures T1 and T2 in two zones in the reaction tube, A reacts to C in 
one zone while the reaction is reversed in the other zone, releasing A. Usually the purpose 
of this type of reaction is either to purify a material or to grow high quality single crystals, 
for instance for single crystal structural studies. 
The usual convention is to write the equation so the the solid which is transported is on the 
left side of the equation. Furthermore, it is conventional to define T1 < T2. (!!Note!! In the 
book used for the course: “Synthesis of Inorganic Materials” by Ulrich Schubert and 
Nicola Hüsing, the definition is that transport occurs from T1 to T2) For an endothermic 
reaction, ΔH > 0, A will be transported from the highest to the lowest temperature zone, 
while for an exothermic reaction, ΔH < 0, will have a transport from the cold to the hot 
zone. 
 
Usually the transport is done in a cylindrical ampoule, Fig. 2. 
 

Fig. 2:   Chemical transport in a cylindrical ampoule. T1 < T2, ΔH > 0. 
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The rate of gas diffusion is often the rate limiting step of a transport reaction. When 
this is the case the amount of transported species A (in our case GeO2) can be 
calculated as: 
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nA = total amount mol A transported 
i = coefficient in the reaction equation 
j = coefficient in the reaction equation 
D = diffusion coefficient (cm2s-1) for gas mixture B+C 
q = inner cross section (area) of the tube 
t = time duration (in seconds) 
s = length of the tube (reaction chamber) 
R = gas constant 
T = temperature in the tube 
ΔPc = difference between the equilibrium pressure of C at the end of the tube 
 
By approximations the previous equation may be simplified to: 
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ΣP = total pressure in the system (atm) 
T = average temperature in the tube 
t’ = experimental duration (in hours) 
 
The other parameters are as defined above. 
 
This approximation is valid for closed systems with a fixed amount of molecules 
according to the reaction equation. It is not valid if one of the gaseous species is 
hydrogen. 
 
It is not always the diffusion in the gas phase which is the rate limiting step for the 
transport. The rate of reaction between gas and solid may decrease the transport rate, 
while thermal convection may lead to an increase. Convection occurs because the 
densities of gases at low and high temperature are different. The cold gas will sink 
while the hot gas will rise, resulting in circulation in the ampoule. 
 
Which parameter limits the transport rate will, amongst other, depend on the total 
pressure, see Fig. 3. Here the transport efficiency, Q, is defined as: 
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where nA (theoretical) is calculated from the equation above, assuming diffusion 
limited transport. 
 
The relation between Q and total pressure may be illustrated as follows: 

Figure 3: Transport efficiency, Q, as a function of total pressure. In area I, the rate 
determinate step is the heterogeneous reaction between the gas and A. In area II, the rate 
determinate step is diffusion in the tube. Area III is an effect of thermal convection and 
diffusion. 
 
Transport of GeO2 is carried out by the reaction: 
 

GeO2(s)   +   2 Cl2(g)    ⇔    GeCl4(g)   +   O2(g)

 
As seen, GeO2 is transported as GeCl4 and O2. GeCl4 is similar to C in the general reaction 
equation. The number of gaseous species are not changed in the reaction and H2(g) is not 
present. Therefore the transport may be calculated using equation (2) above. 
 
In the original work, thermodynamic evaluations were used in order to choose the reaction 
conditions. The hexagonal high temperature phase may, due to kinetic effects, be present 
also below 1033ºC. The reaction was therefore evaluated using both the tetragonal and the 
hexagonal polymorph as the starting material. In both cases the reaction is endothermic, 
and transport occurs from T2 to T1 (High to low temperature). Calculations showed that the 
fastest transport should occur when starting with the metastable cristobalite modification, 
and deposit the modification having the rutile structure. 
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Fig. 4: The equilibrium partial pressures calculated in the system GeO2 + Cl2. Total 
pressure ΣP= 4 atm.  I: P(Cl2), II: P(O2), III: P(GeCl4), IV: P(GeOCl2)  og V: P(Ge2OCl6). 
 
Furthermore, the possibility of the presence of other gaseous species, such as GeCl2, 
GeOCl2 and Ge2OCl6 was investigated. From the equilibrium constants it was found that 
only GeCl4, O2 and Cl2 have any appreciable contributions to the total pressure and the 
transport in the system in the temperature range 600 – 1150K. The equilibrium partial 
pressures of these species are shown in Figure 4. 
 
Following the theoretical calculations the transport reaction was performed using a number 
of different experimental conditions.  
In all experiments, T1 was chosen so that the rutile (tetragonal) modification of GeO2 was 
deposited. The experiments showed the the transport (as expected) was fastest when the 
hexagonal phase, rather than the tetragonal, was used as the starting material. The 
tetragonal phase reacted very slowly with Cl2, which indicates that the reaction is 
kinetically restricted by surface reaction. 
Furthermore, the temperature for the phase transition was lower in Cl2 than in air. Thus, it 
is possible to start with, and obtain, the hexagonal cristobalite polymorph even at 
temperatures, T2, below 1033ºC. If T2 is chosen in the stability region for the rutile 
structure, the phase transition is so slow that it will not interfere with the reaction with Cl2. 
In addition, newly formed tetragonal GeO2 will be as a fine powder, resulting in increased 
reactivity. All this points toward using the cristobalite modification as the starting material, 
independent of the chosen temperature.  
In all cases the transport efficiency, Q, of the order of 10-2, which indicates that the 
heterogeneous reaction was rate limiting, see Fig. 3. 
In order to compensate for this, small amounts of various chlorides and oxides were added. 
It was shown that especially NaCl, KCl and MnO resulted in an increased transport rate in 
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the system. The additives were melted at the reaction conditions, but the vapour pressures 
are low, so that one need not take new gaseous species into account. By adding NaCl, KCl 
or MnO the crystal growth at T1 was changed so that long needle-like crystals were 
obtained in stead of broad columns. This may be due to formation of a liquid layer of the 
added salt covering the nuclei, which somehow increase the deposition rate. The effect was 
especially significant for MnO with Q approaching 1. This may be caused by MnO being 
more efficient as promoter than NaCl or KCl, or it could be due to an increased amount of 
MnO compared to NaCl and KCl. (It is not possible to add much NaCl or KCl due to 
reactions with the quartz glass ampoule.) 
Different reaction conditions result in various colours of the obtained crystals. A 
satisfactory explanation of this has not been found. 
 
 
The exercise 
  
In this exercise we will perform three parallel transport experiments, one without added 
transport promoting additives, one with KCl and one with MnO. 
 
Starting materials and compounds: 

 GeO2  (hexagonal modifikation) 
 Cl2 
 KCl  mixed with GeO2 
 MnO  mixed with GeO2 

 
Procedure:  
Weigh the GeO2 mixtures so that you get 0.2 mg KCl in one ampoule and 0.19 mg MnO in 
another. This gives the same amount (mol) promoter in the two ampoules, making a direct 
comparison of the efficiencies of the two promoters possible.  Add pure GeO2 to a total of 1 
g in each ampoule. A third ampoule is filled with 1 g GeO2 without promoter. 
Let the laboratory responsible narrow down a section of each ampoule, giving a ampoule 
length of 10 to 12 cm. Put the ampoules successive into the equipment for drying and 
filling with Cl2, see Fig. 5. 
 
NB! Remember that the vacuum lines are placed in a fume hood because the 
window will provide some protection from explosions or implosions. In addition 
you are working with Cl2(g), which is poisonous. Always pull down the window 
completely when you are not operating the valves etc. on the vacuum line. 
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Fig. 5: The vacuum line for drying quartz glass ampoules and subsequent filling of Cl2(g). 
NB: Today a Pirani head is used in stead of the mercury column to check the vacuum. In 
addition the reduction valve with a possibility of flushing with nitrogen has been exchanged 
by a needle valve.  
 
First heat the ampoule to 1000ºC under vacuum in order to remove water from the quartz 
glass: 
 
1. Place the thermocouple in the movable furnace and set the temperature regulator at 

1000ºC.  
2. Connect the sample quartz tube to vacuum line 
3. Leave stopcock 1 open while all other stopcocks are closed. 
4. Turn on the Pirani head and the pump. Close stopcock 1 and open stopcock 2. Then 

open stopcock 3. Be careful so to avoid turbulence in the Pirani head, which may ruin 
the filament.    

5. Open stopcocks 4 and 5 and read off the pressure. Make sure that the vacuum is 
preserved when closing valve 2. Wait for 1 minute and monitor the pressure. If the 
low pressure is preserved you may carefully re-open stopcock 2. 

6. Pour liquid nitrogen into the cold trap. 
7. Move the furnace so that the ampoule and sample is heated. The temperature should 

be 950 – 1050ºC. Leave the ampoule to dehydrate for ca. ten minutes. Then move the 
furnace away from the ampoule. (NOTE: After dehydrating the last ampoule 
remember to turn off and disconnect the furnace.) 
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Prepare the chlorine part of the vacuum line by filling the last washing flask with 30 g 
Na2SO3 • 7 H2O, 42 g NaHCO3 and ca. 180 ml water. In this flask the destruction of surplus 
Cl2 takes place: 
  

Cl2(g)  +  SO3
2-

(aq)  +  2 OH
-
(aq)   ⇔   2 Cl

-
(aq)  +  SO4

2-
(aq)  +  H2O 

 
NaHCO3 functions as a buffer in the solution/dispersion. 
 
Now the ampoule must be cooled to room temperature and be filled with chlorine. 
For the Cl2 cylinder a needle valve is used. This is because the chlorine is condensed and 
the vapour pressure is sufficiently low so that a reduction valve is not needed. Chlorine 
reacts with moisture in the air a forms concentrated HCl, which is very corrosive. It is 
therefore important that the needle valve is removed, flushed with compressed air and 
stored in a descicator when not in use. If the Cl2 regulator is not already in use, please call 
the laboratory responsible to help both with installing and removing the needle valve! 
 
Let chlorine flow slowly through the system for ca. five minutes, so that most of the 
nitrogen in the system is removed and you obtain a chlorine pressure of ca. 1 atm. 
When the quartz glass ampoule is cooled to room temperature it must be filled with 
chlorine. Proceed according to the following guidelines. Refer again to Figure 5. 
 
1. Close stopcock 4 
2. Open stopcock 6, so that the ampoule is filled with chlorine. Then close stopcocks 5 

and 6. 
3. Close the needle valve (B) to stop the flow of chlorine. 
4. Take the ampoule including stopcock 5 from the vacuum and gas line and let the 

laboratory responsible melt the ampoule closed. 
5. Remove the gas-washing bottle containing NaSO3 and NaHCO3 from the line in order 

to avoid back suction into the system as Cl2 reacts with the solution. 
6. Connect the hose of the water aspirator (vannstrålepumpe) to the exit by stopcocks 4 

and 6. Carefully evacuate all the Cl2-gas from the system. This must be done in order 
to avoid that traces of corrosive chlorine gas attack the Pirani head. 

 
When the next ampoule is to be evacuated, it must be connected to stopcock 5 and replaced 
on the line. There should already be a vacuum in the system before stopcock 4. Open 
carefully stopcocks 4 and 5 and control that the line is evacuated. Remember to check 
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whether the system is still leak proof by closing and opening stopcock 2. Then repeat the 
procedure for dehydrating and filling of Cl2. 
Remember that you have chlorine in the system after stopcock 6, so that it should be 
enough to close stopcock 4 and open valve B and stopcock 6 to fill the ampoule with 
chlorine. Before starting the Cl2-flow you must reconnect the gas washing bottle with 
NaSO3 and NaHCO3. 
 
After filling the last ampoule, the vacuum part of the line must be filled with air. Proceed 
according to the following (refer again to Fig. 5): 
 
1. Close stopcock 2 and open stopcock 1 
2. Turn off the pump 
3. Slowly remove the Dewar with liquid nitrogen from the cold trap. When condensates 

present melts, stopcock 2 may be carefully opened to allow air to fill the system. 
 
In general, if stopcock 2 is opened too soon, O2 may condensate in the cold trap. If easily 
oxidizable condensates are present, unwanted reactions may occur. If one waits too long 
before opening stopcock 2, the condensates present may evaporate, thereby increasing the 
pressure in the system. There is then a risk of the glass equipment blowing up. 
 
In order to control that the melting of the ampoule is good enough, the ampoules are put in 
a furnace at 950ºC. If they withstand this treatment they are ready for the transport furnace. 
 
The furnace used has the possibility of temperature regulation in two zones. A sketch of the 
furnace is shown in Figure 6. 
 
Place the ampoules in the furnace with a thermocouple in each end. It may be a good idea 
to initially transport the powder, which is left on the inner walls of the ampoule during the 
previous procedures, back to the “starting point”. Set the furnace so that T1 = 820ºC and T2 
= 880ºC. These conditions should give ΔP = 0.242 atm. and ΣP = 3.75 atm. Place the 
ampoule so that the main part of the GeO2 is situated at the lowest temperature, T1. 
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Next day the gradient is reversed so that GeO2 is transported to the empty end of the 
ampoule. 
Fig. 6:   Transport furnace for growth of single crystals. 

se equation (2) to calculate how long time the ampoules must be in the furnace in order to 

 ampoules are removed from the furnace. Open the 

uestions for the report 

) Calculate the transport efficiency, Q, for the different reaction conditions. 

various ways of producing single 

 
haracterization : 

under a microscope. Describe them and comment on variation in size, 

 
U
transport all the weighed GeO2 from T2 to T1. Leave the samples in the transport furnace 
for some hours less than calculated. 
When the transport is finished, the
ampoules carefully and weigh the transported GeO2 crystals. 
 
 
Q
 
1
2) What limits the reaction rate in your experiment? 
3) What are the advantages/disadvantages of the 

crystals? 

C
Study the crystals 
colour and shape (if any). 

 10



 

Vedlegg 4: PIRANI-HODE FOR TRYKKMÅLING 
 

Det fins flere alternativer for å sjekke trykkforholdene i en vakuumlinje. Mens det i 
øvelse 6 benyttes en kvikksølvkolonne, blir det i oppgave 7 benyttet et Pirani-hode. Det 
fysisk prinsippet som anvendes i disse trykk-målerene kan kort oppsummeres ved: ulike 
gassers evne til å lede varme er gitt som en funksjon av trykk. Et typisk instrument består 
av en tynn vaier (filament, vanligvis wolfram), som varmes opp ved å sende en elektrisk 
ladning gjennom (se Fig. 1). Filamentet utsettes så for trykket som skal måles. Ved høyt 
trykk vil et stort antall molekyler kollidere med filamentet og dermed overføre varme til 
veggene inni Pirani-hodet. Temperaturen på filamentet vil da avta. Ved konstant trykk vil 
temperaturen innstille seg ved et konstant nivå, med det ved lavt trykk vil være færre 
molekyler tilstede og dermed også færre kollisjoner med filamentet. Mindre varme fjernes 
da fra filamentet, hvilket fører til økning i temperaturen og følgelig også endringer i den 
elektriske motstanden i filamentet. Filamentet er en del av en ”Wheatstone-bridge” og 
denne ”broen” kommer ut av balanse når spenningen i filamentet endres. Denne endringen 
anvendes som et mål på gasstrykket. 

 
 
Fig. 1:   Prinsippskisse av et typisk Pirani-hode. 
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 Det finnes flere typer utforminger av Pirani-hodene. En mulighet er ”constant-
voltage” Pirani der spenningen i filamentet holdes konstant, mens temperaturen endres. En 
annen form er ”constant-temperature” Pirani der spenningen endres kontinuerlig for å 
opprettholde konstant temperatur på filamentet. 
 De fleste Pirani-hodene er kalibrert for tørr nitrogen og korreksjoner er derfor 
påkrevd ved nøyaktige målinger når andre gasser dominerer (se Fig. 2). Generelt sett har 
lette molekyler relativt høy termisk ledningsevne ved lave trykk. siden vi i denne oppgaven 
kun skal kontrollere at et konstant vakuum er oppnådd er strengt tatt ikke kalibreringer og 
korreksjoner nødvendige. 
 

 
 
 
Fig. 2: Korreksjonskurve for kalibrering av Pirani-hode. 
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