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The thermal decomposition of tungsten hexacarbonyl was 

investigated in an apparatus which allowed a solid sample of the material 

to be sealed into a preheated batch reactor. Because the reaction occurs 

with an increase in the number of moles of gas, it was possible to monitor 

the progress of the reaction by measuring the pressure in the reactor. 

A high temperature pressure transducer in the reactor wall was used as 

a sensing element. 

The reaction was found to be first order; the observed ranges 

in activation energy and pre -exponential factors were 39.6 to 45. 8 kilo- 

calories per gram mole and 10 13, 7 to 10 
15. 8 per second, respectively. 

The values were found to depend upon surface -to- volume ratio, surface 

condition, and the character of the filler gas. The accuracy of the 

activation energies was calculated to be ± 8. 5 %. 
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The fact that the reaction rates depended upon surface amount . 

and condition and upon foreign gases present indicated that the reaction is 

of mixed homogeneous and heterogeneous nature. Approximate values for 

the act ivation energies of the homogeneous and heterogeneous portions of 

the reaction were found to be 70 kilocalories per gram mole and 35 kilo- 

calories per gram mole, respectively. 

Energy considerations and the observed rate law indicate that 

the slow step in the homogeneous reaction is probably the decomposition 

of tungsten hexacarbonyl to tungsten pentacarbonyl. The heterogeneous 

portion of the reaction is believed to be controlled by a slow step from the 

adsorbed tungsten hexacarbonyl to an unknown intermediate. 

Previous workers have explained the presence of carbon in 

the plate on the basis of the disproportionation of carbon monoxide to give 

carbon and carbon dioxide. However, the fact that both carbon and 

oxygen were present in the plate indicates that the source of these sub- 

stances is the reaction of tungsten and carbon monoxide to give carbon 

and tungsten dioxide. This is further indicated by the fact that an electron 

diffraction analysis showed tungsten dioxide to be present in the plate. 
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KINETICS OF THE THERMAL DECOMPOSITION OF 
TUNGSTEN HEXACARBONYL 

INTRODUCTION 

In recent years uses for articles plated with tungsten or tungsten 

carbide have been found. In applications where the heat resistance of tung- 

sten is desirable but its density (Sp. Gr. 19.3) is undesirable, a layer of 

tungsten could be plated onto a lightweight substrate. In other cases, such 

as cutting tools, the hardness and wear resistance of tungsten carbide are 

desirable, but the material cannot be used in massive form because it is 

brittle. In these cases the cutting face of the tool can be plated with tung- 

sten carbide. 

No successful method has been developed for electroplating tung- 

sten, let alone tungsten carbide (31). Vapor phase plating has generally 

been used to plate these materials. In this process the article to be plated 

is exposed, at an elevated temperature, to a vapor of a metallic compound. 

This compound decomposes to free the metal on the surface of the article. 

In the case of tungsten, the metal may be plated by the reduction of tung- 

sten chloride vapor with hydrogen or by the thermal decomposition of tung- 

sten carbonyl. The reduction of tungsten chloride by hydrogen requires 

somewhat higher temperatures (1000- 1500 °C) (31) than does the thermal 

decomposition of tungsten carbonyl (400 -600 °C)(23), and therefore the 
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the latter reaction is generally used with temperature sensitive substrates. 

However, the use of tungsten carbonyl in a plating gas usually leads to the 

development of a tungsten plate containing carbon as an impurity. If this 

is undesirable, the reaction of tungsten chloride with hydrogen must be 

used. 

The use of tungsten hexacarbonyl in plating gases has been de- 

veloped in a more or less empirical fashion (30, 23). As the art has pro- 

gressed, however, it has been found very difficult to plate pure tungsten, 

unmixed with carbon, from this material (23, 19). Certain workers have 

taken advantage of this and have emphasized the use of this process to form 

tungsten carbide plates (17). Much effort has been expended to obtain 

plates entirely free of carbon, but to date this goal has not been achieved 

using tungsten carbonyl vapor. 

While a great deal of work has been done on the use of tungsten 

carbonyl in vapor -phase plating, very little is known about the kinetics of 

the reactions involved or the character of these reactions (2). This study 

has been made to fill this gap. 
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LITERATURE REVIEW 

The carbonyls of iron and nickel can be prepared in relatively 

high yield by the direct action of carbon monoxide on the metal and thus 

have lent themselves rather readily to commercial uses (1). The Mond 

process (1) for purifying nickel was possible because of the easy forma- 

tion and decomposition (under different conditions) of nickel tetracarbonyl 

together with its high volatility. In spite of the poisonous nature of nickel 

carbonyl this process came into wide use. The vapors of iron penta- 

carbonyl when decomposed at high temperatures give very fine almost 

spherical powders of relatively pure iron (27). For many years, until the 

advent of the ferrites, these fine iron powders were used in "powder iron" 

cored transformers for high frequency uses. As a result of the commercial 

interest in these materials, the details of their chemistry have been exten- 

sively investigated. 

In 1902, fourteen years after the discovery of nickel carbonyl by 

Mond (26), Alwin Mittasch reported on the equilibrium constants and 

kinetics of decomposition of this material (25). However, he was unable 

to establish the kinetic relationship for this carbonyl in detail. In 1935 

Bawn (4) again attacked the problem and was able to obtain rate equations 

and activation energies for the thermal decomposition of nickel tetracarbonyl. 

This author also noted the partially heterogeneous nature of the reaction 
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and observed the effects of surface age and condition on the reaction. In 

1962 Boettger, et. al. , (6) reported on the heterogeneous decomposition of 

nickel tetracarbonyl in a flow type reactor. He was able to operate at a 

high enough temperature so that the reaction was completely diffusion con- 

trolled. The most recent publication on the kinetics of these materials was 

published in 1965 by Carlton, et. al. , (8) who worked on the heterogeneous 

decomposition of iron pentacarbonyl. 

In contrast to nickel, iron, and some similar metals, the metals 

of group VI -B combine directly with carbon monoxide only under the most 

extreme conditions. Mond (26) reported molybdenum hexacarbonyl in low 

yield but was unable to produce tungsten hexacarbonyl by direct combination. 

Interest in the carbonyls of this sub -group was revived in 1928 when Job,et. 

al., (20) reported on the synthesis of tungsten hexacarbonyl by means of a 

reaction between tungsten hexachloride, a Grignard reagent and carbon 

monoxide. This synthesis and similar methods developed since that time 

(18, 28) gave a ready source of the material for study. Much of the early 

work was in determining physical constants and the structure of the material. 

Electron diffraction studies of the vapor of the carbonyl indicated 

that the molecule was a regular octahedral with the metal at the center and 

the carbonyl groups directed to the apices (7). The bonding to the metal 

was assumed to be through the carbon atom. The tungsten to carbon dis- 

tance is 2. 06 + 0.04 A, and the carbon to oxygen distance is 1. 13 t 0. 05 Á 
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(16). This configuration corresponds to d2 sp3 hybrid orbitals. 

The thermodynamic properties of tungsten carbonyl have been pub- 

lished by various authors (9, 12, 14, 32). 

Gerasimov, et. al. , (12) reported on the equilibrium constants 

for the reaction 

W solid + 6 COgas w (CO)6 gas 

The values given were as follows: at 298. 2 °K)log10Kp = -1.6; at 335. 7 °K) 

log 10 IÇp = -5. 7 and at 378. 2 °K)log 10 Kp = -8. 8. These figures indicate 

that in the temperature range of this study (507 -556 °K) the dissociation of 

the carbonyl is practically complete. 

In contrast to the carbonyls of nickel and iron the material is not 

very toxic, nor is it highly hazardous to work with (30). The material will 

burn in air with a very sooty flame, releasing a black powder consisting 

of tungsten, tungsten oxides, and carbon. 

The only other carbonyl of tungsten which has been reported as 

st able enough for study is the pentacarbonyl. This material has been ob- 

served by infrared spectrometry in solutions of tungsten hexacarbonyl 

which had been irradiated with ultraviolet light (35). The tetracarbonyl, 

tricarbonyl, dicarbonyl, and monocarbonyl have been observed in a mass 

spectrometer and are thus capable of at least fleeting existence (3). In this 

study the pentacarbonyl was not observed with the mass spectrometer. 

ti 
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Commercial use of tungsten hexacarbonyl began to be developed 

about 1943 (36). Since that time there has been a steady interest in the 

material, particularly since the need for refractory materials has arisen 

in recent years. 

Because of the commercial use of tungsten hexacarbonyl in vapor 

phase plating, there has been an increased interest in the chemistry of the 

dissociation of the material. Lander and Germer published a comprehen- 

sive article in 1947 on the use of chromium, molybdenum, and tungsten 

carbonyls in vapor phase plating (23). Particular reference was made to 

the reaction 
2 CO C + CO2 

as the source of carbon in the plates from these materials. 

There have been few studies of the kinetics of the decomposition 

of these materials. Krichevskaya, et. al, published a brief article on the 

kinetics of the thermal decomposition of molybdenum hexacarbonyl (21) with 

data indicating an activation energy of about 37 kilocalories per mole. 

Two types of apparatus were found to have been used to study 

reactions of this type. To study the thermal decomposition of nickel tetra - 

carbonyl Bawn (4) used a glass bulb immersed in a thermostat. A mano- 

meter outside the thermostat was connected to the glass bulb by capillary 

tubing. The liquid nickel carbonyl could be readily injected into the pre- 

heated glass bulb at the start of the experiment, and the progress of the 

-'- 
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reaction could be followed by the pressure changes indicated on the mano- 

meter. The use of this apparatus was made possible by the fact that re- 

latively low temperatures are required to decompose the carbonyl (70- 100 °C) 

and by the fact that nickel tetracarbonyl is a liquid at room temperatures. 

Boettger (6) used a flow type apparatus. He passed a mixture of 

one percent nickel carbonyl vapor in nitrogen through a heated annular slit. 

The dimensions of the slit were such that the material reached reaction temp- 

erature very rapidly as it entered the reaction zone. The use of a differential 

flow reactor required very accurate analysis of the reaction mixture before 

and after the reaction zone in order to give good results. The analyses were 

accomplished by an infrared spectrometer. 

The work by Carlton)et. al. (8), while published too late to influence 

the design of apparatus used in this study, applied a principle similar to that 

used by Boettger)et. al. Carlton flowed iron pentacarbonyl vapor with or 

without a diluent gas /over a small diameter heated tube. Rate analyses were 

made by weighing the metal deposited on the tube, thus avoiding problems 

of accurate analysis. With this apparatus the exact temperature of the gas 

is unknown but since it was used for studying only the heterogeneous portion 

of the reaction this is of little consequence. 

The article on the kinetics of molybdenum hexacarbonyl decomposi- 

tion by Krichevskaya, et. al. , (21) reported the use of a sealed glass bulb 

which contained the sample and was connected to a small manometer at one 
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end. To start the reaction the bulb was placed in an oven previously heated 

to the reaction temperature. The progress of the reaction was followed by 

noting the gas pressure necessary to keep the small manometer balanced. 

The lack of preheating of the reactor in this apparatus, while necessitated by 

the difficulties in injecting a solid material, inevitably led to large errors 

in the temperature of the reaction zone. 

Consideration of the various types of apparatus used in these similar 

studies showed that all had faults which prevented their use with tungsten 

hexacarbonyl. The principle of injecting a sample into a preheated reactor 

appeared to be the most promising. By modifications of the pressure sens- 

ing methods and the injection system an apparatus was developed for this 

study. 



9 

THEORY 

In the usual reaction the only way a molecule may obtain energy to 

cause it to decompose is by a collision. Since a collision requires at least 

two bodies, it would appear that any homogeneous reaction should be of at 

least second order. The existance of first order homogeneous reactions 

thus presented a difficult problem to the early kineticists. This problem was 

solved during the early 1920 period in a series of interchanges between 

Lindemann (24), Hinshelwood (16), Fowler et. al. (11), and Rice, et. al. 

(29). The basis of the solution to the problem is that the reactant does not 

decompose immediately after receiving sufficient energy to cause its decom- 

position, but that a period of time may elapse before the bond involved breaks. 

During this period the molecule may lose energy by a second collision. Thus, 

there is considered to exist a more or less stable small population of ener- 

getic reactant molecules. This assumption may be written as follows: 

A+M 
k2 

A*+M 
1 

A* kg B + C 
slow 

where [MJ represents the concentration of any molecule which may collide 

with A to energize it to the activated form A *. This mechanism leads to the 

rate relations 
dCA3 _ -k3 [A3 -k2 A M + k1 [A] CM] dt 

> 



d B] =k3 CA *3 

dt 

Since it is assumed that the population of A* is very small and stable 

d rA *] is therefore equal to zero and [A *9 can be calculated as 
dt k [A7 [M] 

CA *3 k3 + k2 [M] 

and d (B] _ - d _ k3k1 [AN 
dt "dr k3 + k2 [M] 

10 

Since k3 is a slow step k3 «k2 Mat large values of [M], and therefore in 

this case the expression reduces to 

dl-A3 - -k3 kj CA] dt k2 

which is first order in A 

On the other hand if[M] is reduced sufficiently in value then 

K2CM] «k3 and the expression becomes 

d 4 -k1 [A] (M] 
dt 

When it is remembered that [M] represents the concentration of any mole- 

cule capable of colliding with A to give A *, and can thus includerA] itself, 

this expression becomes 

] _ -k [A] 2 

dt 

Thus, we find that if these basic assumptions are valid, then a first order 

homogeneous reaction may be expected to become second order at low 

d= 
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pressures, The pressure at which the change from second to first order 

character occurs is a function of the ratio of k2 and k3. If k3 is very 

large relative to k2, then we are considering a second order reaction, 

while if k2 is large relative to k3, the reaction appears to be first order. 

In the reaction under study there is an important heterogeneous 

component, The theory of heterogeneous reactions is only partially de- 

veloped, however there are several points to be considered. First it 

would seem obvious that no reaction can take place at a surface without 

adsorption of the reactant on the surface. The fraction of the surface 

coated by a monomolecular layer of the adsorbed material may often be 

calculated using an expression of the form (7): 

A- 
AP 

1 + AP 

Where P is the pressure of the adsorbed material in the gas phase, 

A is the fraction of the surface covered, and A is an adsorption 

coefficient characteristic of the system. At low values of P (or A) this 

expression reduces to 

9 AP 

Thus on the lower end of the adsorption isotherm the fraction covered is 

proportional to the pressure. 

This is of considerable significance for a mixed homogeneous - 

heterogeneous reaction, since it allows the concentration on the surface to 

_ 



follow that in the gas please. 'Thus ih a reaction where both t :e homogeneous 

and the heterogeneous portion of the reaction occur by first order kinetics, 

the observed kinetics will be first order only if the reaction occurs under such 

conditions that the fraction of the surface covered is proportional to the Coli- 

centration in the gas phase (13). Otherwise the observed order will be less 

than one by an amount dependent on the relative importance of the hetero- 

geneous and homogeneous portions of the reaction. 

The adsorption coefficient, A, decreases with increasing tempera- 

ture and usually varies exponentially with the reciprocal of the temperature. 

The activation energies (heats of adsorption) are usually on the order of -5 

kilocalories per mole (13). 

blackp
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APPARATUS 

Since the reaction of interest occurs with an increase in the number 

of gaseous molecules, the simplest method for following the reaction is to 

measure the pressure developed in a sealed reactor as the reaction pro- 

gresses. Because the reaction is a thermal decomposition, the reactant 

must be heated to the reaction temperature very rapidly, and, once the 

reaction temperature is reached, the temperature must be accurately con- 

` trolled. This represents a difficult control problem if an attempt is made 

to heat up a previously sealed reactor containing the sample. To avoid this 

problem, the apparatus used in this work was designed so that a solid sample 

of the reactant could be injected into a previously heated reactor which was 

then sealed. 

In order that all surfaces exposed to the reactant should beat a 

uniform temperature, pressure was sensed by means of a high temperature 

pressure transducer (Consolidated Electrodynamics Corporation Type 

4- 316 -0001) capable of operating at the reactor temperatures. Capillary 

tubing leading to an external pressure gauge could not be used because the 

tube would be plugged by sublimed carbonyl. The pressure transducer used 

had a guaranteed maximum error due to non -linearity and hysteresis of + 

0.5% of full scale. Calibrations furnished by the manufacturer indicated a 

usual error of + 0.3%. 
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In addition the reactor required stirring to establish a uniform gas 

mixture in the vessel. While magnetic stirring may be applied through 

metal walls of a reactor, it is inefficient and difficult to carry out at these 

temperatures. Its use, for the strong agitation required, might also lead 

to localized heating in the reactor shell due to induced eddy currents. For 

this reason mechanical stirring was used. To amid the use of packing glands 

at these temperatures, the entire apparatus was rotated with glass beads 

inside to supply agitation. 

It was also found in preliminary studies that the use of a low con- 

ductivity metal (stainless steel in this case) in the walls of the reactor pro- 

duced noticeable temperature gradients. In the final apparatus these thermal 

gradients were minimized by constructing the reactor body of aluminum 

and the support tube holding the reactor in the furnace of thin -walled stain- 

less steel. The use of thin -walled stainless steel minimized the flow of 

heat from the reactor through the support tube. This low thermal flux from 

the reactor, together with the high conductivity of the aluminum, made it 

possible to obtain a nearly uniform temperature throughout the reactor. 

Figure 1 shows the outlines of the final apparatus used in this work. 

The small gear motor at the left of the illustration rotated the entire appa- 

ratus at about 200 revolutions per minute. The bearings shown at the ends 

of the air cylinder are perforated to allow air to be fed to the charging 

piston and to allow inert gas to be fed to the reactor during the preheating 
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period so that a controlled atmosphere could be maintained in the reactor. 

Sample injection and sealing of the reactor were carried out 

simultaneously by the air piston shown. Figure 2 shows a cross section of 

this air cylinder and the adjoining portion of the support tube leading to the 

reactor. The sample carrier is shown in place at the right -hand end of 

the injection rod extending from the air piston. The piston is shown in the 

retracted position, as it would be prior to the start of an experiment. Note 

the small Teflon gasket surrounding the sample carrier at the end of the 

injection rod. When the sample is injected into the reactor, this gasket 

seats so that the reactor is sealed. The seal was maintained throughout the 

run by air pressure on the piston. The sample carrier shown was a two - 

inch section of thin walled 1/4 -inch nickel tube with an internal blank about 

one inch from the base, and with the base end sealed. Nickel was chosen 

because of its low thermal conductivity, thus decreasing heat flow from 

the reactor to the injector rod. 

Figure 3 is a cross section of the reactor proper showing the 

sample carrier in a sealed reactor as it would be during the reaction period. 

The small perforated cage around the sample carrier prevented glass beads 

from entering the support tube prior to sealing the vessel and improved the 

initial evaporation of the sample. The pressure transducer is shown at the 

right end of the reactor. The seal is maintained here by a Teflon "O" ring. 
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Excitation current to and signals from the transducer were 

carried by a set of four slip rings shown in Figure 1. The rings were made 

of type 304 stainless steel, and spring loaded graphite brushes were used. 

The signals from the pressure transducer were fed to a Leeds and Northrup 

Model H -AZAR Speedomax recorder equipped with chart drives of 60 and 

7 1/2 inches per hour. 

During an experiment the reactor was situated in an electric fur- 

nace. Temperature control of this furnace was achieved by the use of three 

Chromel -Alumel thermocouples in series, equally spaced about the walls 

of the furnace. The signal from these thermocouples was fed to a Brown 

Instruments Division potentiometric controller (Model 156 C 16 PS -21 +). 

An ice bath was used as a cold junction for all thermocouples. 

Reactor temperature was sensed by a Chromel -Alumel thermo- 

couple in a well in the wall of the reactor. Because of the low level of the 

signals and difficulties with contact potentials, this signal could not be led 

out of the apparatus through slip rings. Therefore, the temperature of the 

reactor was read at intervals during the reaction by stopping the reactor 

briefly and slipping leads onto the ends of the thermocouple. This thermo- 

couple was calibrated at the melting points of Bureau of Standards tin and 

lead and was found to be within 0.1° of the published calibration curves 

for Chromel -Alumel thermocouples. 
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The sample carrier was first tared, and sufficient carbonyl was then 

pressed into the open end to give the desired reactant content in the reactor. 

Hand pressure on a small steel rod was sufficient to compact the material in 

the carrier to prevent its premature release. The carrier was installed in the 

end of the injector rod where it was held by friction, and the apparatus was 

then assembled by slipping the support tube over the injector rod and thread- 

ing it into the end of the air cylinder. 

The pressure transducer at the end of the reactor was loosened and 

a flow of filler gas was started into the perforated bearing carrying the sup- 

port tube. This allowed the filler gas to flow through the support tube, into 

the reactor, and out around the pressure transducer, thus flushing out any 

foreign gases which might be present and establishing a known atmosphere 

in the reactor. This flushing action was allowed to proceed for five minutes. 

At the end of this period the pressure transducer was tightened sufficiently 

to seal it, and the flow of filler gas was reduced, but not stopped. The 

reactor was then placed in the electric furnace and tested for clearance by 

slow rotation. The power to the furnace was turned on, and the rise in temp- 

erature of the reactor was monitored by means of the thermocouple in the 

reactor wall. 
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When the system had stabilized at the desired temperature, a 

process usually requiring one to two hours, the excitation voltage was con- 

nected to the leads to the pressure transducer and the chart drive in the re- 

corder was turned on. The zero set on the AZAR recorder was adjusted to 

suit the output of the pressure transducer, and the reactor rotation was 

started. Air pressure was then turned into the air cylinder to drive the 

injection rod to the reactor to inject the sample and to seal the reactor 

simultaneously. The sample evaporated from the sample carrier as the 

carrier reached operating temperature. Air pressure was maintained for 

the duration of the run to secure the reactor against leaks. 

Since it was not possible to continually monitor the temperature of 

the reactor, the rotation of the apparatus was stopped periodically and the 

temperature was checked. If the temperature was found to have changed 

from the desired temperature by more than one -half degree Centigrade and 

could not be corrected in time to allow an appreciable portion of the run to 

be made within these limits, the run was rejected. In the longer runs at 

lower temperatures, if the temperature was found to have changed from 

the desired limits in the early part of the run, it was occasionally possible 

to get the temperature back within the limits rapidly enough to allow the latter 

part of the run to be used. In such cases the rate constants were based on 

the slope of that part of the run for which the temperature was within limits. 
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The pressures developed by the reaction were recorded con- 

tinuously on the AZAR recorder throughout the run. The reaction was 

allowed to go to completion in order to establish the initial concentration 

of tungsten carbonyl in the reactor. This precaution was necessary to 

allow for any evaporation of the sample which might have taken place during 

the warm up period prior to sealing the reactor. During this period, al- 

though the sample carrier was in the cool area of the support tube, it could 

"see" radiation from the heated reactor, and it was possible for this to 

cause some evaporation of the sample. The initial concentration of the 

carbonyl determined from the final pressure was compared to the sample 

weight charged, and it was found that this evaporation was very slight. 

With one exception, a minimum of four duplicate experiments were 

performed at each set of conditions. In certain studies where a "start up" 

period was involved six runs were made, with the first two runs showing 

lower rates than the last four. The data were converted to tabulations of 

pressure vs. time, and the rate constants were calculated. 

Samples of the off gas fromthe reaction could be withdrawn from 

the reactor at the end of a run for chemical analysis. However, the rate 

of buildup of the coating on the glass beads was such that a sample of plate 

could be obtained for analysis only after the completion of a series of 15 -20 

experiments. The coating was removed from the beads by placing them in 

a small jar and shaking. The brittle coating would then break off and 
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could be collected for analysis. 

Calculations 

The pressure determined during an experiment was the combined 

(gauge) pressure of the reaction products and the partial pressure of the 

carbonyl. Further, the initial pressure of the carbonyl could not be direct- 

ly determined since the carbonyl was both evaporating and decomposing 

during the initial portion of the reaction period. For this reason it was 

necessary to calculate the initial pressure of tungsten carbonyl either from 

the amount of material charged to the reactor and the perfect gas law, or 

from the final pressure. It was found to be simpler, and probably more 

accurate, to use the latter method. This method gives an initial pressure 

which depends upon the amount of carbonyl which is actually injected into 

the reactor and thus automatically accounts for any evaporation of the 

sample which might have taken place prior to the sample injection. 

In order to apply this method the ratio of final to initial pressure 

for the reaction must be known. The indicated pressure was that due to 

the sample plus the carbon monoxide generated by the reaction and did not 

include the pressure of the filler gas. The expected ratio, based on the 

simple decomposition of the tungsten hexacarbonyl, should thus be six to 

one. However, the solid plate from the reaction was found to contain 

about three weight percent carbon and four weight percent oxygen. From 
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this the overall reaction may be given as: 

4W (CO)6 WO2 + 2C + 3W + 22CO 

This reaction indicates a pressure ratio of five and one half to one, The 

expected initial pressure based on the charge to the reactor was within 3% 

of that calculated from the final pressure using this ratio. This three per- 

cent probably represents evaporation of the sample prior to injection into 

the reactor. 

The initial pressure of the carbonyl was thus calculated by dividing 

the final pressure by five and one half. This initial pressure was then sub- 

tracted from the obtained pressures to give a figure ( "pressure change" 

in the tabulated data) which is proportional to the degree of completion of 

the reaction. The percent completion, at any given time, is then calculated 

as the percentile ratio of the "pressure change" at that time to the final 

"pressure change ". This figure subtracted from 100 gives the percentage 

of the initial carbonyl remaining at the time in question. In a few of the 

earlier runs this was converted to concentration; however, it was soon 

established that the reaction was of first order and therefore rate constants 

were determined from the slopes of plots of the following equation: 

in {-(100) = kt c 
C'o 

Since only the slope is of significance in determining the first order rate 

constant this equation may be used instead of the usual: 

--> 

L 

1 
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rs_] = kt 

The usual plot deviated from a straight line in the first few minutes 

of the run. These deviations were nearly always positive which corresponds 

to incomplete evaporation of the sample, In a few cases there were devia- 

tions during the early part of the run due to temperature variations which 

were later corrected. In all cases the rate constants were determined from 

the slope of the linear portion of the curve which fell within a range known to 

be within the limits set on temperature (+ 0.5 °C). 

Activation energies and pre -exponential factors were determined 

from a plot of the Arrhenius equation in the form: 

In (k) = In (A) E a 
RT 

The slope of the line is the value of the activation energy divided by the gas 

constant R, and the intercept at infinite temperatures is the natural logarithm 

of the pre -exponential term ( "frequency factor "). 
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RESULTS 

1. The reaction is of first order as shown by Figure 4, and the 

rate law thus is of the form: 

r 
d CW (CO)j= 

-k [NNT (CO)6 dt 

2. The value for the rate constant, k, depends on the other gases 

present and on the nature and amount of surface present as follows: 

Filler Gas 

He 

He 

Surface to volume Ratio 
(per centimeter) Arrhenius Equation 

3.7 k= 1015'8 exp [-45,800 
RT ) 

3.7 (old surface) k = 1015.7 exp {.45000 

He 11.0 k=1013.7exp 

Ar 3,7 k= 1014 1 exp 

RT 

{-39,600 
RT 

[-41,700 
RT 

CO 3.7 k= 1014'7 e 
-43, 200 

RT 

J 

7 

The variation of the rate constants with the nature of the filler 

gas indicates that diffusion has an effect on the rates. The increasing 

rates with increasing surface to volume ratios indicates that the reaction 

is partially heterogeneous. 

I 
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The accuracy of the rate constants was calculated as + 8. 8 %, and 

the accuracy of the activation energies, as + 8.5 %. The spread of rate 

constants on quadruplicate runs was close to this calculated range. 

3. The reaction is of mixed homogeneous -heterogeneous nature. 

The relative importance of the homogeneous and heterogeneous portions of 

the reaction is dependent on the temperature and the surface -to- volume ratio 

approximately as follows: 

Temperature 
( °K) 

Surface to volume 
ratio (per centimeter) 

Percent 
homogeneous 

Percent 
heterogeneous 

507 3.7 10 90 

507 11.0 3 97 

556 3.7 70 30 

556 11.0 40 60 

The activation energy was approximated for the homogeneous portion of the 

reaction as 70 kilocalories per mole and for the heterogeneous portion as 

35 kilocalories per mole. 
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DISCUSSION 

For convenience, this discussion is divided into three sections. 

These are: 

Rate data analysis 

Activation energies 

Mechanism 

Rate data analysis 

It was soon found that the reaction rate, at a given temperature, 

varied with the condition of the surfaces within the reactor. For instance, 

when the reactor was first put into service after cleaning (wi th a mixture 

of 30% H2O2 and 30% aqueous NaOH) the rate constant would be found to be 

only one half to one third as large as for the same reactor under the same 

conditions after three or more runs. After the third or fourth run the rate 

stabilized and remained constant (for otherwise constant conditions) for a 

number of runs. 

A further phenomenon of interest is the manner in which these rate 

constants increase. The data from the first run in a freshly cleaned reactor 

are linear on a first order plot. The second run plots in the same manner, 

but with a steeper slope, and the third run behaves similarly. The 

phenomenon of significance is that the slope changes between the runs and 
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not during the runs. Figure 5 illustrates this behavior. From this be- 

havior it must be concluded that the change taking place in the surface to 

cause the increased rate occurs between runs and not during the runs. 

There appear to be two possible explanations for this action. The 

first possibility is that the increase in rate is due to the development of 

"active" sites on the tungsten plate (formed on the surfaces of the reactor) 

by thermal stresses occurring during the cooling and heating taking place 

between runs. By this hypothesis, the number of active sites tends to be- 

come stable after the third run as old sites are sealed off by the fresh plate 

being deposited and new sites develop with each cooling and heating cycle. 

It is also possible that oxygen from the air admitted when the 

reactor is opened between runs may be adsorbed on the tungsten surfaces 

and have a catalytic effect on the reaction. Tungsten is known to strongly 

adsorb oxygen, and for this reason the surface could be at the same oxygen 

level (saturated) at widely differing oxygen contents in the gas phase in the 

reactor. Presumably much of this oxygen would be driven off during the 

heating of the reactor prior to sealing, but there could still be a residual 

amount of adsorbed oxygen to act, in some manner, as a catalyst to the 

reaction. 

With the apparatus in use and within the range of this study there 

appears to be no definitive way to establish whether one or the other or both 

of these mechanisms may be responsible for the rate increase observed. 
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The fact that the second run falls in rate between the first and the third 

runs would appear to favor the hypothesis of active sites due to thermal 

strain, since these might be expected to become more numerous with the 

thickening of the film between the first and second run, while it would seem 

likely that the surface adsorption of oxygen would be nearly the same for 

all runs once a continuous film of tungsten has been formed (as occurs with 

the first run). It is, of course, possible, as implied above, that the in- 

creased rate may be the combined results of the two mechanisms or some 

third, less obvious, possibility. 

As the number of runs was greatly extended, the rate constant 

again increased. After about twenty five runs the increase became as 

much as sixty to seventy percent. This increase has a relatively obvious 

explanation in that the plate has become thick enough so that gross fractures 

begin to appear due to thermal stresses during cooling and heating, and 

these add to the effective surface area in the reactor. Thus at this time 

the surface area in the reactor is not simply the apparent surface of the 

beads and reactor walls, but is somewhat greater. 

The design of this apparatus is such that a filler gas is required 

prior to the start of the run. In this work the filler gases used have been 

helium, argon, carbon monoxide, and sulfur hexafluoride. The nature of 

the gas was found to affect the rate of the reaction, with helium giving the 

fastest rate and sulfur hexafluoride the slowest rate. The data obtained 
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with sulfur hexafluoride cannot be taken as accurate, however, since this 

material was found to attack the glass beads in the reactor under these 

conditions. 

The rate constants increase with decreasing molecular weight of 

the filler gas; the total range (omitting sulfur hexafluoride) is only about 

50% between argon and helium (Argon k= O. 0043 per second, helium k = 

O. 0064 per second, both at 556 °K). Such a result would indicate that dif- 

fusion is playing a part in the reaction, However, since the activation 

energies, as found below, are rather high, diffusion cannot be playing a 

large role in the reaction, 

These results in combination indicate that the reaction is at least 

partially heterogeneous, This was further tested by doing a series of 

experiments at various surface -to- volume ratios. The surface -to- volume 

ratio was decreased to the minimum available with this apparatus by 

making a series of runs at 556 °K with no glass beads in the reactor. 

Unfortunately this also introduces another variable by decreasing the 

agitation in the reactor. However the decrease in rate constant with this 

set of runs is a further indication of the heterogeneous effects present in 

the reaction. The maximum surface to volume ratio at which the apparatus 

could be operated was eleven to one. Above this ratio the number of glass 

beads was such that they no longer tumbled in the reactor. Smaller glass 

beads would have increased the ratio, but they also passed through the 
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perforations in the cage surrounding the sample carrier and thus prevented 

the sealing of the reactor. The rate constants obtained at 556 °K with the 

three surface -to- volume ratios used are as follows: 

Surface to volume ratio 
(per centimeter) 

1.5 

3.7 

11. 0 

Rate constant 
(per second) 

0. 0037 

0. 0064 

0. 0106 

The greater increase in the rate constant between 1.5 and 3.7 surface -to- 

volume ratio than between 3. 7 and 11. 0 presumably reflects the combined 

effects of increased surface -to- volume ratio and increased agitation. 

The fact that the rate constant is not directly proportional to the 

surface -to- volume ratio shows that this reaction proceeds with homogeneous 

and heterogeneous reactions proceeding in parallel. This fact and the fact 

that the observed rate law is first order give an indication of the adsorption 

characteristics of tungsten carbonyl under these conditions. These results 

imply that the range of concentrations investigated must lie on the lower end 

of the Langmuir isotherm, i.e. , the amount of adsorbed tungsten carbonyl 

must be directly proportional to the tungsten carbonyl concentration in the 

gas phase. Thus a rate law of the following form can be written: 

d C = khom C + khet A C S 
dt 
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where 

khom = the rate constant for the homogeneous reaction (per second) 

khet = the rate constant for the heterogeneous reaction (per second) 

A = a proportionately constant between the gas concentration of 

W(CO)6 and the amount adsorbed (centimeters). 

S = area of surface (square centimeters) 

V = volume of reactor (cubic centimeters) 

C = concentration of tungsten carbonyl in gas phase. 

This can be rearranged to give 

dC 
dt (khom + khet A C 

and the observed rate constant as obtained from the data would be equal 

to the term in parenthesis: 

Kobs = khom + khet A 

Such a conclusion would not be reached if the adsorption character- 

istics of the tungsten carbonyl or tungsten were such that these conditions 

would lead to operation on the upper end of the isotherm. In such a case, 

there would be no proportionality constant (A) between the concentration in 

the gas phase and the amount of adsorbed carbonyl. Instead the amount 

adsorbed on the surface would be independent of the concentration of the 

gas and the overall rate would be: 

dC 
dt 

S / 
= khom C + khet C 

- 
- S ) 

V 
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Cf represents the saturation concentration of tungsten carbonyl on the 

surface and is a constant independent of the gas concentration. This expres- 

sion can no longer be separated into a first order form. It is not possible, 

of course, to directly check this conclusion by adsorption measurements of 

tungsten hexacarbonyl under the conditions used due to the decomposition of 

the carbonyl. 

Activation energies 

Activation energies and pre -exponential terms were obtained by use 

of an Arrhenius plot. Figure 6 shows the results of those experiments in 

which helium was used as the inert gas. Other plots are given in the appendix, 

The results obtained are as follows: 

Filler Surface -to- volume Pre -exponential Activation energy 
Gas ratio(per centimeter) (per second) kilocalories /mole 

Entropy of 
Activation 

He 3. 7 1015.8 45.8 10.6 

He 3. 7 1015'7 45. 0 10.2 

He 11.0 1013.7 39.6 2. 8 

Ar 3.7 1014.1 41.7 2.8 

CO 3.7 1014.7 43. 2 5.6 

The second set of data for a surface -to- volume ratio of 3.7 rep- 

resents the effect of a large number of runs with the same surfaces. These 

experiments were all made with surfaces which had not been cleaned for twenty 
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five runs or more. This led to an increase in the rate of reaction. 

These data also show the appreciable lowering of the activation 

energy (as well as the pre -exponential term) by the increase in surface -to- 

volume ratio. When it is realized that the observed rate constant is a com- 

bination of two rate constants, one for the homogeneous reaction and the 

other for the heterogeneous reaction, it can be seen that the observed 

activation energy can easily change with surface -to- volume ratio. The 

observed activation energy might be considered as a weighted combination 

of the activation energies for the two parallel reactions, with the weighting 

being a function of the relative importance of the two reactions. 

Estimates have been made for the activation energies of the homo- 

geneous and heterogeneous portions of the reaction. This was done by solving 

the expression given above (kobs= khom +khet A S) for the values of khom 
V 

(homogeneous rate constant) and khetA (Heterogeneous rate constant combined 

with the adsorption constant). Since the observed rate constant and the sur - 

face-to- volume ratios are known at several temperatures, it is possible to 

calculate a value for the homogeneous rate constant and the product of the 

heterogeneous rate constant and the proportionality factor for the adsorption 

of tungsten carbonyl. It is not possible with these data to obtain a hetero- 

geneous rate constant separated from the proportionality constant. The values 

for the homogeneous rate constant and the heterogeneous product were plotted 
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on an Arrhenius plot to obtain activation energies for these terms. (See 

Appendix I) 

One might question whether the product of the heterogeneous rate 

constant and the adsorption coefficient can be expected to obey an Arrhenius 

relation, However, since the adsorption coefficient is known to give a 

straight line with a negative activation energy of 5 -20 kilocalories per mole 

on such a plot, it may be seen that the product may also be expected to be 

linear. 

The resulting activation energies are 70 ki localories per mole for 

the homogeneous portion of the reaction and 35 kilocalories per mole for the 

heterogeneous portion of the reaction, The latter figure, of course, 

includes the effect of the variation of the adsorption factor with temperature. 

The fact that the usual activation energy of the adsorption coefficient lies 

between -5 and -20 kilocalories indicates that the true activation energy for 

the heterogeneous rate constant must be between 41 and 56 kilocalories, 

since the value of 35 kilocalories represents the sum of the two activation 

energies involved. 

From the relation: 

kobs - khom + khet (A) (S /V), 

and the homogeneous and heterogeneous rate constants, it is possible to 

calculate the relative contributions of the homogeneous and the heterogeneous 

portions of the reaction. The percentages calculated are as follows: 
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Temperature 
Surface to volume 

ratio 
Percent 

homogeneous 
Percent 

heterogeneous 

507 3. 7 10 90 

507 11.0 3 97 

556 3. 7 70 30 

556 11.0 40 60 

The relative importance of the homogeneous and heterogeneous 

portions of the reaction is dependent on both the temperature and the 

surface-to-volume ratio. 

It must be emphasized that these results are only approxima- 

tions, in view of the limited data available and the uncertainties in the 

surface to volume ratio, and are presented only in order to explain certain 

trends observed in vapor phase plating. These results indicate that the 

reaction can be expected to become almost entirely homogeneous as temper- 

ature is increased and therefore yield powders or powdery plates rather 

than plates. This has been commented on in the literature (23, 31). 

The activation energies obtained for this reaction are relatively 

high but are within the range of values found for unimolecular decompo- 

sitions yielding stable molecules. Benson (5) has a list of typical reactions 

of this type, and activation energies range from 13 to 74 kilocalories per rile 

and pre -exponential terms range from 109.5 to 1016. In this connection the 

activation energy for the homogeneous portion of the reaction as calculated 
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above, w hile admittedly only approximate, is apparent ly near the highest 

observed values for this type of reaction. 

The entropy of activation was calculated for a temperature of 556 °K. 

While the values show a considerable range and are, by nature, only approxi- 

mations, it may be observed that in all cases the values are positive and thus 

indicate a reaction which is more rapid than "normal" reactions. This would 

be expected for the complex molecule involved which has six equivalent bonds 

susceptible to rupture. It may be seen that after the molecule has picked up 

enough energy to cause the rupture of one bond there is a greater likelihood 

of this energy flowing into any one of six equivalent bonds than there would be 

of it flowing into one particular bond. For this reason the transition state 

for this reaction may be considered as more probable than "normal ". 

By the Lindemann -Hinshelwood mechanism for first order homo- 

geneous reactions the reaction could be expected to become second order at 

some low pressure. Such points are usually in the pressure range of a small 

fraction of an atmosphere and, with this apparatus, it was not possible to 

operate with an initial reactor pressure of less than one atmosphere. For 

this reason no attempt was made to establish the pressure at which the 

reaction would become second order. 
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Mechanism 

The third and most difficult phase of this work was the attempt to 

establish a mechanism for this reaction. Published works on vapor phase 

plating have noted the presence of carbon in the plate, and, as mentioned 

previously, many unsuccessful attempts have been made to alter plating 

conditions to obtain a plate free of carbon (23, 31). The reactions published 

have been assumed to be as follows: 

W(C O)6 W + 6 CO 

2 CO C + CO2 

The second reaction is assumed to be responsible for the carbon present in 

the plate. This reaction is thermodynamically favorable at low temperatures, 

and is hindered only by kinetics. The assumption has been made that the 

freshly formed tungsten surface can catalyze this reaction, and that this can 

lead to appreciable amounts of carbon in the plate. As explained below the 

data obtained in this research indicate that this reaction is only a very minor 

contributor to the carbon content of the plate. 

The mechanism for the early stages of the reaction must be con- 

sidered for each of the two parallel reactions. In the homogeneous portion 

of the reaction the first step is undoubtedly the activation of a tungsten hexa- 

carbonyl molecule (by collision). This molecule may then be deactivated by 

> 

--3 
- 
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another collision, or the energy may flow into one of the six equivalent 

tungsten -to- carbon bonds with subsequent rupture of the bond. This rupture 

is, on the basis of the rate law observed, the slow step in the reaction. After 

the breaking of the first bond, the remaining material is the very unstable 

tungsten pentacarbonyl. This material has been observed in solutions of 

tungsten hexacarbonyl irradiated with ultraviolet light. The unstable penta- 

carbonyl then presumably decomposes rapidly in a stepwise fashion through 

the tetracarbonyl, tricarbonyl, dicarbonyl, and monocarbonyl to tungsten 

metal. This later series of carbonyls have all been observed in a mass 

spectrometer and are thus capable of at least fleeting existance. An attempt 

was made, with negative results, to detect these unstable intermediates by 

freezing them out of a reaction mixture at liquid- nitrogen temperature. 

It must be assumed from this negative result that their lifetime is too brief 

to allow their transport from the reaction zone to the cold surface. 

At first it might also appear that the slow step in the reaction might 

be the step from W (CO)5 to products; with an equilibrium existing between 

the hexacarbonyl and the pentacarbonyl plus carbon monoxide 

W (CO)6 

W (CO)5 

k1 

k2 

k 
slow 

W (CO)5 + CO 

W (CO)4 + CO 

--- 
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However this assumption leads to a rate law of the following form: 

d [W(C00 k2 k1 _ k1 [W(CO)g] 
dt k2 + k3 

This rate law shows a dependence on carbon monoxide which was never 

found in this work. 

It is very difficult to establish a mechanism for the heterogeneous 

decomposition of the carbonyl. All that may be said is that the mechanism 

may and probably does differ from the homogeneous mechanism given 

above. Intermediates apparently are formed between the tungsten surface 

and the hexacarbonyl which allow the reaction to proceed with a considerably 

reduced activation energy, as shown by the approximate activation energies 

calculated above for the heterogeneous and the homogeneous reactions. 

The fine particles of solid tungsten formed in the homogeneous 

reaction nucleate the heterogeneous reaction. This leads to the growth of 

these particles to such a size that they will drop out of the gas phase and 

adhere to the surfaces of the reactor, where they may be incorporated into 

the plate. This a reaction of this mixed nature can yield a solid product 

which is almost entirely a plate with relatively little powdery material 

present. In addition this means that the surface -to- volume ratios as 

obtained from the measurements of the reactor may be lower than the true 

surface -to- volume ratio by an indeterminate amount. 

If the plate obtained were pure tungsten, this set of reactions 

- 

r(3) 

¡ 

1 
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from tungsten hexacarbonyl to tungsten plus carbon monoxide would 

suffice; however, the plate is always found to contain carbon. Analyses 

of the plates were made for carbon with the following results: 

Sample No. Percent carbon 

64-687 2.3 

64-699 2. 83 

64 -700 2.75 

64 -701 2,75 

These amounts of carbon should lead to a carbon dioxide content in the off 

gas from the reaction of about nine percent, if the carbon is developed 

from the disproportionation of carbon monoxide. Analyses of the off gas 

gave the following results: 

Sample No. Percent CO Percent CO2 

64 -703 75.2 0.32 

64 -706 85.1 Not detected 

64 -719 76.1 . 08 

64 -720 85.0 . 08 

64-746 84.7 . 85 

64 -749 75.8 .48 

64 -768 87.8 . 18 

64-800 76.1 .34 

64 -809 77.4 . 78 
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A material balance, based upon these results, indicated that some oxygen 

was missing. As a result analyses were made of the plate for carbon and 

oxygen, and the results follow: 

Sample No. Percent carbon Percent oxygen 

64 -723 2.8 4.3 

64 -797 3.5 4.4 

64 -95 2 3.0 3.4 

It thus became apparent that the reaction which added carbon to the plate 

simultaneously added oxygen since this amount of oxygen is too great to be 

accounted for by adsorption on the plate surface. The proposed reaction is: 

2CO +W WO 2 
+2C 

This reaction is thermodynamically even more favorable than the reaction 

usually published (OF 500 = -42, 100 for this reaction vs. OF °500 = -20, 200 

for the disproportionation of carbon monoxide) and could very well account 

for the high carbon content (37). Furthermore this reaction, like the dis- 

proportionation reaction, becomes less favorable as the temperature 

increases thus accounting for the decreased carbon content at higher 

temperatures reported in the literature. 

The presence of oxygen in the plate has generally not been reported 

in the literature, although one report exists of a similar analysis for the 

decomposition products of molybdenum hexacarbonyl (10). There may 

be two explanations for this omission. First, and somewhat unlikely, 

-- 
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oxygen is a rather difficult material for which to analyze, and its analysis 

may have simply been omitted. A second, more probable, explanation 

arises because of the nature of the usual plating gases used in tungsten 

plating. Nearly all of these plating gases contain hydrogen and, indeed, 

some workers claim that no successful plating gas can be compounded with- 

out hydrogen as a carrier gas (23). Although the reduction of tungsten di- 

oxide by hydrogen is somewhat unfavorable at the usual plating temperatures 
° 

(íF600 = + 10, 300), with an excess of hydrogen in the gas phase this reac- 

tion could proceed. Thus the necessity of including hydrogen in the plating 

gases could be explained on the basis of the need to reduce the tungsten 

dioxide formed in the plate through the reaction of tungsten with carbon 

monoxide. 

In order to determine if a reaction between tungsten and carbon 

monoxide was kine tically likely, a sample of tungsten powder containing less 

than twenty parts per million of carbon and 260 parts per million of oxygen 

was fluidized at 550 °K for an hour in a stream of carbon monoxide. The 

amount of carbon was then found to have increased to 466 parts per million, 

and the oxygen, to 1, 520 parts per million. This indicates that the reaction 

does actually take place with the material used. The pickup of oxygen and 

carbon with this material was low, but here we are dealing with old surfaces, 

whereas in the reaction being studied the surfaces are constantly being re- 

newed with fresh, and presumably reactive, tungsten. The deficiency of 
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carbon pickup compared with the oxygen may be explained as carry over 

of the very fine, light particles of carbon by the carbon monoxide stream 

flowing through the fluidized bed. 

In order to establish the presence of tungsten dioxide in the plate, 

x -ray diffraction analyses were made on portions of the material. However 

the plate formed at these temperatures is of such a fine crystalline or dis- 

ordered nature that no x -ray diffraction patt erns could be obtained. The 

operators of the x -ray diffraction apparatus estimated the crystallite size as 
0 

less than 25 A. Samples of the coating were sent to the Denver Research 

Institute at the University of Denver for electron diffraction analysis, They 

reported that patterns were difficult to obtain, but two plates were obtained 

which showed definite patterns. These plates were read at the Bureau of 

Mines Laboratory in Albany, Oregon, and found to be the patterns of tung- 

sten dioxide and tungsten; the carbon present was presumably in the amor- 

phous form. On annealing these samples for twelve hours at 1, 000 °C the 

carbon combined with the tungsten, and strong patterns for W2C and WC 

were observed for both x -ray and electron diffraction. 

As a further check on the possibility of the carbon present coming 

from the disproportionation of carbon monoxide, a sample of the plate was 

manufactured using carbon dioxide as a carrier gas for the tungsten carbonyl, 

The carbonyl evaporator was operated at 35 °C so that the tungsten carbonyl 

had a vapor pressure of less than O. 1 torr. With this excess of carbon 

dioxide the disproportionation reaction at the plating temperature involved 
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(600 °K) should be reversed, and there should be no carbon present in the 

plate. Analysis of the plate showed 0.81% carbon and 6.7% oxygen; the 

reduction in carbon content was the result of attack on the carbon by the 

excess carbon dioxide present. 

There remains a problem however with respect to the oxygen and 

carbon in the plate. With the thermodynamically favorable nature of the 

reaction between carbon monoxide and tungsten, the presumably active 

nature of the fresh tungsten surface, and the large amount of carbon mon- 

oxide present, it is not obvious why the reaction does not go to completion. 

The usual analysis of the plate indicates about one fourth completion of the 

reaction based on the tungsten present. It can only be assumed that this 

lack of completion is due to a combination of kinetic and steric effects. 

First, it must be assumed that the reaction is not a very rapid one, and 

then it must be kept in mind that throughout the course of the reaction 

fresh tungsten is being plated onto the surface, blanketing and protecting 

the previous surface from further attack. It thus appears probable that 

the carbon found in the usual plates from tungsten hexacarbonyl is the re- 

sult of a reaction between carbon monoxide and tungsten. In the usual 

plating process the tungsten dioxide resulting from this reaction is reduced 

by the hydrogen used as a carrier gas. 

In passing it should be noted that the gross appearance of the 

plates gave little indication of the presence of the oxide. An unbiased 
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observer, judging on appearance alone, would probably consider that the 

plate obtained was a pure metal. The presence of the oxide was evidenced 

however by the very brittle nature of the plate. 

It would appear that since the reaction between carbon monoxide 

and tungsten becomes less favorable at high temperatures the carbon con- 

tent of the plate could be reduced by plating at high temperatures. However, 

it must be remembered that as the temperature is increased the homogen- 

eous portion of the reaction is favored at the expense of the heterogeneous 

portion. As a result, at high temperatures the plate tends to be powdery 

and will not adhere to the substrate (23, 31). 

Because both products of the reaction are solids it is not possible 

to add an excess of one of the products to reverse the formation of carbon. 

It should, at least in theory, be possible to reduce the pressure of carbon 

monoxide present and thus reverse the reaction. Calculations based on 

the free energy change of the reaction show that at 600 °K the carbon 

monoxide pressure must be reduced to less than 0.6 micron of mercury 

to reverse the reaction. This low pressure would lead to very low plating 

rates. 

The only simple way to reduce the carbon content of the plate is to 

add some reagent to the plating gas which will react with the carbon to re- 

move it. This has been done in some instances by adding water to the plat- 

ing gas, thus reducing the carbon content through the water gas reaction(2). 
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RECOMMENDATIONS 

In this study approximate values for the activation energies of 

the homogeneous and heterogeneous portions of the reaction were ob- 

tained by separating the respective rate constants at two temperatures 

and plotting them on an Arrhenius plot. This was done in an approximate 

manner only, for with a reaction having a solid product there is a degree 

of uncertainity in the surface to volume ratio. However, it would appear 

that this method might be applicable to a number of reactions known to be 

partially heterogeneous. A suitable reaction to study would be one having 

gaseous reactants and products and known to be catalyzed by a specific 

surface, for example, platinum. 

It is therefore recommended that a study of such a reaction with 

known reaction surface areas and volumes be carried out to critically test 

the utility of this method. 
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SUMMARY 

The results obtained may be summarized as follows: The reaction 

is first order and is partially heterogeneous in nature. Activation energies 

and frequency factors are dependent on other gases present and on the 

amount and nature of the surfaces present. The activation energy for the 

homogeneous reaction is on the order of 70 kilocalories per gram mole, 

and for the heterogeneous reaction it is on the order of 35 kilocalories per 

mole. Observed frequency factors ranged from 1013.7 to 1015' 9, while 

the activation energies ranged from 39.6 to 45.9 KCal /gm mole. 

The homogeneous reaction occurs with an initial slow step involv- 

ing the dissociation of tungsten hexacarbonyl to tungsten pentacarbonyl and 

carbon monoxide, followed by a rapid series of stepwise dissociations 

leading to tungsten metal and carbon monoxide. The tungsten metal then 

reacts with carbon monoxide to form tungsten dioxide and carbon. This 

reaction accounts for most of the carbon found in the plate. The reaction 

of tungsten and carbon monoxide does not go to completion due to the 

kinetically slow nature of the reaction and to the fact that the reactive 

tungsten surface is being constantly covered by fresh tungsten and made 

inaccessible to further attack. 

It is recommended that the method used in this study to separate 
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homogeneous and heterogeneous activation energies be applied to a partially 

heterogeneous reaction in which the surface to volume ratio can be clearly 

defined. 
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I. CALCULATIONS 

Entropy of activation 

This value, while somewhat artificial, arises from the 

transition state theory, According to this theory 

kr- h K# 

where kr = rate constant 

k = Boltzmann constant 

T = temperature, °K 

h = Planks constant 

K#= equilibrium constant between reactants and the 

transition state complex 

But Kris related to the free energy of activation OFD by 

Now, 

And since 

AF = -RT ln K 

kr kT -OF #/RT 
h 

OF=AHf- - TOS 

k kT e OS #/R e-OH/RT r- = 

AH *is related to the experimental activation energy (Ea) in a gaseous 

reaction by the equation (13) 

AH = Ea - nRT 

n 

# 

= 
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where n is the order of the reaction. 

From this set of equations it is possible to calculate the entropy 

of activation. For example, for the case of helium filler gas, 3.7 surface - 

to- volume ration, and fresh surfaces, Ea = 45, 800 calories /gm mole. 

For T = 556°K 

AH = 45, 800 - (1.987) 556 

= 44, 700 calories /gm mole 

k . _ kT eAS /R e -AH /RT r- 
h 

0. 0064 = 1.38 x 10 -16 (556) e-44,700/(1.987 x 556) eAS 

6,62 x 10'27 
AS = 10.6 calorie mole -1 °C -1 

The factor hT 
e AS /R in the expression above for the rate 

constant may be considered as corresponding to the Arrhenius frequency 

factor. If kT is the "normal" frequency factor then the entropy of 

activation may be considered as an indication of the relative reaction rate 

as compared with the normal (5). 

Separation of homogeneous and heterogeneous activation energies 

Two sets of data were available with different surface -to- volume 

ratios at identical temperatures, one at 556°K and one at 507°K. The 

observed rate in moles per second could be given as: 

rate = kobs VC 



where kobs = observed rate constant, sec -1 

V = volume of reactor, cm3 

C concentration, g moles /cm3 

The homogeneous rate would be given by the same expression with 

kobs replaced by khom, where khom is the homogeneous rate constant. 

The heterogeneous rate would depend on a heterogeneous rate constant 

(khet) , 
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the surface area, and the amount of reactant on the surface. The 

amount of reactant on the surface would in turn depend on the concentration 

in the gas phase and the adsorption coefficient (A) provided the conditions 

were such that the operation was being carried out on the lower section of 

an adsorption isotherm, As a result the heterogeneous rate can be given by 

rate = khet SAC 

where S = surface area (cm)2 

A = absorption coefficient (cm) 

The overall (observed) rate is equal to the sum of the heterogemus 

and homogenous rates: 

kobs VC = khom VC + khet SAC 

Dividing by VC gives 

kobs = khom + khet A4- 

The use of this expression with known kobs and S/V allows khom and 

khetA to be separated. For example at 556°K the kobs = 0.0064 

= 
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sec-1 at S/V = 3, 7 cm-1 and k obs = 0, 0106 sec-1 at S/V = 11.0 cm -1 

Substituting gives 

0. 0064 = khom + 3. 7 khet A 

0. 0106 = khom + 11. 0 khet A 

khom = 0. 0043 sec-1 

khetA = 0. 000575 cm /sec 

At 507°K the results were 

khom = 0. 000012 sec-1 

khet A = 0. 000029 cm /sec 

These results were then plotted on an Arrhenius plot, 

(Figure 7), and the activation energies were calculated from the slopes. 

Ea hom = 12.35 -5.15 
( 1. 987)-.70 kcal /g mole 

0. 00021 l 

Ea het = 11. 02 -7.30 (1. 987}= 35 kcal /g mole 
0. 00021 l 

The results of this calculation are to be considered as approximations 

only. 
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Errors 

The errors involved in this work were estimated as follows: 

Temperature - ± 1. 0 °C 

Pressure - ± 0.5% 

Time -±0.5% 

By far the most serious is the temperature error. This error is 

composed of an error of ± 0,5°C in the temperature control itself and 

an assumed ± 0.5°C due to variations in the temperatures of the junctions 

to the leads to the AZAR recorder. A further possibility of temperature 

error exists in the heat flow into the reactor required to keep the 

reaction going, however, this error was found to be on the order of 

only 0.06 °C based on rather approximate calculations and for this 

reason was neglected. 

The error in the rate constant due to temperature error may 

be calculated (for an activation energy of 45 kilocalories per mole, as 

obtained in this study) as follows: 

ln k =lnA - Ea 
KT 

differentiating 

dk = Ea dT T 1-T-Tr2- 
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Now treating the differentials as errors: 

Ok Ea AT 

45, 000(±1) _ ± 0. 08 
1.987 (530)2 

- 8% 

The combined error due to the variations in time and pressure 

may be approximated from the first order integrated rate law as follows: 

1n CA =kt 
CAo 

k = ln CA 

CAo 
Take the total differential, replace the differentials by deltas to indicate 

errors, divide by k, and add the errors to get 

Since 

Ak OCA + At 
k CA ln CA T 

CA0 

ACA 
CA 

equals AP the values for the errors may be substituted in 

this expression with CA equal one fourth of CAo as in the usual range of 

interest, 

Ak _ 0. 005 t(0. 005) _± 0. 0085 
k ln 1/4 

The total error for the rate constant is thus - 8. 8 %. 

Tc- 

+ 

t 

_ 
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This error value can then be used to establish the error in 

the activation energy by using the Arrhenius equation as follows: 

lnkl=lnA - Ea 
RT1 

ln k 2 = ln A - Ea 
NT2 

Subtracting and re- arranging 

Ea = - RT1 T2 In k2 
T1 - T2 k1 

Take the total differential, divide by this form for Ea, set the differen- 

tials equal to errors, and add the errors to obtain 

DEa T2 
(OT1 

)(6,T2 

Ea T -T \ T1 T2\ T a 1 1 1 2 2 

+ 1 Ak1 + Ok2 

) ln R2 k2 
k1 

In this work the overall temperature range was from 507 to 556 °K and 

the corresponding range of rate constants was 54 to 1. This gives an 

error of: DEa 6 55 ( 4-11) + (5071 ±1)±, 1 (0. 088+0. 088) 
Ea - 49 1 507 \ 49 ( 55 ln 54 

+ 
0.0224 0.0186 0,0441 =+ 0.085 

3. 8 kilocalories per mole 

Tl 

± 
± 

AEd -± 

- 

1 
k1 

_ 
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It should be emphasized that this figure represents the 

maximum expected error. It is comparable to the usual expected 

error for work of this nature at this temperature. Benson (5) states 

that an error of ±5% is normal for activation energies of gas reactions 

at 300 °K. A somewhat larger error may be expected at elevated 

temperatures because of increased difficulties in temperature control. 
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II. SPECIFICATIONS OF THE TUNGSTEN CARBONYL 

The tungsten carbonyl used in this research was supplied by 

Varlacoid Chemical Company, 116 Broad Street, New York City, 

Order No. A64 -1611. The material was checked by spectrographic 

analyses with the following results: 

Impurity Parts per million 

Al 100 
B 10 
Ba <50 
Co <10 
Cr 50 
Cu 10 
Fe 100 
Mg 500 
Mn 50 
Mo 5,000 
Ni 10 
Pb <500 
Si 500 
Sn 10 
Ti 50 
V 50 
Zn <500 

The only impurity which might be significant is the molybdenum. 

However, molybdenum carbonyl decomposes much more rapidly at a 

given temperature than tungsten carbonyl, and thus even in rather large 

amounts it would not be expected to interfere after the first few percent 

of the reaction completion time. 
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The off gas from the reaction was tested in a mass spectrograph 

for the presence of organic materials, which might cause the carbon 

impurities in the plate. No organic materials were found. 

The vapor pressure for pure tungsten hexacarbonyl was 

reported in the literature (14) as given by the equation: 

3872 
Log P = 11.523 - 

T 

where P is in millimeters of mercury and T is in degrees Kelvin. 

This was checked by Mr. Stephen Hill of the Bureau of Mines Laboratory 

in Albany, Oregon using a diaphragm type vapor pressure apparatus (15). 

He found the nearly identical relation: 

Log P = 11.368 - 3780 
.._T 

using a sample of the tungsten carbonyl used in this study. 
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III. DATA 

On the following pages are the data for this work. The heading 

of each page indicates the condition for the runs on that page. The 

surface conditions have been classified as "fresh" or "old" depending 

on whether the reactor had been cleaned within the previous twenty 

runs or whether twenty five or more runs had elapsed prior to the run 

in question without cleaning. 

The heading 'Pressure Change" denotes the difference between 

the pressure and the final pressure divided by 5.5, that is: 

Pressure change = Pressure Final Pressure 
5.5 

The rate constant for each run has been given at the base of 

the column. 
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TABLE 

Surface to 
Filler volume ratio 

gas (per centimeter) 

1. - Summary of Data 

Average 
rate constant 
(per second) 

Surface 
condition 

Temperature 
( °K) 

Helium 1.5 Fresh 556 0.0037 
Helium 3.7 Fresh 507 .00012 

544 . 0024 
556 . 0064 

Helium 3.7 Old 507 .00020 
532 . 0018 
556 .. 011 

Helium 11, 0 Fresh 507 . 00033 
532 , 0021 
556 . 011 

Argon 3.7 Fresh 507 .00015 
532 . 0014 
556 . 0043 

Carbon 3.7 Fresh 507 .00015 
monoxide 532 . 00097 

556 . 0062 
Sulfur 3.7 
hexafluoride 

Fresh 556 .00050 



TABLE 2 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 556 °K, Filler -Gas, Helium, Surface -to- volume Ratio - 1. 5, (no glass beads) 
Surface Condition - Fresh 

Time 
minutes 

Run No. 64- 9 -10 -1 Run No. 64- 9 -10 -2 
Pressure 
psig 

Pressure 
change, psi 

Percent 
incomplete 

Pressure 
psig 

Pressure 
change, psi 

Percent 
incomplete 

1 25.7 2.8 97.3 18.0 
2 47.1 24.2 76.6 47.1 24.9 75.0 
3 63.0 40.1 61.2 63.2 41.0 58.9 
4 75.8 52.9 48.8 75.8 53.6 46.2 
5 84.1 61.2 40.7 84.1 61.9 37.9 
6 91.3 68.4 33.7 90.6 68.4 31.4 
7 96.6 73.7 28.6 95.5 73.3 26.5 
8 101.2 78.3 24.1 99.8 77.6 22.2 
9 105.2 82.3 20.3 103.4 81.2 18.6 

10 108.3 85.4 17.3 106.4 84.2 15.5 
12 113.3 90.4 12.4 110.6 88.4 11.3 
14 117.1 94.2 8.7 113.3 91.1 8,6 
16 120.0 97.1 5.9 
Final 126.1 103.2 121.9 99.7 

k = 0.00292 per second k = 0.00285 per second 



TABLE 2 (continued) 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 556 °K, Filler -Gas - Helium, Surface -to- volume Ratio - 1.5 (no glass beads) 

Time 
minutes 

Run No. 64- 9 -11 -1 Run No. 64- 9 -11 -2 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 

1 6.0 9.5 
2 33.0 10.8 89.2 39.5 17.4 82. 5 
3 50.9 28.7 71.2 55.5 33.4 66.3 
4 65.3 43.1 56.8 68.1 46.0 53.6 
5 75.8 53.6 46.2 75.8 53.7 45.9 
6 83.6 61.4 38.4 81.8 59.7 39.8 
7 89.4 67.2 32.6 86.4 64.3 35.2 
8 94.3 72,1 27.7 90.6 68.5 30.9 
9 98.4 76.2 23.6 94.2 72.1 27.3 

10 101.6 79.4 20.4 97.8 75.7 23.7 
12 107.1 84.9 14.9 103.2 81.1 18.3 
14 111.5 89.3 10.4 107.9 85.8 13.5 
16 115.0 92.8 6.9 111.7 89.6 9.7 
Final 121.9 99.7 121.3 99.2 

k = 0_00298 per second k = 0. 00274 per second 

- 



TABLE 3 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 507 °K, Filler Gas - Helium, Surface -to- volume Ratio - 3 ,7 , Surface Condition - Fresh 

Time 
minutes 

Run No. 64- 10 -30 -1 Run No. 64- 10 -29 -2 
Pressure 

psig 
Pressure 

change, psi. 
Percent 

incomplete 
Pressure 

psig 
Pressure 

-change, psi. 
Percent 

incomplete 

8 32.6 12.9 85.4 34.0 13.6 85.2 
16 50.8 31.1 64.9 54.8 34.4 62.5 
24 60.1 40.4 54.4 63.1 42.7 53.4 
32 66.8 47.1 46.8 69.5 49.1 46.5 
40 71.8 52.1 41.2 75.8 55.4 39.6 
48 75.8 56.1 36.7 80.6 60.2 34.4 
64 79.1 59.4 33.0 86.4 66.0 28.0 
80 81.9 62.2 29.8 89.0 68.6 25. 2 
96 84.5 64.8 26.9 91.9 71.5 22. 0 

112 87.0 67.3 24.0 94.1 73.7 19.6 
128 88.7 69.0 22.1 96.2 75.8 17.3 
144 90.6 70.9 20.0 97.3 76.9 16.1 
160 91.9 72.2 18.5 98.7 78.3 14.6 
Final 108.3 88.6 0. 0 112.1 91.7 0. 0 

k = . 000109 per second k = . 000115 per second 



TABLE 3 (continued) 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 507 °K, Filler Gas - Helium, Surface -to- volume Ratio 3. 7, Surface Condition - Fresh 

Time 
minutes 

Run No. 64- 11 -3 -1 Run No. 64- 11-5 -1 
Pressure 

-psig 
Pressure 

change, psi. 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi. 
Percent 

incomplete 

8 31.4 11.1 87.9 3.6.7 16.5 81.9 
16 48.2 27.9 69.5 52.6 32.4 64.5 
24 56.6 36.3 60.3 61.0 40.8 55.3 
32 62.8 42.5 53.5 67.4 47.2 48.3 
40 67.9 47.6 47.9 72.0 51.8 43.2 
48 72.0 51.7 43.4 75.8 55.6 39.0 
64 79.2 58.9 35.6 81.8 61.6 32.5 
80 83.5 63.2 30.9 86.4 66.2 27.4 
96 86.1 65.8 28.0 89.4 69.2 24.1 

112 88.6 68.3 25.3 91.8 71.6 21.5 
128 94.3 74.1 18.8 
Final 111.7 91.4 0. 0 111.4 91.2 0. 0 

k = . 000110 per second k = . 000147 per second 



TABLE 4 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 544 °K, Filler Gas - Helium, Surface -to- volume Ratio - 3. 7, Surface Condition - Fresh 

Time 
minutes 

Run No. 64- 12 -12 -1 Run No. 64- 12 -10 -1 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 
Pressure 
psig 

Pressure 
change, psi 

Percent 
incomplete 

1 34.1 13.0 86.3 23.5 2.7 97.1 
2 52.3 31.2 67.1 48.5 27.7 70.4 
3 64.8 43.7 53.9 63.2 42.4 54.7 
4 75.8 54.7 42.3 75.8 55.0 41.2 
5 82.6 61.5 35.1 82.7 61.9 33.9 
6 89.2 68.1 28.2 89.4 68.6 26.7 
7 92.4 71.3 24.8 92.8 72.0 23.1 
8 96.1 75.0 20.9 96.6 75.8 19.0 
9 98.9 77.8 17.9 99.5 78.7 15.9 

10 101.3 80.2 15.4 102.0 81.2 13.3 
11 103.1 82.0 13.5 103.9 83.1 11.2 
12 104.1 83.0 12.5 104.9 84.1 10. 2 
Final 115.9 94.8 114.4 93.6 

k = . 00232 per second k = . 00289 per second 



TABLE 4 (continued) 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 544 °K, Filler Gas - Helium, Surface -to- volume Ratio - 3. 7, Surface Condition - Fresh 

Time 
minutes 

Run No. 64- 12 -10 -2 Run No. 64- 12' -5 -1 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 

1 29.0 7.9 91.7 38.9 17.6 81.6 
2 50.8 29.7 68.7 54.7 33.4 65.1 
3 65.4 44.3 53.3 66.2 44.9 52.6 
4 75.8 54.7 42.3 75.8 54.5 43.1 
5 83.0 61.9 34.7 81.8 60.5 36.8 
6 88.4 67.3 29.0 86.8 65.5 31.6 
7 92.4 71.3 24.8 90.8 69.5 27.4 
8 95.8 74.7 21.2 94.0 72.7 24.0 
9 98.5 77.4 18.4 96.8 75.5 21.1 

10 100.8 79.7 15.9 99.4 78.1 18.4 
11 102.3 81.2 14.3 101.4 80.1 16.3 
12 103.9 82.8 12.7 103.3 82.0 14.3 
Final 115.9 94.8 117.0 95.7 

k = . 00232 per second . 00234 per second 



TABLE 5 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 556 °K, Filler Gas - Helium, Surface -to- volume Ratio - 3.7 - Surface Condition -Freshly 
Cleaned 

Time 
minutes 

Run No. 64- 9 -17 -1 Run No. 64- 9 -17 -2 
Pressure 
psig 

Pressure 
change, psi 

Percent 
incomplete 

Pressure 
psig 

Pressure 
change, psi 

Percent 
incomplete 

1 19.7 - - 10 
2 43.2 20.2 80.5 43.6 21.0 79.4 
3 55.5 32.5 68.6 60.8 38.2 62.4 
4 68.2 45.2 56.3 75.8 53.2 47.7 
5 75.8 52.8 49.0 87.4 64.8 36.3 
6 82.2 59.2 42.8 95.0 72.4 28.8 
7 87.4 64.4 37.8 101.4 78.8 22.5 
8 92.1 69.1 33.2 106.0 83.4 18.0 
9 96.4 73.4 29.1 109.3 86.7 14.7 

10 100.3 77.3 25.3 112.1 89.5 12.0 
12 105.8 82.8 20.0 116.9 94.3 7.3 
14 110.4 87.4 15.6 120.4 97.8 3.8 
16 114.7 91.7 11.4 
Final. 126.5 103.5 124.3 101.7 

k = . 00216 per second k = . 00385 per second 



TABLE 5 (continued) 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 556 °K, Filler Gas - Helium, Surface -to- volume Ratio - 3. 7 - Surface Condition - Freshly 
Cleaned 

Time 
minutes 

Run No. 64- 9 -17 -3 Run No. 64- 9 -18 -1 
Pressure 

psig 
Pressure 
change, psi 

Percent 
incomplete 

Pressure 
psig 

Pressure 
change, psi 

Percent 
incomplete 

1 32.9 9. 7 90.7 18. 0 
2 58.3 35.1 66.3 55.3 32.7 67.9 
3 75.8 52.6 49.5 75.8 53.2 47.7 
4 91.4 68.2 34.5 92.1 69.5 31.7 
5 102.4 79.2 24.0 102.6 80.0 21.3 
6 110.0 86. 8 16. 7 109. 5 86. 9 14. 6 
7 115.7 92.5 11.2 114.9 92.3 9.3 
8 120.0 96.8 7.1 117.4 94.8 6.8 
9 122.8 99.6 4.4 119.2 96.6 5.0 

10 123. 9 100. 7 3.4 120. 3 97. 7 3. 9 
Final 127.4 104.2 124.3 101. 7 

k = . 00634 per second k = . 00630 per second 



TABLE 5 (continued) 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 556 °K, Filler Gas - Helium, Surface -to- volume Ratio - 3. 7 - Surface Condition - Freshly 
Cleaned 

Time 
minutes 

Run No. 64- 9 -18 -2 Run No. 64- 9 -18 -3 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 

1 31.0 7.9 92.4 22.0 - - 
2 57.5 34.4 67.0 55.2 31.5 70.5 
3 75.8 52.7 49.4 75.8 52.1 51.2 
4 93.0 69.9 32.9 95.6 71.9 32.7 
5 103.0 79.9 23.3 107.8 84.1 21.3 
6 109.8 86.7 16.7 115.0 91.3 14. 5 

7 114.8 91.7 11.9 120.4 96.7 9.5 
8 118.3 95.2 8.5 123.9 100.2 6.2 
9 121.3 98.2 5.7 126.2 102.5 4.0 

10 123.0 99.9 4.0 127.7 104.0 2.6 
Final 127.2 104.1 130.5 106.8 

k = . 00579 per second k = . 00710 per second 



TABLE 6 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 507 °K, Filler Gas - Helium, Surface -to- volume Ratio - 3. 7, Surface Condition - Old 
(Due to equipment failure only one run was completed at these conditions) 

Run No. 65- 6 -18 -1 

Pressure 
change, psi 

Percent 
incomplete 

Time 
minutes 

Pressure 
psig 

4 24,1 11.1 81.3 
8 33.0 20.0 65.9 

12 38.3 25.3 56.9 
16 41.8 28.8 50.9 
24 47.4 34.4 41.4 
32 51.1 38.1 35.1 
40 54.9 41.9 28.6 
48 56.8 43.8 25.4 
56 58.2 45.2 23.0 
64 59.4 46.4 21.0 
72 60.4 47.4 19.3 
80 61.3 48.3 17.7 
88 62.1 49.1 16.4 
96 62.6 49.6 15.5 
Final 
k = . 000205 per second 

71.7 58.7 



TABLE 7 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 532° K, Filler gas - Helium, Surface -to- volume ratio 3. 7, Surface Condition - Old 

Time 
minutes 

Run No. 64- 10 -6 -1 Run No. 64- 10-6 -2 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 

1 32.6 11.5 87.9 24.2 2.6 97.3 
2 45.2 24.1 74.6 37.9 16.3 83.2 
3 55.3 34.2 63.9 48.5 26.9 72.3 
4 63.6 42.5 55.2 57, 6 36.0 62.9 
5 70.6 49.5 47.8 64.4 42.8 55.9 
6 75.8 54.7 42.3 70.8 49.2 49.3 
7 80.1 59.0 37.8 75.8 54.2 44.2 
8 83.8 62.7 33.9 79.8 58.2 40.1 
9 86.7 65.6 30.8 83.3 61.7 36.5 

10 89.5 68.4 27.8 85.8 64.2 33.9 
12 94.0 72.9 23.1 91.0 69.4 28.5 
14 98.1 77.0 18.8 95.6 74.0 23.8 
16 101.7 80.6 15.0 99.7 78.1 19. 6 

18 104.5 83.4 12.0 103.0 81.4 16.2 
20 106.7 85.6 9.7 105.5 83.9 13.6 
Final 115.9 94.8 118.7 97.1 

k - . 00172 per second k = . 00157 per second 

. - 



TABLE 7 (continued) 

hermal Decom.osition of Tungsten Carbon 

Temperature - 532 °K, Filler gas - Helium, Surface -to- volume ratio 3. 7, Surface Condition - Old 

Time 
minutes 

64- 10 -8 -1 64- 10 -8 -2 
Pressure 

psig 
Pressure 
change, psi 

Percent 
incomplete 

Pressure 
psig 

Pressure 
change, psi 

Percent 
incomplete 

1 22.7 1.4 98.5 26.5 4.7 95.2 
2 42.4 21.1 78.1 47.7 25.9 73.5 
3 53.5 32.2 66.5 60.6 38.8 60.4 
4 62.3 41.0 57.3 69.5 47.7 51.3 
5 69.8 48.5 49.5 75.8 54.0 44.9 
6 75.8 54.5 43.3 80.3 58.5 40.3 
7 80.5 59.2 38.4 84.1 62.3 36.4 
8 83.9 62.6 34.9 87.4 65.6 33.0 
9 87.1 65.8 31.5 90.9 69.1 29.4 

10 90.0 68.7 28.5 93.5 71.7 26.8 
12 94.5 73.2 23.8 98.4 76.6 21.8 
14 98.3 77.0 19.9 102.3 80.5 17.8 
16 101.4 80.1 16.7 105.8 84.0 14.2 
18 104.1 82.8 13.8 108.3 86.5 11,7 
20 106.4 85.1 11.5 110.6 88.8 9.3 
Final 117.4 96.1 119.7 97.9 

k = . 00155 per second k = . 00173 per second 000 

Pressure Variation during the 



TABLE 8 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 532 °K, Filler Gas - Helium, Surface -to- volume ratio - 3. 7, Surface Condition -Old 

Time 
minutes 

Run No. 65 -4-26 -1 Run No. 65-4 -20 -1 
Pressure 

_. psig 
Pressure 

change, psi 
Percent 

_incomplete 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 

1 28.2 12.7 _81.8 11. 9 

2 38.7 23.2 66.8 26.2 13.5 76.4 
3 47.6 32.1 54.1 36.3 21.2 63.0 
4 53.5 38.0 45.7 43.1 28.0 51.2 
5 57.8 42.3 39.5 47.6 32.5 43.3 
6 61.1 45.6 34.9 51.1 36.0 37.2 
7 64.1 48.6 30.5 53.9 38.8 32.2 
8 66.9 51.4 26.5 56.4 41.3 27.9 
9 69.2 53.7 23.2 58.3 43.2 24.6 

10 70.8 55.3 20.9 60.0 44.9 21.6 
11 72.4 56.9 18.7 61.6 46.5 18.8 
12 73.9 58.4 16.4 62.7 47.6 16.9 
13 74.9 59.4 14.9 64.0 48.9 14.6 
14 76.1 60.6 13.3 64.7 49.6 13.4 
Final 85.4 69.9 70.0 57.3 

k = . 00206 per second k = . 00224 per second 



TABLE 8 (continued) 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 532 °K, Filler Gas - Helium, Surface -to- volume ratio - 3. 7, Surface Condition - Old 

Time 
minutes 

Run No. 65- 4 -23 -1 Run No. 65- 4 -22 -2 
_Pressure 

psig 
-.Pressure 
change, psi 

Percent 
incomplete 

Pressure 
psig 

Pressure 
change, psi 

Percent 
incomplete 

1 29.1 13.4 81.3 26.5 9.9 86.8 
2 38.7 23.0 67.4 38.5 21.9 70.7 
3 47.6 31.9 54.8 47.6 31.0 58.5 
4 53.9 38.2 45.8 54.4 37.8 49.4 
5 58.7 43.0 38.9 59.2 42.6 42.9 
6 62.1 46.4 34.2 62.7 46.1 38.3 
7 65.0 49.3 30.1 64.3 47.7 36,1 
8 67.6 51.9 26.4 66.6 50.0 33.1 
9 70.1 54.4 22.8 68.9 52.3 30.1 

10 71.8 56.1 20.4 70.8 54.2 27.6 
11 73.6 57.9 17.8 72.6 56.0 25.1 
12 75.2 59.5 15.6 74.2 57.6 22.9 
13 76.6 60.9 13.6 75.5 58.9 21.2 
14 77.8 62.1 11.8 76.9 60.3 19.4 
Final 86.2 70.5 91.4 74.8 

k = . 00220 per second k ._ . 00149 per second 



TABLE 9 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 5.56°K, Filler Gas - Helium, Surface -to- volume ratio 3. 7, Surface Condition - Old 

Time 
minutes 

Run No. 65- 4 -29 -1 Run No. 65- 4 -30 -1 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 

0.5 19.7 20.2 2.8 96.4 
1.0 36.3 19.0 75.5 37.0 19.6 74.9 
1.5 47.6 30.3 61.1 48.2 30.8 60.6 
2.0 55.9 38.6 50.4 56.4 39.0 50.1 
2.5 65.0 47.7 38.7 66.0 48.6 37.9 
3.0 73.2 55.9 28.2 74.0 56.6 27.6 
3.5 79.0 61.7 20.7 80.4 63.0 19.4 
4.0 83.1 65.8 15.5 83.5 66.1 15.5 
4.5 86.4 69.1 11.1 87.0 69.6 11. 0 
5.0 88.8 71.5 8.0 89.5 72.1 7.8 
5.5 90.4 73.1 6.0 90.8 73.4 6.1 
6.0 91.6 74.3 4.5 92.2 74.8 4.4 
6.5 92.6 75.3 3.2 93.2 75.8 3.1 
7.0 93.3 76.0 2.2 94.0 76.6 2.1 
Final 95.2 77.9 95.6 78.2 

k = 0. 0104 per second k = . 0107 per second 



TABLE 9 (continued) 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 556 °K, Filler Gas - Helium, Surface -to- volume ratio 3. 7, Surface Condition - Old 

Time 
minutes 

Run No. 65 -4-27 -1 Run No. 65-4-28-1 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 

0. 5 8. 1 18. 1 

1. 0 34.7 17. 4 77. 6 37. 8 21. 6 70. 2 

1.5 47.6 30. 3 61. 0 47. 6 31. 4 56. 8 

2. 0 56.8 39.5 49. 2 56. 9 40. 7 44. 0 
2.5 66.4 49. 1 36. 7 65. 4 49. 2 32. 3 

3. 0 74.1 56. 8 26. 8 71. 7 55.5 23,6 
3.5 79.3 62. 0 20. 1 76. 9 60. 7 16.4 
4. 0 83.2 65. 9 15. 1 80.5 64. 3 11.5 
4.5 86.4 69. 1 10. 9 83. 4 67. 2 7.5 
5. 0 88.8 71.5 7. 9 85. 3 69. 1 4. 8 

5.5 90.3 73. 0 6. 0 86. 5 70. 3 3. 2 

6. 0 91.4 74. 1 4.5 87. 4 71. 2 2. 1 

6.5 92.5 75. 2 3. 2 88. 0 71. 8 1. 4 
7. 0 93.4 76. 1 2. 0 88. 5 

Final 95.0 77. 7 88. 9 

k = . 0104 per second k = . 0110 per second 



TABLE 10 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 507 °K, Filler Gas - Helium, Surface -to- volume Ratio - 11. 0, Surface Condition - Fresh 

Time 
minutes 

Run No. 65 -3-4 -1 Run No. 65- 2 -18 -1 
Pressure 

psig 
Pressure 

change, psi. 
Percent 

incomplete 
_Pressure 

psig 
Pressure 

-change, psi. 
Percent 

incomplete 

4 34.8 15.3 82.6 44.7 25.5 70.5 
8 46.8 27.2 69.1 57.4 38.2 55.8 

12 53.4 33.9 61.5 64.6 45.5 47.3 
16 57.8 38.3 56.5 69.0 49.8 42.4 
20 61.4 41.9 52.4 72.6 53.4 38.2 
24 64.5 45.1 48.8 75.8 56.6 34.5 
32 70.1 50.7 42.4 81.5 62.1 28. 1 
40 75.8 56.2 36.1 85.4 66.0 23.6 
48 80.0 60.6 31.1 88.4 68.9 20.3 
56 83.4 63.8 27.5 90.3 71,0 17. 8 
64 86.0 66.4 24.6 92. 0 72.6 16. 0 
72 88.3 68.6 22.1 93.6 74.2 14.1 
Final 107.6 88.0 105.6 86.4 

k = . 000305 per second k = . 000378 per second 



TABLE 10 (continued) 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 507 °K, Filler Gas - Helium, Surface -to- volume Ratio - 11.0, Surface Condition - Fresh 

Time 
minutes 

Run No. 65 -3 -2 -1 Run No. 65- 2 -18 -1 
Pressure 

psig 
Pressure 

change, psi. 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi. 
Percent 

incomplete 

4 39.6 18.6 79.3 39.2 19.9 77. 1 

8 51.1 31.1 65.4 53.7 34.4 60.4 
12 57.7 37.8 57.9 59.5 40.2 53.7 
16 62.7 42.7 52.4 64.1 44.8 48.4 
20 67.1 47.1 47.6 67.0 47.7 45.1 
24 70.0 50.0 44.3 70.1 50.8 41.5 
32 75.7 55.7 38.0 76.3 57.0 34.3 
40 81.1 61.1 32.0 80.4 61.1 29.6 
48 85.1 65.1 27.5 84.0 64.7 25.5 
56 88.1 68.1 24.2 86.9 67.6 22. 1 

64 90.5 70.5 21.5 89.0 69.7 19.7 
72 92.6 72.,6 19.2 90.5 71..2 18.0 
Final 109.8 89.8 106.1 86.8 

k - . 000295 per second k . 000325 per second m 



TABLE 11 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 532 °K, Filler Gas- Helium, Surface -to- volume Ratio - 11.0, Surface Condition - Fresh 

Time 
minutes 

Run No. 65 -2 -9 -2 Run No. 65 -2 -9 -1 
Pressure 

psig 
Pressure 

change, psi 
Percent 
incomplete 

Pressure 
psig 

Pressure 
chan e, psi 

Percent 
incomplete 

2 39.9 18.0 81.7 37.1 16.0 83.1 
3 54.1 32.2 67.3 54.1 33.0 65.1 
4 66.3 44.4 55.0 67.5 46.4 51.0 
5 75.8 53.9 45.3 75.8 54.7 42.2 
6 82.1 60.2 39.0 82.8 61.7 34.8 
7 87.3 65.4 33.7 87.7 66.6 29.6 
8 91.6 69.7 29.3 91.2 70.1 25.9 
9 95.2 73.3 25.7 94.4 73.3 22.5 

10 98.4 76.5 22.4 97.0 75.9 19.8 
12 103.2 81.3 17.6 101.4 80.3 15.1 
14 106.7 84.8 14.0 104.7 83.6 11.6 
16 109.2 87.3 11.5 107.0 85.9 9.2 
18 111.3 89.4 9.3 109.1 88.0 7.0 
20 112.7 90.8 7.9 110.7 89.6 5.3 
Final 120.5 98.6 115.7 94.6 

k= 0.00209 per second k = 0. 00218 per second 

'- 



TABLE 11 (continued) 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 532 °K, Filler -Gas - Helium, Surface -to- volume Ratio - 11.0, Surface Condition - Fresh 

Time 
minutes 

Run No. 65 -2 -9 -3 Run No. 65- 2 -11 -1 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 
Pressure 
psig 

Pressure 
change, psi 

Percent 
incomplete 

1 26.0 4.0 96.0 29.8 8.4 91.3 
2 43.6 21.6 78.2 44.7 23.3 75.8 
3 56.5 34.5 65.2 57.6 36.2 62.4 
4 67.8 45.8 53.8 68.0 46.6 51.7 
5 75.7 53.7 45.9 75.7 54.3 43.7 
6 82.0 60.0 39.5 81.6 60.2 37.6 
7 86.6 64.6 34.9 86.2 64.8 32.8 
8 90.7 68.7 30.7 89.7 68.3 29.1 
9 94.2 72.2 27.2 92.7 71.3 26.0 

10 97.3 75.3 24.1 95.7 74.3 22.9 
12 102.4 80,4 19.0 100.7 79.3 17,7 
14 106.1 84.1 15.2 104.4 83.0 13.9 
16 109.2 87.2 12.1 107.5 86.1 10,7 
18 110.6 88.6 10.7 109.7 88.3 8.4 
20 113.5 91.5 7.8 113.3 89.9 6.7 
Final 121.2 99.2 117.8 96.4 

k = 0.00209 per second k = 0. 00203 per second 



TABLE 12 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 556 °K, Filler Gas - Helium, Surface -to- volume Ratio - 11. 0, Surface Condition - Fresh 

Time 
minutes 

Run No. 64- 12 -17 -1 Run No. 64- 12 -18 -1 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 
Pressure 
psig 

Pressure 
change, psi 

Percent 
incomplete 

1.0 14.2 50.7 30.1 67.4 
1.5 35.5 15.7 82.4 65.6 45.0 51.4 
2.0 52.5 32.7 63.3 75.8 55.2 40.3 
2.5 65.6 45.8 48. 6 85.5 64.9 29.8 
3.0 75.8 56.0 37. 2 94.7 74.1 19.7 
3.5 85.3 65.5 26. 5 99.8 79.2 14.4 
4.0 93.4 73.6 17.2 104.2 83.6 9.6 4.5 97.5 77.7 12. 8 106.8 86.2 6.8 
5.0 100.9 81.1 8.9 109.2 88.6 4.2 
5.5 102.7 82.9 7. 0 110.1 89.5 3.3 
6.0 104.4 84.6 5. 0 111.0 90.4 2.3 
6.5 105.7 85.9 3.6 115. 5 90.9 1.7 7.0 106.9 87.1 2.2 112. 1 91.5 1.1 Final 108.9 89.1 113.1 92. 5 

k = . 0107 per second k = . 0120 per second 

- - - - 



TABLE 12 (continued) 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature 

Time 
minutes 

- 556 °K, Filler Gas - Helium, Surface -to- volume Ratio - 11.0, Surface Condition - Fresh 

Run No. 64- 12 -24 -1 Run No. 64- 12 -31 -1 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 

1.0 47.4 27.0 70.7 49.3 27.9 70.9 
1.5 64.8 44.4 51.7 65.3 43.9 54.3 
2.0 75.8 55.4 39.8 75.8 54.4 43.4 
2.5 86.9 66.5 27.7 87.0 65.6 31.7 
3.0 95.8 75.4 18.1 95.8 74.4 22.6 
3.5 99.9 79.5 13.6 99.7 78.3 18.5 
4.0 104.9 84.5 8.1 105.7 84.3 12.2 
4.5 107.0 86.6 5.9 108.4 87.0 9.5 
5.0 108.9 88.5 3.8 111.0 89.6 6.8 
5.5 109.8 89.4 2.8 112.9 91.5 4.8 
6.0 110.6 90.2 2.0 114.7 93.3 2.8 
6.5 111.1 90.7 1.4 115.7 94.3 1.9 
7.0 111.7 91.3 0.8 116.8 95.4 0.7 
Final 112.4 92.0 117.5 96.1 

k = 0.0128 per second k = 0. 0102 per second 



TABLE 13 

Pressure variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 507 °K, Filler Gas - Argon, Surface -to- volume Ratio - 3. 7 Surface Condition - Fresh 

Time 
minutes 

Run No. 64- 10 -22 -1 Run No. 64- 10 -26 -3 
Pressure 

psig 
Pressure 
change, psi. 

Percent 
incomplete 

Pressure 
psig 

Pressure 
change, psi. 

Percent 
incomplete 

8 

16 

24 
32 
40 
48 
56 
64 
72 

23.9 
45.9 
57.9 
65. 1 

70.8 
75. 8 

79. 9 

83.0 
86.0 

3. 8 

25.8 
37.8 
45. 0 

50. 7 

55. 7 

59. 8 

62.9 
65.9 

95.8 
71.5 
58.2 
50. 3 

44.0 
38.5 
33. 9 

30.5 
27.2 

20.0 
42.1 
54.3 
61.5 
66.4 
70. 1 

72. 9 

75.8 
78.4 

0.5 
22.6 
34.8 
42. 0 

46.9 
50. 6 

53.4 
56.3 
58.9 

- 
74. 2 

60.3 
52. 1 

46.5 
42. 2 

39. 1 

35.7 
32.8 

80 88. 2 68. 1 24. 8 80. 8 61. 3 30. 0 
88 89. 9 69. 8 22. 9 82. 9 63.4 27. 6 
96 91.4 71.3 21.2 85.0 65.5 25.2 

104 93.1 73.0 19.3 86.9 67.4 23. 1 

112 94. 7 74. 6 17. 6 88. 0 68, 5 21. 8 
120 95. 8 75. 7 16.4 89. 1 69.6 20.5 
128 96.9 76.8 15.1 90.1 70.6 19.4 
136 97.5 77.4 14. 5 91. 1 71. 6 18. 3 
144 98. 2 78. 1 13. 7 92. 1 72. 6 17. 1 
Final 110.6 90.5 107.1 87. 6 

k = 0. 000153 per second k = 0. 000154 per second 



TABLE 13 (continued) 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature -507 °K, Filler Gas - Argon, Surface -to- volume Ratio - 3. 7 Surface Condition - Fresh 

Time 
minutes 

Run No. 64-10-26-1 Run No. 64-10-26-2 
Pressure Pressure 

psig change, psi 
Percent 

incomplete 
Pressure Pressure 

psig change, psi 
Percent 

incomplete 

8 18.2 27.3 7.5 91.6 
16 46.5 25,8 71.9 42.6 22.8 74.4 
24 62,6 41.9 54.3 53.0 33.2 62. 7 
32 70.6 49.9 45.6 59.7 39.9 55. 2 
40 75.8 55.1 39.9 56.3 45.5 48.9 
48 79.2 58.5 36.2 69.5 49.7 44.2 
56 81.7 61.0 33.5 72.8 53.0 40.5 
64 83.3 62.6 31.7 75.8 56.0 37. 1 
72 84.7 64.0 30.2 79.2 59.4 33.3 
80 86.2 65.5 28.6 81.6 61.8 30. 6 
88 88.4 67.7 26.2 84.4 64.6 27.5 
96 90.0 69.3 24.4 86.4 66.6 25.3 

104 91.8 71.1 22.5 88.2 6 8. 4 23.2 
112 93.1 72.4 21.1 89.9 70.1 21. 3 
120 94.6 73.9 19.4 91.3 71.5 19.8 
128 95.8 75.1 18.1 92.3 72.5 18. 6 
136 96.9 76.2 16.9 93.6 73.8 17.2 
144 97.8 77.1 15.9 94.5 74.7 16.2 

Final 112.4 91.7 108.9 89.1 k = 0. 000155 per second k = 0. 000155 per second 
c0 



TABLE 14 

P ressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 532 °K, Filler Gas - Argon, Surface -to- volume Ratio - 3. 7, Surface Condition - Freshly 
Cleaned Reactor 

Time 
minutes 

Run No. 64- 10 -13 -1 Run No. 64- 10 -15 -1 
Pressure 

psig 
Pressure 

change, psi. 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi. 
Percent 

incomplete 

2 22,0 
4 43.8 22.4 76.8 31.2. 10.1 . 89.4 
6 57.3 35.9 62.8 45.8 24.7 74.1 
8 66.4 45.0 53.3 58.8 37.7 60.4 

10 72.4 51.0 47.1 69.1 48.0 49.6 
12 75.8 54.4 43.6 75.8 54.7 42.6 
14 79.7 58.3 39.5 81.0 59.9 37. 1 

16 83.0 61.6 36.1 85.2 64.1 32.7 
18 86.2 64.8 32. 8 88.6 67.5 29. 1 

20 88.5 67. 1 30.4 91.5 70.4 26. 1 

22 91.2 69.8 27.6 94.4 73. 3 23.0 
24 93.4 72.0 25.3 97,0 75.9 20.3 
26 95.3 73.9 23.3 99.5 78.4 17.7 
28 97.0 75.6 21.6 101.7 80.6 15.3 
30 98.5 77.1 20.0 102.8 81.7 14.2 

Final 117.8 96.4 116.3 95.2 

k 0. 000667 per second k = 0,000932 per second 

ti 

- 

- 



TABLE 14 (continued) 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 532 °K, Filler Gas - Argon, Surface -to- volume Ratio - 3.7, Surface Condition - 
Freshly Cleaned Reactor 

Time 
minutes 

Run No. 64- 10 -15 -1 Run No. 64- 10 -20 -1 
Pressure 

psig 
Pressure 

change, psi. 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi. 
Percent 

incomplete 

2 30.3 9.0 90.6 
4 50.8 29.5 69,3 42.9 21.1 78. 4 
6 66.1 44.8 53.4 62.3 40.5 58.6 
8 75.8 54.5 43.3 75.8 54.0 44.9 

10 82.6 61.3 36.2 83.1 61.3 37. 4 
12 87.9 66.6 30.7 88.9 67.1 31.5 
14 92.2 70.9 26.2 92.9 71.1 27.4 
16 95.8 74.5 22.5 96.8 75.0 23.4 
18 99.5 78.2 18.6 100.0 78.2 20.1 
20 102.3 81.0 15.7 102.6 80.8 17.5 
22 104.7 83.4 13.2 105.2 83.4 14.8 
24 106.7 85.4 11.1 107.3 85.5 12.7 
26 108.6 87.3 9..2 109.0 87.2 10.9 
28 110.2 88.9 7.5 110.6 88.8 9.3 
30 111.4 90.1 6.2 111.4 89.6 8.5 
Final 117.4 96.1 119.7 97.9 

k = . 00143 per second k 0. 00131 per second = 



TABLE 14 (continued) 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 532 °K, Filler Gas - Argon, Surface -to- volume Ratio - 3.7, Surface Condition - 
Freshly Cleaned Reactor 

Time 
minutes 

Run No. 64- 10 -20 -2 Run No. 64- 10 -22 -1 
Pressure 

psig 
Pressure 

change, psi. 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi. 
Percent 

incomplete 

2 - - 33.3 11.8 87.8 
4 41.3 20.0 79.2 50.8 29.3 69.7 
6 61.4 40.1 5 8. 3 64.5 43.0 55.5 
8 75.8 54.5 43.3 75.8 54.3 43.8 

10 83.5 62.2 36.5 82.9 61.4 36.5 
12 89.4 68.1 30.4 88.1 66.6 31.1 
14 93.8 72.5 24.6 92.5 71.0 26.6 
16 97.4 76.1 20.8 95.8 74.3 23.2 
18 100.4 79.1 19.2 99.0 77.5 19. 9 
20 102.5 81.2 15.5 101.7 80.2 17. 1 
22 104.1 82.8 13.4 104.3 82.8 14.4 
24 106.3 85.0 11.6 106.4 84.9 12.2 
26 108.2 86.9 9.6 108.4 86.9 10.1 
28 110.8 89.5 6.9 109.9 88.4 8.6 
30 111.4 90.1 6. 3 111.1 89.6 7. 3 
Final 117.4 96.1 118.2 96.7 

k = 0. 00139 per second k = 0. 00135 per second 
1- 

ó 

- 



TABLE 15 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 556 °K, Filler Gas - Argon, Surface -to- volume Ratio - 3. 7, Surface Condition- Fresh 

Time 
minutes 

Run No. 64-8-17-2 Run No. 64-8-20-1 
Pressure 

psig 
Pressure 

change, psi. 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 

1 18.4 13.5 
2 31.1 11.3 87.3 25.7 6.4 92.6 
3 43.3 23.5 73.6 38,3 19.0 78. 1 

4 54.2 34.4 61.4 51.1 31.8 63. 4 

5 65.9 46.1 48.3 64.4 45.1 48.1 
6 75.8 56.0 37.1 75.8 56.5 34.9 
7 82.8 63.0 29.3 83.5 64.2 26.0 
8 87.5 67.7 24.0 89.4 70.1 19.2 
9 91.8 72.0 19.2 93.5 74.2 14.5 

10 95.2 75.4 15.4 97.0 77.7 10.5 
11 97.9 78.1 12.3 99.2 79.9 7.9 
12 100.0 80.2 10.0 100.6 81.3 6.3 
13 102.3 82.5 7.4 102.0 82.7 4.7 
14 104.0 84.2 5.5 103.0 83.7 3.6 
Final 108.9 89.1 106.1 86.8 

k = . 00388 per second k = . 00506 per second 

-. 



TABLE 15 (continued) 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 556 °K, Filler Gas - Argon, Surface -to- volume Ratio - 3. 7, Surface Condition - Fresh 

Time 
minutes 

Run No. 64- 8 -14 -1 Run No. 64- 8 -17 -1 
Pressure 

psig 
Pressure 

change, psi. 
Percent 

incomplete 
Pressure 

psig 
_Pressure 
change, psi. 

Percent 
incomplete 

1 17.4 _ 19.7 
2 31.8 ..12.4 85.8 31.8 12.2 86.2 
3 44.9 25.5 70.8 43.6 24.0 72.8 
4 57.0 37.6 56.9 55.7 36.1 59.1 
5 67.7 48.3 44.6 67.3 47.7 46.0 
6 75.8 56.4 35.3 75.8 56.2 36.4 
7 82.6 63.2 27.5 82.8 63.2 28. 4 

8 87.9 68.5 21.5 88.5 68.9 22. 0 

9 91.0 71.6 17.9 92.0 72.4 18.0 
10 94.5 75.1 13,9 95.2 75.6 14.4 
11 97.5 78.1 10.4 98.0 78.4 11.2 
12 99.4 80.0 8. 3 100.2 80.6 8. 7 

13 101.0 81.6 6. 4 102.1 82.5 6.6 
14 103.0 83.6 4.1 103.1 83.5 5.4 
Final 106.6 87.2 107.9 88.3 

k = . 00412 per second k = . 00412 per second 



TABLE 16 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 507 °K, Filler Gas - Carbon Monoxide, Surface to Volume Ratio - 3. 7, 
Surface Condition - Fresh 

Time 
minutes 

Run No. 65- 6 -15 -1 Run No. 65- 6 -16 -1 
Pressure 
psig 

Pressure 
change, psi 

Percent 
incomplete 

Pressure 
psig 

Pressure 
change, psi 

Percent 
incomplete 

4 15. 18.6 4.3 93. 2 
8 25.6 10.4 84.9 27.6 13.6 78.4 

12 33.7 18.5 73.1 33.3 19. 3 69.4 
16 39.1 23.9 65.2 37.1 23.1 63. 3 
24 45.3 30.1 56.2 42.4 28.4 54.9 
32 49.1 33.9 50.7 45.7 31.7 49. 7 

40 52.1 36.9 46.3 48.1 34.1 45. 9 
48 54.0 38.8 43.5 50.1 36.1 42. 7 
56 55.8 40.6 40.9 51.8 37.8 40. 0 
64 57.4 42.2 38.6 53.1 39.1 37. 9 
72 58.8 43.6 36.5 54.6 40.6 35. 6 
80 60.3 45.1 34.4 55.9 41.9 33. 5 
88 61.6 46.4 32.5 57.1 43.1 31. 6 

96 62.6 47.4 31.0 57.9 43.9 30. 3 
Final 83.9 68.7 77.0 63.0 

k = 0.000152 per second k = 0. 000147 per second 



TABLE 16 (continued) 

Temperature - 507 °K, Filler Gas - Carbon Monoxide, Surface -to- volume Ratio - 3. 7, 
Surface Condition - Fresh 

Time 
minutes 

Run No. 65- 6 -16 -2 Run No. 65- 6 -17 -1 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 

4 17.9 3.5 94.6 15. 
8 26.7 12.3 81.1 24.0 9.4 85.7 

12 32.5 18.1 72.2 31.2 16.6 74.7 
16 36.7 22.3 65.7 46.3 21.7 67.0 
24 42.6 28.2 56.6 42.7 28.1 57.2 
32 46.5 32.1 50.6 47.1 32.5 50.5 
40 49.5 35.1 46.0 50.9 36.3 44.7 
48 51.9 37.5 42.3 53.8 39.2 40.3 
56 53.8 39.4 39.4 55.8 41.2 37.3 
64 55.5 41.1 36.8 57.4 42.8 34.9 
72 56.8 42.4 34.8 58.8 44.2 32.7 
80 58.1 43.7 32.8 59.8 45.2 31.2 
88 59.3 44.9 30.9 60.6 46.0 30.0 
96 60.4 46.0 29.2 61.6 47.0 28.5 
Final 79.4 65.0 80.3 65. 7 

k = 0. 000160 per second k = 0. 000155 per second 



TABLE 17 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 532 °K, Filler Gas - Carbon Monoxide, Surface to Volume Ratio - 3. 7 

Surface Condition - Fresh 

Time 
minutes 

Run No. 65 -5 -6 -1 Run No. 65 -5 -7 -1 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 

2 19.3 4.4 93.5 20.2 5. 3 
4 31.3 16.4 75.6 31.8 16.9 74.9 
6 41.7 26.8 60.2 41.9 27.0 59.9 
8 47.6 32.7 51.4 47.6 32.7 51.4 

10 51.6 36.7 45.5 51.9 37.0 45.0 
12 54.9 40.0 40.6 55.1 40.2 40.3 
14 57.8 42.9 36.3 5 7. 5 42.6 36.7 
16 60.6 45.7 32.1 59.5 44.6 33.7 
18 62.6 47.7 29.1 61.3 46.4 31.1 
20 64.8 49.9 25.9 
22 66.4 51.5 23.5 
24 68.0 53.1 21.1 
26 69.4 54.5 19.0 
28 70.8 55.9 16.9 
Final 82.2 67.3 82.2 67.3 

k = 0.000921 per second k = 0. 000921 per second rö 



TABLE 17 (continued) 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 532 °K, Filler Gas - Carbon Monoxide, Surface -to- volume Ratio - 3.7 
Surface Condition - Fresh 

Time 
minutes 

Run No. 65- 5 -11 -1 Run No. 65- 5 -12 -1 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 

2 18.1 2. 1 97.1 26.3 11.1 83.7 
4 30.3 14.3 80.1 38.7 23.5 65. 5 
6 40.4 24.4 66.1 47.6 32.4 52.5 
8 47.6 31.6 56.1 53.7 38.5 43.5 

10 52.0 36.0 49.9 57.1 41.9 38.6 
12 55.4 39.4 45.2 62.2 47.0 31.1 
14 58.8 42.8 40.5 64.8 49.6 27.3 
16 61.6 45.6 36.6 67.2 52.0 23.8 
18 64.3 48.3 32.8 69.4 54.2 20.5 
20 66.9 50.9 29.2 71.1 55.9 18.1 
22 69.1 53.1 26.2 72.8 57.6 15. 5 
24 71.0 55.0 23.5 74.1 58.9 13.6 
26 72.7 56.7 21.1 75.3 60.1 11.9 
Final 87.9 71.9 83.4 68.2 

k = . 000907 per second k = . 00114 per second 



TABLE 18 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature 556 °K, Filler Gas - Carbon monoxide, Surface -to- volume ratio - 3. 7, Surface 
Condition - Fresh 

Time 
minutes 

Run No. 65-5 -13-1 Run No. 65-5-14-1 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 
Pre ssure 

psig 
Pressure 

change, psi 
Percent 

incomplete 

1 20.7 4.4 94.0 18.1 1. 9 

2 35.4 19.1 74.0 34.9 18.7 74.3 
3 47.6 31.3 57.4 47.6 31.4 56.8 
4 58.9 42.6 42.0 59.8 43.1 40.7 
5 67.2 50.9 30.7 68.3 52.1 28.3 
6 72.6 56.3 23.3 74.1 57.9 20.4 
7 76.9 60.6 17.4 78.4 62.2 14.4 
8 80.4 64.1 12.7 81.7 65.5 9.9 
9 82.8 66.5 9.4 83.9 67.7 6.9 

10 84.6 68.3 7.0 85.4 69.2 4.8 
11 85.8 69.5 5.3 86.7 70.5 3.0 
12 86.9 70.6 3.8 87.4 71.2 2.1 
Final 89.7 73.4 88.9 72.7 

k = 0. 00497 per second k = . 00598 per second 



TABLE 18 (continued) 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature 556° K, Filler Gas - Carbon monoxide, Surface -to- volume ratio - 3.7, Surface 
Condition - Fresh 

Time 
minutes 

Run No. 65-5-17-1 Run No. 65-5-18-1 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi 
Percent 

incomplete 

1 32.2 15.9 78.3 16.2 0.7 
2 47.6 31.3 57.3 34.4 18.9 72. 9 
3 60.3 44.0 39.9 47.6 32.1 53.9 
4 71.6 55.3 24.5 61.0 45.5 34.7 
5 77.9 61.6 15.8 69.1 53.6 23.1 
6 82.2 65.9 10.0 74.7 59.2 15.1 
7 84.7 68.4 6.6 78.3 62.8 9.9 
8 86.3 70.0 4.4 80.9 65.4 6.2 
9 87.2 70.9 3.2 82.2 66.7 4.3 

10 83.1 67.6 3.0 
Final 89.5 73.2 85.2 69.7 

k - 0,00702 per second k = 0. 00700 per second 



TABLE 19 

Pressure Variation during the Thermal Decomposition of Tungsten Carbonyl 

Temperature - 556 °K, Filler Gas Sulfur hexafluoride, Surface -to- volume ratio - 3. 7, Surface 
Condition - Fresh 

Time 
minutes 

Run No. 64- 12 -1 -1 Run No. 64- 12 -2 -1 
Pressure 

psig 
. Pressure 
change, psi. 

Percent 
incomplete 

Pressure 
psig 

Pressure 
change, psi 

Percent 
_.incomplete 

2 47.5 26.3 72.5 54.3 32.4 67.1 
4 70.0 48.8 49.0 75.8 53.9 45.3 
6 79.6 58.4 38.9 83.6 61.7 37.4 
8 84.5 63.3 33.8 88.2 66.3 32.8 

10 87.3 66.1 30.9 91.4 69.5 29.5 
12 89.1 67.9 29.0 93.5 71.6 27.4 
14 90.6 69.4 27.4 95.4 73.5 25.5 
16 92.1 70.9 25.8 96.8 74.9 24.0 
18 93.5 72.3 24.4 98.4 76.5 22.4 
20 94.0 72.8 23.9 99.8 77.9 21.0 
24 96.8 75.6 20.9 102.1 80.2 18.7 
28 98.4 77.2 19.3 104.1 82.2 16.6 
32 100. 0 78. 8 17.6 106. 0 84. 1 14.7 

Final 116.8 95.6 120.5 98.6 

k = 0. 000422 per second k = 0. 000523 per second 

. . 



TABLE 19 (continued) 

Pressure Variation during the Tha mal Decomposition of Tungsten Carbonyl 

Temperature - 556 °K, Filler Gas Sulfur hexafluoride, Surface -to- volume ratio - 3. 7, Surface 
Condition - Fresh 

Time 
minutes 

Run No. 64-12-2-2 Run No. 64-12-3-1 
Pressure 

psig 
Pressure 

change, psi. 
Percent 

incomplete 
Pressure 

psig 
Pressure 

change, psi 
Percent 

-- incomplete 

2 46.6 25.0 74.3 51.6 29.9 69.4 
4 75.8 54.2 44.4 75.8 54.1 44.7 
6 85.6 64.0 34.3 84.9 63.2 35,4 
8 89.9 68.3 29.9 89.6 67.9 30. 6 

10 92.7 71.1 27.0 92.2 70.5 27. 9 
12 94.6 73.0 25.1 94.4 72.7 25.7 
14 96.2 74.6 23.4 95.9 74.2 24.1 
16 97.6 76.0 22.0 97.4 75.7 22.6 
18 99.0 77.4 20.9 98.7 77.0 21,3 
20 100.1 78.5 19.4 99.9 78.2 20.0 
24 102.4 80.8 17.0 101.5 79.8 18.4 
28 104.1 82.5 15.3 103.1 81.4 16.8 
32 105.7 84.1 13.7 105.0 83.3 14.8 
Final 119.0 97.4 119.5 97.8 

k = 0. 000520 per second k = 0. 000535 per second 




