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During the course of the preasat work the author was privileged

to contribute to ti-.ro fourth year problems. The results of these studios are

given in two papers published in the Journal of the Chemical Society. Pro-

prints of these papers have been bound in at the front of the thesis. The

personal contributions of the present author to these researches are outlined

below.

(a) The Thermal Decomposition of ovcloPentyl Bromide

The kinetic apparatus which had previously been constructed was

prepared for use. A few preliminary runs were carried out to establish the

general feasibility of studying the decomposition in a static system. The

problem was then taken over by the fourth year student, R. Shaw, who carried out

the majority of the runs. Occasional consultations on problems arising from

the day to day work were held. At the conclusion of -Shaw's work on© outstanding

problem remained. At the end of a number of his runs he had titrated the products

of the decomposition with alkali. The quantity of hydrogen bromide found in this

way was erratic and high. The present anther therefore carried out a number of

runs following which the hydrogen bromide was separated from the remaining products

by low temperature distillation. Its amount was then determined by pressure

measurements and by dissolving the gas in water and titrating the solution for

hydrogen and bromide ions. The results of the three determinations were in

excellent agreement.

(b) St i?srt-B^tfyI Format?
The kinetic apparatus previously employed in the study of cyolo-

pentyl bromide was prepared for use. A series of preliminary runs was carried
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out to dotermine the conditions required for the decomposition of the ester*

The problem was then turned over to uorcton, who carried out all further

experiments. Oaoasional oonsultationa were held to sort out problems

arising from the work*
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A, General Introductory/ Remarks

little is known of the dissociation energies of the metal-

carbon bonds in metallic alkyls and aryls. An analysis of the available

results is left to a later section of the thesis. It is sufficient to note

at this point that of all the experimental activation energies reported,

only those of Gowanlock, Polanyi and Warhurst for dimethyl mercury (1) and

of Garter, Ghappell and Warhurst for diethyl mercury, phenyl mercury chloride

and phenyl mercury bromide (2) can be accepted as a measure of the dissociation

energy of the first metal-carbon bond in the compound under study.

Mean bond energies are known for a considerably larger number of

metallic alkyls. These have been derived from heats of combustion in static

bomb calorimeters, heats of hydrolysis, heats of halog©nation, and in one

recent investigation from the heat of combustion in a rotating bomb calorimeter.

The static bomb method often gives incomplete combustion of the alkyl. The

extent of combustion is usually estimated and the observed heat of combustion

adjusted accordingly. Seven of the heats of formation of metallic alkyls

calculated from experiments using static bomb calorimeters have also been

determined by heat of hydrolysis or heat of halogenation experiments. The

agreement between the methods is satisfactory in six of these cases. In

the seventh, di-isopropyl mercury, the heat of formation calculated from the

heat of combustion is certainly much too high. Unfortunately, in a number of

cases, although the heat of formation of the alltyl has bean accurately

determined, the value for the heat of atoraization of the metal is very

uncertain. Large limits of error must therefore be assigned to mean bond

value3 that would otherwise be known with considerable accuracy.
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The immediate aim of the present research was to establish

reliable values for the dissociation energies of the metal-carbon bonds In

dimethyl cadmium and dimethyl sine, and to confirm the results of Gowenloek,

Polanyi and Warhurst for dimethyl mercury. Research on the methyl derivatives

of the metals of other groups was then to be initiated. Methyl derivatives

were selected 30 that the reactions of the radicals released on decomposition

might be as simple as possible. Furthermore, there exists a considerable

body of reliable information on the reactions of methyl radicals. The choice

of dimethyl cadmium and dimethyl sine as the initial compounds to be studied

was governed by three factors. Theraocheraical values of D(GH^M-CH,) plu3
DfM-GH-j) were available for both compounds, the mechanism of dissociation
could be expected closely to parallel that for dimethyl mercury, and the

results from these compounds, coupled with the confirmation of the value for

dimethyl mercury, would complete the study of suitable group II metals.

The trimethyl derivatives of arsenic, antimony, and bismuth, the suitable

group V metals, were chosen next because mean bond energies were available

for all three. Satisfactory results were obtained for trimethyl bismuth

but the kinetics of the decomposition of triaethyl antimony proved so complex

that it was felt little would be gained by a study of trimethyl arsenic.

Dimethyl tin dlchlorlde was chosen as the final compound for study in the

hope that the results might be useful in assessing the work of Mating and

Horfcon on tetramethyl tin (3).

B. Experimental Methods

The methods that can be used to determine the metal-carbon bond

dissociation energies in metallic alkyls are rather limited. The radicals

produced in the initial split are too reactive to allow any thermal equilibrium



method to be used. The molecules are too complex for the successful

application of a spectroscopic method. Electron impact experiments will

give only an upper limit of the dissociation energy. The derivation of

dissociation energies from photochemical results would require a detailed

knowledge of the mechanism by which the molecule absorbs energy. If

the absorption is adiabatie, measurement of the photochemical threshold

would place an upper limit on the dissociation energy. Activation

energies for the thermal decomposition of metallic alkyls have been

determined using both static and flow systems* If the process observed

experimentally is a unimolecular decomposition producing two radicals

whose energy of activation for recombination is small, the experimental

activation energy will be a good approximation to the bond dissociation

energy. The complexity of the reactions in static systems is such that

unambiguous interpretation of the results is almost impossible. The

interpretation of data from experiments in flow systems has been much

more satisfactory. In these investigations (1, 2) nitrogen, carbon

dioxide and carbon dioxide with added toluene were used as carrier gases.

Gowenlock, Balapyi and Warhurst consider their most reliable results to

be those obtained in the presence of toluene. In the present work a

system has been adopted using toluene as the 3ole oarrier gas. This

carrier gas can b© completely condensed without removing the hydrocarbon

products required for analysis. The apparatus needed is therefore much

simpler than the circulating system of Gowenlock, Polanyi and Warbursrb and

the estimation of the gasoous products is always direct rather than by

difference.



C. Bond Dissociation Energies by the KineticMM

The bond dissociation energy* - %)» say bo defined as the
heat of the reaction

R1R2 " R1 + \

at absolute aero and in the ideal gas state. The recombination of and R2

may have a finite activation energy (Figure 1, a) or aero activation energy

(Figure 1, b). Studies of band spectra indicate that the latter is probably

the case when and R^ are atoms, The activation energy of the following
reactions would also appear to be very small

The first four reactions have been studied directly, The activation energy of

the fifth reaction has been estimated by an indirect method. Acceptance of

the fifth reaction as an example of a reaction with a small activation energy

evidence is not conclusive it is commonly assumed that if either R^ or R2 is a

simple radical the energy of activation for the recombination is small.

If there is no potential energy barrier for the recombination of two

radicals (Figure la b) the transition state theory predicts that the unimolecular

rate constant is

c«3 + ci^ ~ G2H6 (4f 5)

(6)

(7)

(8)

(9)

(1)
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FIGURE 1 Potential energy curve for uniuolecular decomposition
into two radicals: (a) Energy of activation for
recombination finite; (b) Energy of activation for
recombination zero.
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The total partition functions, 0 (T) for the normal molecule and 0 (T) for the

activated complex, may each be separated into tronalatlonal ( A(T)), rotational

(r (T)/o-), and vibrational contributions. The translations! partition function

A(T) = (2 TT mkf)3/z

will be the same for the normal molecule and the activated complex. The rotat¬

ional partition fhnctlon will be of the form

r(T)/cr = 8TT2 AM/crh2

for a linear molecule and of the form

r(T)/a = 8 7T2 (2TTkT)3/a- (ABC)5/^^
for a nonlinear molecule. If each mode of internal vibration behaves as a

linear harmonic oscillator equation (1) applied to a nonlinear molecule may be

written

k, = K a. z*(LU)* '% (^-7^5 e j/te (2)h cr A B G 3g-7 (1_c~^Vr/k?)
If h\r«. kl the terms (1-e ""kVr/klj approach h\r/hT and equation (2) becomes

(3)k! = K cr? (£££)* IT \r Q-0/^
cr ABC 3n-7 . *

IT v

Talcing the logarithms of both sides of equation (3) and differentiating with

respect to temperature gives

d
- D

dT T
RT

The Arrhenius activation energy is therefore equal to the bond dissociation



energy. At the other extremes, h \r » kT, the term (l«e ~h^"/kT) approach

unity and equation (2) becomes

k, = K * (A* £ KC e-0^ (4)1
cr ABO h

Differentiating the logarithmic form of equation (4) with respect to temperature

and rearranging gives

RT2 d ^1 „ D + rt
dT

Hence the limits D < E < D + RT may be placed on the experimental

activation energy. It wouM therefore appear that if the experimental activat¬

ion energy for a unimolecular decomposition can be accurately determined it should

be a reasonable approximation to the dissociation energy of the bond broken.

D, Pressure Dependence of the Experimental Activation Energy

It has been postulated by Slater (10) that if the unimoleoular rat©

constant Is measured in a pressure dependent region the experimental activation

energy, E, is related to the experimental activation energy at infinite pressure,

Eo, by the equation

E = Eo - i n'RT g (0)

where n' is the number of effective oscillators in the molecule and g(B) represents

the fractional drop of E from the high value (Eo) towards the low value (So - k n'RT).

In the previous section it was shown that the experimental activation energy for a

unimolecular dissociation lies within the limits D ^ E ^ D + RT. The assumption

that E = Eo is inherent in the derivation of this result. Therefore if the

experimental activation energy has been determined in a pressure dependent region

the magnitude of E0-E must be determined in order to estimate the bond dissociation
energy.
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It is first necessary to choose a value for n', the number of

effective oscillators in the molecule. In a molecule with several heavy

nuclei the contribution of G-H bonds will usually be small. Thus in

aaomethans (GH3N = NCEU) the number of vibrational degrees of freedom would
be six. Slater (11) has pointed out, however, that the three G-H bonds

near the point of rupture may contribute appreciably. If full weight is

given to these G-H bonds the molecule would have 15 effective degrees of

vibrational freedom. The actual value of n' for asomethane will probably

be somewhere between these limits. The calculation of k /k^ and hence of
g(8), requires a complete vibrational analysis of the molecule in question.

This is generally not available. An approximate value of k /k^ may be
obtained by comparing the slope of the curve log k versus log p obtained

experimentally with the slope of the log k /k^ versus log p curve for some

similar molecule. Values of k /k^ as a function of the pressure dependent
parameter, & , have been tabulated by Slater (10) for various values of n'

from one to thirteen. The necessary data for the conversion of 0 to the

corresponding pressure are also given. The model used by Slater differs to

some extent from the compounds used in the present research. However, if

allowance is made for the difference in the frequency factors the values of

k /k^ obtained by comparison with the model should be sufficiently accurate

for the present purpose.

For the dimethyl metallic alkyls n* may reasonably be assigned a

value of 9* The value of k /k^ estimated for these compounds at 16 am

pressure is 0.3. This corresponds to a value for g (9) of .35(11).

Hence at 800°A

E ^ Eq - 2,5 kcal mole"*.
The number of effective oscillators in trimethyl antimony may reasonably be



assigned a value of 12, The value of k /k^ is again 0.3. Hence at 800°A

E Bq - 3,3 kcal mole""2".
The observed pressure dependence of the rate contents of trimethyl bismuth

and dimethyl tin dichloride was so small that at 16 am pressure Ess E0.

For the compounds studied it is not unreasonable to assume that h Vr/kJ ^ 1

at 300°A (Vr = 1023 - 10U). Hence

Eg D + 1.5T = D + 1,2 kcal mole""1.
Therefore the error involved in assuming D = E will be 1 • 2 kcal mole"* * The

values of E0 - E calculated above are of a very approximate nature. A correct¬
ion to the observed experimental activation energy basal on these values cannot

be justified. It is therefore assumed in the ensuing sections that if an

experimental activation energy can be associated with the uniraolecular

dissociation of a bond it is a good approximation to the dissociation energy

of this bond,

E. Toluene Carrier Technique

The experimental activation energy my be determined by measuring

the unimolecular rate constant at various temperatures. Careful experimentation

may lead to a high degree of precision but unless competing surface and side

reactions are absent the rate constant determined will not be that of the uni-

molecular decomposition. Simple flow systems have often been used in an

attempt to reduce side reactions by working at very low concentrations. Total

pressuresof 2 - 15 mm are used, much of which may be a noncondensable carrier

gas such as hydrogen or nitrogen, 3aware (12) made a study of toluene by a

modification of this method in which toluene acted as both reactant and oarrter

gas. He found that if only a very small percentage of the toluene decomposed

the reaction could be represented by the simple mechanism



C6H50H2 + H
H + G,H_CH

6 5 3 Wh * a2
C,H ♦ OH
o o 3

°V °6H5CH3

The useful application of tills method is limited to compounds that satisfy

two conditions. First, that they form radicals that are considerably

stabilized by resonance and hence lose atoms or small radical groups fairly

readily. Second, that the radicals produced do not readily decompose.

satisfy the requirements of the simple flow technique Szwarc developed the

toluene carrier technique (13). The technique is based on the stability of

the benzyl radical and the ease of the hydrogen abstraction reaction between

many radicals and toluene,

The benzyl radicals produced do not reaot in the hot zone under the experimental

conditions used and eventually dimerlze outside the main reaction zone. The

experimental conditions necessary for the study of a compound by this method

should meet certain general requirements. If, with a contact time of one

second, temperatures in excess of ~775°G are required the accuracy of the

results is likely to be limited by the accuracy of the correction for the de¬

composition of toluene. For example, if in a 30 minute run at 775°G 0.11

mole of toluene is used 0.3 x 1Q~^ mole of methane will be produced (assuming

log (A sec"1) = 13.3, E = 77.5 koal mole"1, C » ft, = 1 * 1.5). If

10 x lO"4" mole of a reactant which gives two methyl radicals per molecule is

In order to study radical elimination reactions which do not

W B « °6K5CI12 * ■»
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5% decomposed under these conditions the yield of product will be equivalent

to 10 x 10-4 moXa of methane. It is not unreasonable to assign a possible

error of a factor of two to the calculated rate of the toluene decomposition.

Therefore under the conditions stated a correction for the decomposition of

toluene based on the A and E values of Szwaro may easily result in a 2($ error

in the rata constant. If a distinctive product is formed, such as HBr in the

thermal decomposition of phenyl bromide the maximum temperature used may be extended

to ~375°0. Above this temperature too many permanent gases are formed for most

simple diffusion pump systems to handle. No simple estimate can be made of the

lowest temperature at which the toluene carrier technique may usefully be employed.

Even at temperatures sufficiently low that the methyl radicals produced by the

decomposition of metallic alkyIs largely dimerize the toluene still performs its

essential function of reducing the attack on the parent substance.

The technique enables roactant pressure and percentage decomposition

to be varied widely. In previous work (14) reactant pressures of 0.05 - 2.0 mm

have been employed. Percentage decompositions of 0.1 - have been used

although the lower figure is usually somewhat larger, 1-3$. In calculating the

rate constants from flow system data the assumption is made that no mixing occurs

in the reaction zone. The use of contact times larger than a few seconds is

therefore unadvisable. The use of very short contact times has also been

questioned. Blades, Blades and Steacie (15) found that below a contact time of

0.3 second the rate constant for the decomposition of toluene fell markedly.

At contact times of 0.07 second the activation energy for the decomposition was

-1 -1
found to be 90 kcal mole , 13 kcal mole higher than the value report®! by

Sswarc.
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BXPERIMSNTAL TECHNIQUE

A. Apparatus and Procedure

The toluene carrier flow system is shown in figure 2. Reservoir

contained the bulk of the alkyl which after degassing was stored at ~196°C«
The supply of alkyl for immediate U3@ was kept similarly frozen down in R2.

Reservoir R^ contained sulphur free toluene purified by partial pyrolysis and
thoroughly degassed. The reaction vessel was made of fused quarts with graded

quarts to pyrex seals a few centimeters beyond either end of the furnace.

The reaction sons (RZ) was IS cm long and 155 am? in volume. Packing with

fine quarts tubing increased the surface to volume ratio by a factor of five

and decreased the volume to 127 cm?. The packing completely filled the cross-

section of the reaction sons over a length of 12 em. It should therefore have

been adequate to detect any significant heterogeneous reaction (16),

The temperature of the furnace was controlled fcy a Sunvic Resistance

Thermometer Controller Type RT2. The heating element was tapped at seven points

so that the temperature profile could be adjusted by shunt resistors. Tempera¬

tures were measured in the axial thermocouple well of the reaction vessel.

Thermocouples constructed from a commercial thermocouple wire were used in

conjunction with a Doran d.c. potentiometer. A change In temperature of one

centigrade degree caused a deflection of approximately 2 cm on the galvanometer

scale. Temperatures could therefore be read to within 0.1°C, With an inconel

liner extending over the length of the reaction son© the temperature profile

within the zone was kept within 1 2°C with a steep fall off at either end.

The flow rate through the reaction vessel was regulated by the sealed

in capillary at the outlet of the reaction vessel (Fig. 2„ B). All tubing on

the inlet side of the reaction vessel was heated to 4-0°C. The injection system



PICURE 2 Toluene Carrier Flow Jystem



was heated as required. The tubing from the outlet of the furnace to T^
was kept at 80°G.

With the exception of dimethyl tin dichloride the procedure employed

in a run was essentially the same for all compounds studied, A small sample

of the alkyl xras distilled from into B.y Water baths were placed around
R3 and to bring the alkyl and toluene to preealculated temperatures. The
flow of toluene was commenced and the pressure, as measured by the differential

manometer 0%), recorded. After a fire minute flow of toluene tap 3^ was opened.
The flow of alkyl continued for thirty minutes and was followed by another five

minute flow of toluene alone. The alkyl remaining in was redistilled into

Rg» The amountsof alkyl and toluene used were determined fro® the loss in
weight of Eg and respectively.

Trap T^ (0°C) removed some dibensyl and any other involatile substance.

Toluene, any unreacted alkyl, and the remaining dibensyl were condensed in Tg
(«72°G). A quarts diffusion pump capable of worldEg against a backii^ pressure

of several centimeters of mercury then transferred the remaining gaseous products

to the analysis system. Here the ethane and ethylene were frozen out in T^
(-196°C) and T^ (-2Q5°C) while the methane and hydrogen were continually trans¬
ferred to the gas burette by means of the Toepler pump. A small McLeod gauge

(Vij) was used to indicate complete transfer of a gas to the burette. Hydrogen
was estimated by oxidation in the copper oxide furnace (300°G), After the

burette was cleared of methane and hydrogen T^ was brought to room temperature
and T, to -165°G. The ethane and ethylene were similarly transferred to the

gas burette and measured. Ethylene was then estimated by gas phase chromato¬

graphy.

In seventeen runs with triraethyl antimony* the antimony and

involatile antimony compounds produced 'were also determined. For these
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experiments a chlorlna reservoir similar to the main alkyl reservoir (R^) was

connected between Sg and the furnace. All tubing in tills region was heated
to 100°0. At the end of a run, all the antimony and involatila antimony

compounds deposited in the reaction vessel were converted into a mixture of

antimony trichloride and pentachloride by the action of chlorine. To

facilitate removal of the mixed chlorides was replaced by T^» The tubing
from the outlet of the furnace to the lower end of the inlet tube of T^ was
heated to MO°C. The ohlorldes were distilled oat into T,, dlseolred In
hydrochloric acid and reduced to the trivalent state by boiling with sodium

sulphite. The antimony was then titrated with standard potassium bromate

using methyl red as an indicator (17),

In three runs the undecoaposod trimethyl bisouth was determined.

The aUbyl wa3 destroyed by passing a very slow stream of oxygen through the

toluene solution removed from the OC^-spirits trap. The toluene was distilled
off, the bismuth oxide dissolved in sulphuric acid, and the bismuth determined

by a colourimetrlc estimation employing potassium iodide (18).

For dimethyl tin dichloride the injection system used for the other

aIkyIs was replaced by a U-tube. Before a run, a quantity of the alkyl was

distilled from a weighed storage tube into the U-tube. The toluene stream

was saturated with alkyl vapour as it flowed through the U which was maintained

at a convenient temperature (25°0 to 40°C). At the end of the run the

remaining alkyl was distilled back into the storage tube and the amount used

determined by weighing. Except for a few centimeters at the bottom of the

U-tube, all tubing from this section of the apparatus to the entrance of the

furnace was heated to 80°G, The tubing from the outlet of the fhrnace to T„

was also maintained at this temperature.

The first order rate constants were calculated from the aquation



k = *2x2012. log ,-li ni

tG 1 -X

where x represents the fraction of the alkyi decomposed and the contact time,

tc, is given by the expression

t s V X P x 273 gpc
c R x T x 760 x 22416

In tliis expressions

7 = volume of the reaction sons (cnr*)
P = pressure in the reaction vessel (mm)

T - temperature of the reaction sons in °A
R a total rate of flow through the reaction vessel in

moles per second.

B. Preparation of Materials

a. Toluene Sulphur free toluene was purified by passing it twice

through a quarts tube at &7CPG and 25 am pressure. Purification by this method

has been shown to be necessary in order to obtain reproducible rate constants

in the pyrolysis of toluene itself (12, 35). The product was twice fraction¬

ated and stored over sodium wire. Before use it was thoroughly degassed by

bulb to bulb distillation under vacuum.

b. Dimethyl mercury Dimethyl mercury was prepared from mercuric

chloride and methyl magnesium iodide (19). When all the merouric chloride

had been added to the Grignard reagent the reaction vessel was equipped with a

condenser set for distillation. The water bath around the reservoir was

brought slowly to a boil and was maintained at this temperature for one hour.

The mixture was stirred continually during the distillation and heating.

The water bath was cooled, the solvent returned to the reaction vessel and
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the whole mixed thorough3y. The excess Grignard reagent was then hydrolysed

by pouring the solution onto cracked ice. The ether layer was separated

and dried over calcium chloride. The bulk of the ether was removed by a

rapid fractionation. The crude product was dried over calcium chloride and

twice fractionated. The fraction boiling at 91.o°G (corrected) was stored

under vacuum at room temperature. Analysis by gas chromatography showed a

maxima of 0.1$ impurity.

c. Diaethvl cadmium Dimethyl cadmium was prepared by the action

of anhydrous cadmium chloride on methyl magnesium iodide (20). The preparation

of the Grignard reagent was carried out in an atmosphere of dry nitrogen. The

ether solution of the reagent wa3 siphoned into the production unit. This

unit consisted of a three neck flask equipped a3 follows. One side neck was

fitted with two condensers in series. The top of the second condenser was

connected to a mercury bubbler valve. The center neck was fitted with a

mercury seal stirrer. The other side neck was fitted with a X-adaptor. One

arm of the adaptor was connected through a condenser to the nitrogen supply.

A conical flask containing the anhydrous cadmium chloride i^ras attached to the

other arm of the adaptor by an 8 inch length of inch diameter rubber tubing.

The production unit was swept with nitrogen during the transfer of the Grignard

reagent. The flow of nitrogen was continued for several minutes after the

transfer wa3 complete. Stirring with a nichrome stirrer was started and the

anhydrous cadmium chloride was added in small portions at about five minute

intervals. When an addition was not being made the weight of the flask bent

the rubber tubing, thus sealing off the cadmium chloride in the flask from the

rest of the unit. The addition of 165 grams ofcadmiura chloride required four

hours. The solution was cooled to room temperature and was siphoned into the

fractionating unit. The bulk of the ether was removed by careful fractionation
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at atmospheric pressure in an atmosphere of dry nitrogen. A previous

attempt to remove the ether rapidly resulted in a large loss of product.

The crude product was twice fractionated and the fraction boiling at 70,.4°0
at 240 mm xra.3 stored under vacuum at ~183°0.

d. Dimethyl sine Dimethyl sine was prepared by the reaction of

methyl iodide with a freshly prepared zinc-copper couple (21, 22). The couple

was placed in a quickfit flask equipped with a dropping funnel and a reflux

condenser. The top of the condenser was connected to a mercury bubbler valve

and the system was flush®! by passing dry nitrogen through the dropping funnel.

The nitrogen supply wa3 disconnected and the methyl iodide mixed with a feu

drops of methyl acetate xfas placed in the dropping funnel. The mixture was

run onto the couple and the whole left at room temperature in an atmosphere

of nitrogen for 16 hours. The flask was then heated on a water bath for 8

hours. The mixture was froaen x-dth liquid nitrogen and the reflux condenser

replaced ty a simple distilling unit. Tho system was evacuated and then

filled to atmospheric pressure with dry nitrogen. This technique of freezing,

malting the necessary changes, evacuating, and filling to atmospheric pressure

with nitrogen, was employed throughout the preparation. The crude dimethyl

zinc was collected by distillation, transferred to a fractionating unit and

carefully fractionated. The fractionating head used was a one piece model

constructed with a magnetically controlled tapered glass rod valve. The

fraction boiling at 4-2~46°C was collected, A weighed sample of this fraction

was decomposed with water and the residual methyl iodide determined by gas

chromatography. The sample contained only 6($ dimethyl zinc. The crude

product was therefore returned to the production flask and refluxed for a further

24, hours with a fresh portion of zinc-copper couple. The crude product was

further purified by passing the vapour 5 times over a portion of zinc-copper
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couple heated electrically to 150°G, The crude alkyl was again fractionated,

the fraction boiling at 46*4- - 46.5°0 at 753 mm being collected. Three

weighed samples were decomposed by air plus water or air alone. Analysis by

gas chromatography indicated that the residual methyl iodide constituted

considerably less than 1$ of the sample.

e. Trimetfayl bismuth Trimethyl bismuth was prepared by the

action of anhydrous bismuth trichloride on methyl magnesium iodide (23). The

method used was similar to that employed in the preparation of dimethyl cadmium.

The gecess Grlgnard reagent was destroyed by the addition of aqueous ammonium

chloride. The ilaak containing the ether solution was kept in an ice bath

during the hydrolysis. The ether layer was separated and dried over sodium

sulphate. The bulk of the ether was removed by fractional distillation.

The crude product was again dried over sodium sulphate. It was twice fraction¬

ated and the fraction distilling at 55 - 56°0 at approximately 120 mm was stored

under vacuum at -196°G. This fraction had a vapour pressure of 21.6 mm at

16°G,

f. Trimethyl antimony Trimethyl antimony was prepared by heating

antimony powder with dimethyl mercury using mercuric chloride as a catalyst (24).

The reaction was carried out in a sealed tube at 150°C. Th© crude product was

fractionally distilled in an atmosphere of dry nitrogen. The fraction boiling

at 78,5°0 was stored under vacuum at -196°G. This fraction had a vapour pressure

of 72 mm at 17°C and 30.5 mm at 0°G.

g. Dimethyl tin diohloride Dimethyl tin dichlorida was prepared

by bubbling methyl chloride through molten tin containing 1($ of fine copper

powder as a catalyst (25). The metal mixture was heated to 350°0 and any

, oxides reduced by passing hydrogen for one hour. The temperature was then

raised to 375°C and the flow of methyl chloride initiated. As the product
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formed It distilled from the metal mixture and was collected as needle-like

white crystals in an air condenser. The first product appeared in 12 minutes.

After 30 minutes at 375°0 the temperature was reduced to 315^5* Ten grams

of product, m.p. 106°0, was obtained in 13 hours.
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Mg AMD RIS3ULT3

A, Dimethyl Mercury

The complete experimental results are given in table 1. Their

satisfactory interpretation depends upon the selection of the correct mechanism

for the system. A possible mechanism for the decomposition of dimethyl mercury

in the presence of toluene is as follows (l)s

Hg(CH3)2 = HCCH3 + GH3 (1)
Eg3H3 = Hg + CH3 (2)

0H3 + C6H5CH3 = CH^ + 06H5CH2 (3)
2 gh3 = C2H6 (4)

2 = (a6H50H2)2 (5)
Ruction 2 is assumed to be very much faster than reaction 1.

According to the mechanism the number of moles of ethane plus half

the number of raoles of methane formed during a run 3hould be equal to the

number of moles of the alkyl which have decomposed. The rate constants shown

in table 1 have been calculated on this basis.

The proposed mechanism for the decomposition will only be valid of

the reaction

GH3 + C6H5CH2 = C6H5CH2GH3 (6)
can be neglected as a possible means by which methyl radicals might be removed

from the system. The rate of this reaction has not been measured so there is

no direct evidence on thi3 point. However, extensive work by Gowenlock,

Polanyi and W'arhurst has shown that the percentage decomposition based on the

number of moles of ethane plus half the number of mole3 of methane is generally

in good agreement with that calculated from the weight of mercury produced.

The loss of methyl radicals by reaction 6 must therefore be small. These
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TABLE 1 - TUB F2R0LYSI3 OF DIMETHYL MERCURY

run

no.
temp.
(°0)

contact
tine
(sec)

toluene
(mm)

IUMQQ

(loH* mole)
OH4 O2H6

(10"^" mole) (10"*^ mole)
kl

1(sec"1

1 a 560 1.35 17.0 4.55 5.46 0.33 0.330

2 a 560 1.37 16.1 12.00 12.50 1.57 0.310

3 a 543 1.39 16.1 14. 90 11.50 1.49 0.477

4 a 542 1.44 16.0 12.90 10.06 1.15 0.460

5 a 535 1.33 16.5 13.40 15.50 2.06 0.990

6 a 531 1.41 16.3 15.30 3.32 1.09 0.317

7 a 505 1.45 16.2 15.20 3.90 0.39 0.115

3 a 433 1.52 16.2 14.20 1.60 0.12 0.044

9 a 465 1.51 16.1 16.20 0.71 0.04 0.016

10 a 466 1.52 16.1 14.60 0.69 0.05 0.013

11 c 603 .405 16.0 3.42 4*49 0.19 3.12

12 b 5 0 535 .425 16.2 6.71 7.50 0.43 2.33

13 0 573 .459 16.1 7.30 6.59 0.53 1.49

14 0 562 .435 16.1 10.30 6.30 0.56 1.11

15 c 562 .426 16.5 10.40 7.12 0.53 1.03

16 c 562 .425 16.1 21.10 12.40 1.61 1.07

17 543 1.72 10.3 15.60 10.30 2.30 0.376

If? 543 2.23 4.4 12.10 6.36 2.70 0.290

19 c 543 1.13 25.5 14.10 12.00 1.16 0.625

a ilg 1 1 0.5%; C2H^j
b nil;

ca. 0.5$ of and G2 fractionaj
c length of run 20 rain.
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FICrURS 3 The variation of the rate constants with pressure.
The right-hand scale refers to the two lower curves.
The full points were obtained in the study of dimethyl
cadmium, the open points in the study of dimethyl
mercury.



FIGURE U Arrhenius plots for the decomposition of dimethyl mercury
and dimethyl cadmium, and the reaction of methyl radicals
with toluene. The figures beside the point indicate
the number of runs averaged to obtain the plotted value.
The values for the decomposition of dimethyl cadmium have
been displaced downwards by 0.5 log units.
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worlcers have also shown that the decomposition is first order and largely

homogeneous. Therefore the present work does not include a systematic 3tudy

of the effects of concentration, contact time, or surface to volume ratio.

The rate constant for the decomposition depends markedly on the

total pressure in the reaction system. This is shown in figure 3. The

reaction i3 being investigated under conditions such that the rate of energy

transfer is not sufficient to maintain the high pressure rate constant.

This is to be expected for molecules containing only three heavy atoms.

Accordingly, the majority of the mans have been carried out near 16 ram total

pressure and corrected to this seleoted pressure by making use of the

empirically determined relation between the rate constants and the pressure.

The Arrhenius plot of the rate constants is given in figure 4.

The straight line corresponds to

dog10 kj/sec"*1 = 13.1 - (50100 1 1000/2,303 RT)
for mercury dimethyl at lb mm pressure.

B. Dimethyl Cadmium

The complete experimental results are given in table 2, The

mechanism for the decomposition of dimethyl cadmium in the presence of toluene

may be expected to closely parallel that given for dimethyl mercury. That iss

Gd (CH3)2 = GdCH-j + CH3 (1)
Od CH3 a Gd + CH3 (2)

CH3 ♦ C6H5CII3 = OHA + C6H5OH2 (3)
2 OH3 = C2H6 (4)

2 a^OHj = (06R50H2>2 (5)
where reaction 2 is again assumed to be much faster than reaction 1.
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Hence the number of moles of dimethyl cadmium deoomposed will be

equal to one half the number of moles of methane plus the number of moles of

ethane. Using this measure of the progress of the reaction it was found

that the decomposition of dimethyl cadmium obeys first order kinetics at a

constant total pressure in the system. The results given in table 3 show

that changing the alkyl concentration by a factor of 35 does not affect the

observed rate constant. The effect of contact time on the first order rate

constant is shown in table 4* Wo significance is attached to the slight

variation at 552°C.

Two runs (39 and 4.0) were carried out with the reaction vessel

packed as previously described. When due allowance is made for temperature

and total pressure the rate constants calculated for these runs are in

excellent agreement with those determined in the unpacked vessel. Therefore

within the limits of the present experimental technique the thermal decomposition

of dimethyl cadmium in the presence of toluene appears to be a homogeneous gas

phase reaction.

The effect of the total pressure in the system on the observed rate

constant has been studied. U3ing contact times of one to two seconds the total

pressure has been varied in several steps from 5*2 mm to 24.4. ram. The results

of these experiments are shown in fig. 3. The pressure dependence of the rate

constant is very similar to that observed for dimethyl mercury. This similarity

is to be expected for two molecules so similar in structure. Because of the

marked dependence of the observed rate constant on total pressure the majority

of runs have been carried out near 18 rara and corrected to tliis selected pressure.

The rate constants given in table 2 are the uncorrected values for the toluene

pressure indicated. All values in table 3 and table 4. have bean corrected to

13 ma. Similarly all values for dimethyl cadmium plotted in fig. 4- are basad
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TABUS 2 - THE FiaOU3I3 OF DI?'15THYL GADMIOM

temp,
(°G)

contact
time
(sec)

toluene
(mm)

CdMes CH^ G2H6
(10~4 mole) (lO""4 mole) (10"4" mole ) (sec""1)

552 0.93 15.6 1.52 0.38 0.11 0.48

552 1.10 15.6 18.70 12.60 1.55 0.47

552 1.30 19.2 9.20 3.90 0.57 0.60

552 1.02 18.7 48.80 23.50 6.70 0.55

552 1.23 5.2 27.40 10.80 5.64 0.39

552 1.03 24.4 9.66 10.50 0.41 0.79

552 0.59 21.8 25.60 15.90 1.15 0.74

552 0.74 13.2 17.20 3.60 1.28 0.53

552 0.63 15.4 26.60 34.40 1.74 0.64

552 0.68 13.8 21.60 11.10 1.55 0.53

552 0.83 14.4 14.90 8.40 1.34 0.56

552 1.72 18.0 19.30 18.60 2.22 0.53

552 1.73 18.6 19.30 17.80 2.31 0.56

552 0.62 18.6 16.30 3.85 0.37 0.63

552 1.37 20.0 3.78 3.94 0.16 0.61

552 2.13 6.3 18.10 10.90 3.48 0.32

552 1.71 10.0 19.90 15.40 3.70 0.49

552 2.03 5.8 22.20 12.30 6.06 0.38

571 1.38 17.0 17.30 19.00 2.70 0.90

524 1.43 18.3 14.40 6.33 0.68 0.233

490 1.47 17.5 23.00 3.64 0.32 0.065

469 1.72 18.6 24.90 2.20 0.17 0.028

469 5.55 19.9 14.90 3.62 0.47 0.030

501 5.57 13.5 34.30 8.34 1.65 0.094
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TABLE 2 continued

run

no.

teran.
(°o)

contact
time
(sec)

toluene
(ram)

CdMes gh4 °2h6 ^1
(10 raole) (10~^ mole) (10~^ mole) (sec~^

34 524 3.47 16.5 19.60 14. 30 3.30 0.206

35 522 4.03 17.6 10.70 9.60 0.93 0.190

36 490 5.05 19.3 21.20 3.43 2.16 0.070

37 469 6.60 19.3 20.00 5.30 0.37 0.029

33 0 571 0.64 17.0 22.22 17.80 2,23 1.09

39 b 517 3.42 13.9 19.10 12.30 2.17 0.174

40 b 503 3.00 19.0 24.20 10.70 1.97 0.124

a complete analysis CH^ 82.6$; 02^ 15.9$; H2 0.8£j 03^ 0.7S;
b packed vessel; e H2 1.25 £ 0.25$ of 0^ fraction; d length of run 20 min.

TABLE 3 - THE EFFECT OF DIMETHYL CADMIUM GONGB^ITHATION OH THE
VELOCITY CONSTANT (k-,) ' ~

temperature = 552°G pressure = 13 rm.

run

no.
t0

(SQO)
CdMeo

(10~9 mole cm"*9)
kl

(sec'1)
1 0.93 0.51 0.53

21 1.37 1.36 0.56

7 1.30 4.29 0.57

4 1.10 7.38 0.52

8 1.02 17.83 0.53
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TABLE L - THE EFFECT OF CONTACT TIME ON THE VELOCITY
00N3TANT (ki) FOH DIMBTHYL CADMIUM

temperature = 552°G pressure = 13 ram

run t0
no. (sec)

ki

(sec"^)
run
no.

tc
(sec) ( k:Ul\(sec ;

12 0.59 0.63 7 1.30 0.57

20 0.62 0.62 13 1.72 0.53

U 1.10 0.52 19 1.73 0.55

temperature = 4-90°C temperature = 469°0
run tQ
no. (see) kli run

no. (sec)
kl

(aec-l)
23 1.4.7 0.066 30 1.72 0.027

36 5.05 0.067 32 5.55 0.028

37 6.60 0.023
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on the rate constants adjusted to IS am total pressure.

In the course of the investigation of dimethyl cadmium further

evidence has been obtained which indicates that the reaction

GH3 + C^H^GHg = C6H5CH20H3 (6)
can be neglected as a possible means by which methyl radicals are removed from

the system. The evidence consits of two facts, neither of whioh is compatible

with reaction 6 being important in this system. First, the rate constants

calculated for reaction 1 are independant of the rate of release of methyl

radicals into the system; this has been choofced by varying the concentration

of alkyl by a factor of 35 (table 3). Second, in a run carried out at 595°C
with a contact time of 5.6 seconds methane and ethane were produced in

quantities corresponding to 98.7^ decomposition of the alkyl. Furthermore,

the A factor of reaction 6 my be calculated from the results of Saware for the

thermal decomposition of ethyl bensene (26) and reasonable estimates of the

entropies of the methyl and benayl radicals and of ethyl bensene.

Trotman-Dickenson has estimated the entropy of the methyl radical

at 25°0 to b© 45.5 eu (27). The entropy of the benzyl radical is assumed to

be identical to that of toluene, due allowance (1.4 eu) being mad© for the

unpaired electron in the radical. The entropies of toluene (76.42 eu) and

ethyl benzene (86,15 eu) at 25°G were taken from Selected Values of Physical

and Thermodynamic Properties (28). The entropy change of the reaction

c6h5gh2 " GH3 = gh3 + G6H5GII2 (-6)
at 25°G is therefore

AS = 45.5 + 77.8 - 86.2

= 37.1 eu.

The entropy values used are for one sole of the substance at 760 mm and 25°G,
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Tho entropy change in concentration units (A3C) of moles ceT^ i3 then

A3C s 37,1 - 20.1 = 17 en

The experimental A factor of the decomposition of ethyl bensane
13 0

is given by Saware as 10 * The frequency factor for the combination of

methyl radicals with benayl radicals (A^) may therefore b© calculated from

the expression

log (a„6/ }\ 2.303 R
The use of this expression implies that reactions in flow systems are studied

at constant pressure rather than at constant volume. If A-o/4^ independent
of temperature

log A6 a 13.0-3.73=9.27
This result is accurate to an order of magnitude for all temperatures used.

If the calculation is made using entropies at 1000°A the value obtained is

log A^ ss 3.85
Therefore the maximum value of is approximately 10'' mole""^cm^sec . Hence

under the experimental conditions used reaction 6 cannot compete successfully

with reactions 3 or 4.

The Arrhenius plot of the rate constants is given in figure 4-

The straight line corresponds to

log10 k/aec 1 = 11.9 - (45300 t lOOO/2>303
for cadmium dimethyl at 18 mm pressure.

C. Dimethyl Zinc

The complete experimental results are given in table 5. Their

satisfactory interpretation depends upon the selection of the correct mechanism

for the system.

It was expected that the mechanism for the decomposition of dimethyl
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zino would be very similar to that for the decoraposition of dimethyl mercury

and dimethyl cadmium:

The XOH^ radical formed by the other two alkyIs decomposed so rapidly that it
could be assumed that two methyl radicals were formed from each molecule that

underwent reaction 1. However, it was soon found that this assumption was not

tenable for dimethyl zinc. It appeared that even as high as 670°G reaction 2

did not occur to any great extent under the experimental conditions used.

Only above 73Q°C was reaction 2 an important source of methyl radicals. The

decompositions of dimethyl ainc and methyl zinc were therefore treated as

successive reactions. At the highest temperatures all the dimethyl zinc was

converted to methyl zinc in a very small fraction of the contact time. The

rate of decomposition of methyl zinc could then be readily determined; the

only interference came from the decomposition of the toluene carrier. At

low temperatures the decomposition of methyl zinc was negligible and the de¬

composition of dimethyl zinc could be simply treated as a unimolecular reaction

yielding one methyl radical. At intermediate temperatures the appropriate

treatment for successive reactions of comparable rate had to be applied.

The detailed methods of calculating were as follows,

(a) The Hixh Temperature Range (ka)

of the methane-hydrogen fraction. In order to obtain the net amount from the

decomposition of the alkyl a correction had to be applied for the methane

2n(0H3)2
ZnCttj

on3 + WH3
2 CH_

J

2 C^H-CHjj

(1)

(2)

(3)

U)

(5)

The total amount of methane produced in a run was found by analysis
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TABLE 5 - THB FYKOLUIJ OF DIETHYL ZING

run temp,
(°c)

toluene
(ram)

t
(isec)

CH4 C2Ii6 H2 ZnMe2 kl ,
(seeno* 10*"4 mole

1 597 22.4 6.74 14.40 0.73 - 18.2 0.246

2 597 32.5 9.00 11.70 1.25 - 17.1 0.179

3 597 7.2 10.35 9.46 2.41 - 17.3 0.139

4 597 28.5 4.91 13.50 0.40 «w» 17.4 0.230

5 597 16.0 4.73 11.00 0.57 17.9 0.218

6 597 9.3 5.66 9.34 0.94 - 16.3 0.187

7 597 26.5 3.53 10.70 0.27 - 17.1 0.273

8 597 6.6 6.30 3.58 1.50 - 18.0 0.154

9 597 16.5 1.13 3.72 0.04 - 13.3 0.203

11 597 5.3 1.50 4.04 0.13 mm 13.2 0.170

12 597 4.6 1.44 2.76 0.19 mm 19.1 0.146

13 597 10.0 1.17 3.60 0.13 - I8.4 0,190

14 597 16.5 0.98 12.36 0.61 mm 72.0 0.212

15 597 16.5 0.97 6.32 0.16 mm 35.5 0.214

17 643 16.6 0.94 12.00 0.20 0.10 19.0 0.988

13 672 16.8 0.89 16.60 0.28 0.15 20.0 1.94

19 672 16.3 0.90 16.20 0.31 0.15 19.6 1.92

20 672 5.3 1.11 13.35 0.65 0.10 19.5 1.29

21 672 5.3 1.15 13.60 0.70 0.10 19.2 1.26

22 672 lo.4 0.91 15.30 0.25 0.15 13.1 2.10

23 701 16.6 0.86 18.20 0.30 0.30 13.5 4.12

24 701 16.5 0.86 17.10 0.31 0.30 17.7 3.75

25 701 16.0 0.37 13.10 0.37 0.30 13.5 4.12

29 624 16.0 0.93 4.90 0.05 mm 13.9 0.47

30 a 672 16.3 0.75 14.00 0.26 0.10 13.4 1.90

31 a 624 16.2 0.84 7.30 0.28 21.1 0.517
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Table 5 (continued)

run temo.
(°c)

toluene
/ . . \

t

(3ec) OH4 % H2 ZnMe2 k*i

(sec ;
no. (mm;

10"A nole

32 a 672 16.1 0.73 14.50 0.32 0,10 13.9 1.89

33 a 701 16,1 0.74 17.40 0.39 0.20 13.3 3.40

4.0 653 16*3 1.06 12.55 0.29 0.15 17.0 1.27

41 653 16.3 0.99 12.10 0.21 0.15 17.0 1.27

42 573 16.0 1.10 1.13 0.01 - 12.9 0.090

43 700 16.6 0.90 17.30 0.23 0.30 17.1 3.60

26 730 16.6 1.01 19.9 0.44 0.60 13.2

, ^-lx(sec )
0.347

27 730 16.3 1.04 19.9 0.47 0.60 13.7 0.122

34a 755 16.8 0.72 21.6 0.56 3.00 19.7 0.200

35 a 793 16.3 1.28 25.3 X«40 4.10 19.4 0.420

36 a 793 16*4 0.73 23.3 0.90 6.90 19.1 0.450

37 a 325 16.0 0.71 25.3 1.02 11.90 13.7 0.670

33 827 16.0 0.90 24.7 0.97 11,90 17.8 0.590

39 762 16.3 0.38 19.5 0.49 2.70 16.7 0.250

44 753 16.1 0.39 19.1 0.60 2.20 17.2 0.210

45 c 733 15.3 0.39 27.8 1.52 4.70 20.6 0.320

47 783 6,3 0.60 20.4 0.30 2.60 17.7 0.346

43 b 783 9.5 1.27 22.5 1.03 3.20 17.2 0*196

49 733 15.3 0.95 25.3 0.77 5.70 16.9 0.303

50 783 16.2 0.97 7.96 0.31 3.04 5.7 0.350

51 c 325 16.2 0.91 16.85 0.71 3.95 11.2 0.660

a runs in packed reaction vessel.s
b complete analysis (10""^ roole) CR^i 22.5; $2^6* 0.31;
c run 20 rain; H^: 3.20; 0*72;
t is the contact tine.

The quantities given in the table are total (uncorrected) amounts of products.
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produced by the decomposition of the toluene carrier. An experiment on the

pyrolysis of pure toluene at 733°0 yielded a value of k in good agreement with

that calculated from Szwarc's expression for the rate constant (12)

logioVseo-1 =3 13.3-(77500/2.303 RT)«
In arriving at this expression Szwarc assumed the ratio of hydrogen to methane

in the products of the decomposition was exactly 1.5*1. The ratio found in

the present experiment confirmed this value. Hence the correction for the

methane produced by the decomposition of toluene was based on a hydrogen methane

ratio of 1.5* 1 and the Arrhenius parameters of Szwarc. The percentage decomposit¬

ion of methyl zinc was then equal to

(corrected moles of methane + 2 x moles of ethane) 100 M 100>
moles of dimethyl zinc used

First order rate constants were calculated from these percentage decompositions.

This calculation implies that the dimethyl zinc is converted to methyl zinc

immediately it enters the reaction zone.

0>) The low Temperature Range (kx)
The value of the rate constants, kx, was calculated from the usual

formula for -successive unimolecular reactions:

OH4+ 2C2H6 = Zn(CH3)2 used j 2-JjL «5cp(-kxt) + exp(-k2t) j
The equation was solved using successive approximations of kx. The first value
of kx used was that calculated from the extrapolated Arrhenius curve for results

obtained at low temperatures and short contact times. Usually only one or two

approximations were required to obtain substantial agreement between (OH, + 20oH^)4 o calc.

and (GH^ + 2c!2%^obs. • va^ie of kg was calculated from the Arrhenius parameters
for the decomposition of methyl zinc determined from experiments in the high temper¬

ature range. The values of k2 thus obtained may be considerably in error. However,



-32-

the values of kj obtained were not very sensitive to the value selected for kg
as the percentage decomposition of methyl sine was of the order of 1$ at 597°0,

% at 64S°C, and 6$ at 710°C.

The method of calculation depends upon the assumption that the methyl

sine radicals which do not decompose do not react in any other way while within

the reaction zone. Presumably they eventually form stable saturated molecules

in 3ome cooler portion of the apparatus.

The rate constants k^ and kg wer® found to be markedly dependent upon
the total pressure in the reaction system, as is shown in figure 5. This was not

due to any heterogeneous reaction. Packing the vessel with silica tubing so as

to increase the surface to volume ratio by a factor of five had no appreciable

effect on the rates, as is shown in figure 6. The values of the rate constants

given in table 5 are the experimental values for the pressures indicated. The

values given in tables 6, 7 and $ have been corrected to a selected pressure.

Tables 6 and 7 show that at a fixed temperature and total pressure

the rate constants for reaction 1 and reaction 2 are independent of large changes

in the substrate concentration.

A systematic study of the effect of contact time on kp has not been

made. However, runs 35 and 36 indicate that an increase in the contact time by

a faotor of 1.75 causes no appreciable change in this rate constant. In the

lower temperature region the effect of contact time on has been extensively

investigated. Table 8 shows the results of a series of runs at 597°0. At 16 mm

total pressure an increase in contact time from 0.98 sec to 6.74 sec, a faotor of

6.9, does not affect the value of kj. Similarly at 6.6 ram total pressure the

rate constant is unaffected by an increase in contact tin® from 1.-44 sec to

6.30 3eo. Even the use of contact times as long as 10.85 seconds does not

seriously affect the rate constant.



FIGURE 5 The variation of the rate constants with pressure.
Open circles: the decomposition of dimethyl zinc
(5?7°C); Q the decomposition of methyl zinc (733°C)j
full circles: k//ko^ (597°0).
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As a check on the importance of reaction 6

C6H5CH2 + GH3 a °6a5C2H5 (V
a run wa3 carried out at 312°G with a contact time of 6 seconds. From the

quantities of methane (corrected) and ethane formed it was deduced that 9% of

the possible number of methyl radicals were released. The proportion that may

be derived from the rate constants and k2 under these conditions is $8,5%*
This is direct evidence that reaction 6 is unimportant.

The rather large quantities of hydrogen found at the higher temperatures

were not all the products of the unimolecular decomposition of toluene. It is

possible that they were formed by the decomposition of bensyl radicals and of

dibenayl. A small quantity is probably formed by the decomposition of ethane

into ethylene and hydrogen. For this reason the ethylene was treated as ethane

in calculating the rate constants. If this Is unjustifiable the error introduced

is small because the C2 fraction is much smaller than the amount of methane.
The Arrhenius plots of the rate constants, kj and k2, are given in

figure 6. The rate constants used to make up the plots were all determined in

the region of the pressure indicated and empirically corrected to this value.

The straight lines correspond to*

iogiQ kj/sec"*1 a 11.25 -(47200 t 1000/2.3Q3RT)
and log^Q kg/sec*"1 » 6.36 -(35000 / 2.303RT)

at 16 mm total pressure. No useful estimate of the probable error in the activat¬

ion energy of reaction 2 can be made (3 to 5 keal mole""1 is probably a fair figure).

At 5 mm total pressure:

log10 k-j/sec"*1 a 11.03 -(47300/2.303RT)
The value of kj and A^ at infinite pressure could only be determined

from experiments over a far wider range of pressures than could be reached with the
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THE VELOCITY CONSTANT (ki)

temperature = 597°C pressure = 16.5 nun

run

no. (sec)
Zn(CH3)2

(10"^ mole cm""^)
kl,

(sec-1)

9 1.13 7.43 0.208

15 0.97 12.33 0.214

14 0.98 25.30 0.212

TABIE 7 - THE EFFECT OF METHYL ZINC CONCENTRATION ON THE
VELOCITY CONSTANT (ko)

temperature = 7C3°C pressure = 16.0 mm

run

no.

ZnCH

(10"9 mole om"-^)
kg

(sec""-'-)
50 0.97 1.98 0.35

49 0.95 5.75 0.31

45 0,89 9.35 0.32

TABLB 8 - THE EFFECT OF CONTACT TIME ON THE VELOCITY CONSTANT

temperature = 597°C

3T

W

pressure = 16.5 nun pressure = 6.6 mm

run

no.
%

(sec) (sec"''-)
run

no.
tc

(3ec) (3ec"l)

34 0.93 0.212 12 1.44 0.158

5 4.73 0.218 3 6.30 0.154

1 6.74 0.206 3 10.35 0.335
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apparatus used. Reaction 2 was apparently studied in its "second order" region;

that is hp is directly proportional to the total pressure as is shown in figure 5.
If toluene and nethyl zinc are equally effective in energy transfer, then the rate

constant may be written

log10 k2 / cra^ S0C s 13.36 -(35000/2#303RT) *

D. Trlaethyl Bismuth

The complete esraerimental results are given in table 9, They may be

satisfactorily interpreted fcy the following reaction scheme:

Bi(GH3)3 = Bi(GH3)2 + 0H3 (1

Bi(GH3)2 = Bi CH3 + CH3 (2
BiGH3 = Bi + GH3 (6

CH3 + C6H5GH3 = GH^ + C6H5CH2 (3
2 CH3 = G2H6 U

2 C6H5GH2 b (C6H50^)2 (5
Runs B, G, E and A' were all carried out at high temperatures, where the observed

decomposition is close to 10<$ as measured both by the volume of methane and ethane

produced {% decomposition » ($• moles methane + ■§• moles ethane) 100 -r moles trimethyl

bismuth used) and by the quantity of undecomposed aUkyl. It is thus established

that three methyl radicals are released each time a molecule undergoes reaction 1.

The analysis of the gaseous products of runs B and G shows that the amounts of

hydrogen, ethylene, and 03 and hydrocarbons formed are negligible. The con¬
clusion that the quantity of gas produced is a satisfactory measure of the progress

of the decomposition is further supported by run B».

The rate constants for a number of runs with different contact times

are given in table 10. The rate constant for run 5 has been adjusted to 3&2°C,
the temperature of runs 32 and 30. These results show that the calculated rate
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TA8LB 9 - THE HR0IJSX3 OF faiMETHIL BI3M0TH

run temp* toluene t„ OH, CoH/ BiMe„ ki
no. (°C) (mn.) (olo) ^^ 2 (sec"1)
E a 534 16.1 1.16 7.22 lc3,70 14.90 -

G ac 54# 16.1 1.26 7.10 13.20 14.50 -

B ad 526 16.1 1.29 7.95 17.50 34.40 -

1 a 430 16.1 1.40 9.70 14.80 13.80 2.12

A' 429 16.1 3.25 7.45 34.30 12.05

C' e 409 16.1 3.73 6.12 10.90 9.25 .320

16 409 16.1 1.67 7,4? 11.20 13.60 .795

4 a 409 16.1 1.42 6.15 9.26 12.10 .■800

IS 403 16.1 1.75 4.02 4.02 6.20 .597

17 402 16.1 1.78 6.10 8.85 12.20 .573

14 401 16.1 1.77 5.28 3.37 11.80 .570

15 400 16.1 1.77 6.18 9.62 14.10 .518

B'b 395 16.1 3.86 5.13 8.65 9.40 .410

12 392 16.1 1.77 4.72 7.77 14.10 .363

13 392 6.3 3.14 2.06 5.54 6.60 .347

27 392 16.1 1.80 4.36 5.50 10.70 .364

11 390 10.6 2,13 3.29 6.30 10.40 .327

10 389 11.0 2,12 3.04 5.35 9.70 .302

8 388 16.1 1.72 4.72 6.15 14.20 .296

3 a 387 16.1 1.54 3.45 5.15 12.80 .280

9 387 6.3 2.94 0.35 0.80 1.60 .244

33 337 16.1 0.69 2.32 1.33 11.20 .278

6 386 16.1 1.77 2.74 2.34 6.60 .264

7 386 16.1 1.71 1.44 0.77 2.73 .264

5 333 16.1 1.76 3.41 4.34 12.40 .222



Table 9 (continued)

run

no.
temp,
(°G)

toluene
(mm) *0,(3ec)

CH4 °2H6 BiMe^ ki
(sec"''')10"4 mole

30 382 25.0 1.53 3.18 2.24 9.1 .217

31 382 6.3 3.34 2.78 8.55 14.20 .200

32 382 16.1 4.04 3.94 5.86 3.95 &iHCM•

23 380 16.1 1.79 2.86 3.18 10.50 .193

19 380 15.9 1.38 3.36 4.80 13.80 .196

20 378 36.1 1.87 3.34 4.25 13.90 .475

29 374 16.1 1.83 2.54 2.75 11.70 .342

2 a 369 16.1 1.56 1.80 2,a 33.50 .114

22 367 36.1 1.95 1.90 2.10 11.70 .0972

21 367 16,1 1.98 2.00 2.44 13.60 .0932

23 355 16.1 2,00 1.10 0.97 10.50 .0500

24 355 16.1 1.91 1.10 0.97 11.10 .0499

25 354 16.1 1.93 1.05 0.92 11.30 •0461

26 346 16.1 1.94 0.77 0.59 11*20 .0306

Duration of all runs 30 min.

a runs in packed reaction vessels

b colorimetric estimation of the undecoiaposed alkyl
yields kj/soc"1 « 0,405

c no O3 or 0^ gase3 detectable
d 20^ mole ethylene, niole hydrogen
e kj/sec"^ based on undecompo3ed alkyl identical to

k^/sec*1 calculated from analysis of the gaseous products
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constant is independent of the contact tine.

The results given in table 11 show that k^ is independent of the
concentration of trimethyl bismuth. The rate constant for ran 13 has been

adjusted to the indicated temperature.

For the runs shown in table 12 the reaction vessel was packed in the

usual way thus increasing the surface to volume ratio by a factor of five. The

rate constants for runs 2 and 3 have been adjusted to 367°0 and 338°C respectively

so that a direct comparison with runs 22 and 8 may be made. Over the temperature

range studied k-^ is independent of the surface to volume ratio.
The two series of runs shown in table 13 indicate that above a total

pressure of about 10 mm is independent of the total pressure in the reaction

system. Runs 12, 27 and 13 were carried out at 392°0. The rate constants for

wins 10 and 11 have been adjusted to this temperature. Similarly the rate

constant for run 5 has been adjust©! to 382°C.
The experiments may therefore be accepted as a measure of the rat® of

fission of the (GH^ Bi-dtj bond. The activation energy calculated from the
slope of the line in figure 7, whose equation is

logiQ k-j/seo ^ = 13.9 —(4-3600 —40C^2.3Q3Rtr)»
is then equal to the strength of the bond.

E* Tyimethyl Antimony

The complete experimental results are given in table 14-. These results

show that the pyrolysis of trimethyl antimony is homogeneous (32, 49)* but other-
A

wise the decomposition is not simple# Even at the highest temperatures the yield

of methane and ethane falls far below the amount that would be expected if all the

alkyl decomposed. For instance, in run 29, only 73.6$ of the possible gases were

produced, but amoiints of antimony corresponding to 98,5% decomposition were

deposited in the reaotion vessel. The discrepancy i3 not due to the formation
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TABLE 10 - THE EFFECT OF CONTACT TIKE ON THE VELOCITY
CONSTANT (k2) FOR T3.IM5THYL BI3M0TH

temperature = 332°C temperature = 387°C

run

no. (sec)
kl .

(sec )
run

no. (slo) (sec )

30 1.53 0.217 33 0.69 0.273

5 1.76 0.216 3 1.54 0,230

32 4-. 04 0.217

TABLE 11 - TIE EFFECT OF THIMETHYL BI32UTH CONCENTRATION ON
TIE VEIflCITY CONSTANTTkil

temperature « 3o6°C

B#0lhh . ki ii~9 moles em J) (see" )
run

no. (io-
run

no.

temperature = 4Q2°C

%w3h Ki
(10 mole cm ) (see )

7 1.37 0.264 18 4.30 .580

6 4.70 0.264 17 8.56 .578

3 9.70 0.266

TABLE 12 - TIE EFFECT OF SURFACE TO 70HJHE RATIO ON THE
VELOCITY CONSTANT (ki) FOR T3IMETHYL BI3NUTH

temperature =
403.5°C

temperature =
338°C

temperature =
367°C

run k run k . run k
1

no. (sec"" ) no. (sec" ) no. (sec" )

4a 0.800 3a 0.295 2a 0.103

16 0.795 8 0.296 22 0.097

a - runs in packed reaction vessel

TABLE 13 - THE EFFECT OF TOTAL PRESSURE ON TIE VELOCITY
CONSTANT (ki) FOR TRIMSTHYL BISMEJTH

temperature = 392°C temperature = 332°C
run
no.

pressure
(mm) (sec"1)

run

no.
pressure

(mm) (sec"1)
13 6.28 0.347 31 6.25 0.200

11 10.6 0.362 32 16.10 0.217

10 11,0 0.361 5 16.10 0.216

27 16.1 0.364 30 25.0 0.217

12 16.1 0.368



1.4-0 1.50 1()3/t 1.60

FIGURE 7 Arrhenlu3 plots for the decomposition of trimethyl
bismuth and trimethyl antimony.
O Trimethyl antimony, km's based on metal analysis
© Trimethyl antimony, kpds based on gas analysis
f) Trimethyl bismuth, the figures beside the points

indicate the number of runs averaged to obtain the value
plotted; superscripts, runs in packed vessel; subscripts,
runs in unpacked vessel.
The upper temperature scale refers to the runs with
trimethyl antimony.

-3
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TABIE 14, - THE PYRQIZ3I3 OF TRIilBTHYL AHTIEM

run temp.
°G

toluene
(mm)

t

(sac)
G2H6 SbMej (sS-l)no.

10"4" mole

1 664 17.2 1.43 15.9 4.92 12.3 0.835

2 625 17.2 1.50 13.8 3.28 9.85 0.770

27 c 605 16.5 0.56 22,9 2.24 8.28 2.14

23 603 16.5 1.38 21.6 6.25 16.0 0.905

29 603 16.5 1.33 20.7 6.40 15.2 1.00 3.16

3 587 17.3 1.56 22.0 5.50 15.8 0.770

26 d 582 16.5 0.57 13.2 2.07 8.09 2.18

36 569 16.5 1.43 22.2 4.90 14»9 0.885 1.78

35 558 16.5 1*44 20.7 4.00 13.9 0.814 1.47

25 o 557 16.5 0.59 13.3 2.12 11.1 1.26

19 540 16.5 1.64 3.33 0.164 1.74 0.752

39 543 16.5 1.52 6.10 0.490 3.60 0.700 1.16

37 541 16.5 1.47 11.2 1.47 7.80 0.612 0.890

18 540 16.5 1.60 11.4 1.61 8.03 0.580

31 542 16.5 1.45 17,3 3.45 14.8 0.545

4.0 c 543 16.5 1.49 17.0 3.30 14.4 0.532 0.810

17 540 16.5 1.57 18.0 3.86 15.5 0.513

4 541 16.5 1.66 18.5 3.94 15.6 0.501

38 o 542 16.5 1.48 17.1 5.10 18.3 0.467 0.690

16 o 541 17.7 1.55 20.3 6.34 21,8 0.455

30 536 16.5 1.43 15.4 2.94 14.9 0.447

12 518 17.0 1.66 4.15 0.315 4.13 0.295

43 518 16.5 1.56 4.65 0.425 5.90 0.275

41 519 16.5 1.55 6.11 0.670 7.55 0.258 0.332
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Table 14 (continued)

run

no.
*fc©nip#
°c

toluene
(mm)

t
(sec) GH4 g2h6 3bEie3 , kg-lv

(see ) (see )
10~4 mole

13 513 17.0 1.58 7.03 0.306 8.65 0.2$3

24 e 516 16.5 0.63 5.02 0.735 17.4 0.210

43 513 16.5 0.55 5.36 0.920 21.2 0.232 0.291

49 a 518 16.5 1.29 8.06 1.28 14.1 0.220 0.260

32 517 16.5 1.49 3.34 1.42 U.4 0.210 0.243

5 518 16.3 1.59 9.45 1.59 15.1 0.205

47 518 6.3 2.59 5.02 2.20 11.6 0.121 0.342

44 516 16.5 1.63 12.0 2.73 24.6 0.164 0.182

46 b 519 29.0 1.22 19.7 2.99 33.2 0.245 0.232

42 519 16.5 1.53 13.4 3.23 27.9 0.179 0.215

14 e 518 17.0 1.67 7.91 1.39 16.7 0.160

23 518 16.5 3.52 12.7 3.16 14.8 0.153

15 518 17.0 1.56 17.0 4.93 40.7 0.158

11 495 17.6 1.71 4.15 0.315 4.13 0.101

9 495 17.5 1.79 2.94 0.264 7.85 0.089

6 495 17.4 1.79 4.24 0.540 14.7 0.072

33 4% 15.5 1.59 4.40 0.600 17.3 0.073 0.083

10 495 17.5 1.78 6.17 1.08 25.3 0.063

20 475 16.5 1.80 0.871 0.039 4.55 0.040

21 475 16.5 1.79 1.43 0.130 9.60 0.033

34 475 16.5 1.53 1.72 0.145 24.4 0.030 0.034

22 477 16.5 1.73 2.03 0.197 15.0 0.031

7 475 3.7.6 1.82 1.99 0.192 16.6 0.026

3 475 17.5 1.82 3.22 0.506 36.7 0.020

Unless otherwise indicated duration of runs 30 min.
a run in packed reaction vessel
b ^20/^ aola ethylene formed.
c Duration of runs 20 min.
d Duration of run 15 min.
e Duration of run 17 min.
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of substances such as propane or butane for negligible quantities of these gases

are produced. Nevertheless., for the purpose of further discussion it will be

convenient to assume that eaoh trimethyl antimony molecule that undergoes reaction

yields three methyl radicals and an atom of antimony. The first order rate

constants given in the table derived from measurements of the gases, kg, and
the metal, 1%, are based on this assumption.

Comparison of the rate constants for runs 23 (tc =3.52 sec), 24 (tc =

0.63 sec), and 43 (tc « 0.55 sec) with runs carried out using the same alkyl
concentration but intermediate contact times shows that the rat© constant is not

affected by a six-fold increase in contact time.

In figure 3 the logarithm of the rate constant is plotted as a function

of the total pressure in the system. The experimental points are based on the

rate constants for runs 44, 46 and 47 corrected to 513°C and an all<yl concentrate
—9 —3

ion 14.4 x 10 mole cm . It can be seen from thi3 figure that k^ and kry are

dependent upon the total pressure in the reaction system. The dependence is

very similar to that shown by the dimethyl derivatives of the group XX metals as

can be seen from the following figures for the rate constants at 6 and 24 mm.

pressure of toluene.

Zn(CH3)2 Cd(GH3)2 Hg(CH3)2 SbfCH^
597 552 543 513

2.0 2.0 1.9 2.1

This dependence i3 presumably due to the limiting effect of the rate of energy

transfer. The greater complexity of trimothyl antimony is offset by its higher

A factor. Hereinafter only those runs in which the toluene pressure was close

to 16.5 mm. will be considered.

The apparent loss of methyl radicals in the products which i3 illustrated

by the figures below is most simply interpreted by supposing that a polymer of the

Alkyl

Temp. °0

*&/k6



log10 P//rW1

FIGURI3 1 The variation of the rate constants for the
decomposition of trimethyl antimony with pressure.
Open circles, km based on metal analysis; full
circles, k.T based on yas analysis. Temperature
5L0°3.
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29 36 37 4.8 32 34

603 569 54.1 513 517 475

.75 .73 .82 .81 .87 .91

type (3bMe)n Is produced

Run

Temp. °C

% decomposition (gag)
% decomposition (metal)

It Is simplest to suppose that the polymer 13 formed from SbOH^ radicals by a
reaction of higher order than the first. This would explain the greater formation

of the polymer at the higher temperatures, although the activation energy of

reaction (6) Is probably very low, because the radical concentration would then be

highest. A tentative reaction mechanism may therefore be written as followss-

Sb(GH3)3 « Sb(GH3)2 + GH3 (1)
3b(GH3)2 = SbGH3 + 0H3 (2)

3bGH3 = 3b + CH3 (5)
n SbCHg s (SbCM3)n (6)

followed by the usual reactions of methyl radicals in the presence of toluene.

This mechanism does not eaplaia the dependence of the overall rate

constant, measured either by the gas produced or the metal deposited, on the initial

concentration of the alkyl. The effect is illustrated in figure 9. It is

difficult to see how reaction (1) could be less than first order, accordingly

we must suppose that the triaethyl can be regenerated. This may be done by the

dlsproporbionation reaction (7) with low activation energy.

2Sb(CH3)2 = 3b(CH3)3 + SbGH3 (7)
At a given temperature the concentration of dimethyl antimony will be roughly

proportional to a fractional power of the concentration of trimethyl antimony

admitted to the system. The regeneration will probably be proportional to a power

of the Initial alliyl concentration higher than the first but lower than the second.
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This mechanism accounts qualitatively for the observed effects. The complex¬

ities introduced by the flow conditions and the Halted precision of the results

makes it Impractical to apply a detailed quantitative treatment.

If this mechanism i3 correct, values of should b© obtained by measure¬

ments of the rate of metal production at zero alkyl pressure. Unfortunately the

results do not lend themselves well to extrapolation to aero alkyl pressure.

However, it can be seen that the plots of log^gk against log™ alkyl concentration
at the different temperatures are nearly parallel. W© may therefore be reasonably

confident that the values of log lc^ at zero alkyl comentration will run closely

parallel to the values at a concentration of 7.6 x 10"*^ mole cm""^. The latter

values have been plotted in the Arrhenius plot In figure 7. The Arrhenius plot

based on gas analysis i3 also shown. The equations for the lines are

log^kj/sec"1 = 15.2 - (57000/2.303 rt) (metal)
and ,

logiok/sec- = 14.1 - (53500/2,303 RT) (gas)
respectively.

F. Dimethyl Tin Bichloride

The complete experimental results are given in Table 15. They may be

satisfactorily Interpreted in terms of the following simple reaction scheme:

(0H3)23n0l2 « CJH^SnCl^ + OIL (1)
CH3SnGl2 a 3nGl2 + OH3 (2)

0H3 + 06H5CH3 = + 06H5GH2 (3)
2GH3 = C2% (4)

20^^ = (°6H5°H252 (5)
If the amount of ethane formed plus half the amount of methane is used

as a measure of the amount of dimethyl tin dichloride decomposed, it is found that
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96#8 and 98,0 per cant decomposition occurred in runs 1 and 2, respectively.

This la good evidence that two methyls are released each time a molecule

decomposes. Accordingly the first order rate constants were calculated on

this basis.

The results of runs 10, 11 and 25 at 538° and of runs 20 and 26 at 567°

show that the decomposition is homogeneous (table 16). Those of runs 3, 4, 5 and

6 show that the rate constant is independent of variations of the alkyl concentrat¬

ion between 1,01 x 1Cand 4.36 x 10~9 mole oaT® (table 17), and those of runs 10,

11, 23 and 24 show that it is independent of variations in the contact time from

0.66 to 3.21 sec, (table 18).

The rate constants depend slightly on the overall pressure of toluene

as is shown by the following results, alldbtained at 514.4°G«

Run 7 9 3 8

Toluene pressure/5"®. 6.0 9.5 16.1 25.0

li/seo""1 0.0795 0.0965 0.118 0.130

Accordingly, all the results obtained at about 16.1 ram. are adjusted to this

pressure.

The Arrhenius plot of the rate constants for the overall decomposition

at 16.1 mm. pressure is given in figure 10. The results have bean fitted to the

Arrhenius equation by the method of least squares. Hence

log Js/s&T1 as (13.52 ~ 0.01) - (56 100 t 40/2.303 RT)
The errors are most probable errors found by the normal statistical methods.

The results are clearly very reproducible but it is lilcely that normal systematic

errors which may be considerable are also involved. Unfortunately they cannot

be satisfactorily estimated.



TABIE 15 - THE HRQIX3I3 OF DIMETHYL TIN BICHLORIDE

run

no.
temp.
°C

toluene
(mm)

t
1 S3&Q 1 M

CH4 % MegSnClg /kl -i(sec
10-4- mole

2 b 633 16.1 3.22 5.54 0.323 3.16 mm

1 c 637 16.1 3.33 3.94 0.220 2.26 1.02

13 637 16.1 1.12 7.14 0.133 5.18 1.13

19 636 16.1 1.10 6.41 0.103 4*63 1.13

16 624 16.1 1.10 7.36 0.362 7.14 0.775

17 624 16.1 1.12 5.10 0.126 4.52 0.795

U 612 16.1 1.16 4.71 0,039 5.36 0.467

15 612 16.1 1.13 5.27 0.104 6.72 0.465

12 600 16.1 1.17 3.30 0.030 6.77 0.296

13 600 16,1 1.17 3.36 0.057 5.77 0.3CT7

23 539 16.1 3.21 3.54 0.100 3.73 0.216

10 533 16.1 1.19 2.50 0.049 5.81 0.213

25 a 533 16.1 0.93 2.36 0.050 6.50 0.213

11 533 16.1 1.22 2.41 0.053 5.61 0.203

24 537 16.1 0.66 1.59 0.017 6.32 0.210

7 575 6.0 1.37 1.76 0.104 7.07 0.080

9 575 9.5 1.43 1.11 0.029 4.50 0.097

5 575 16.1 1.22 0.63 0.003 2.32 0.121

4 574 16.1 1.27 0.96 0.010 3.56 0.116

3 574 16.1 1.27 1.30 0.031 4.87 0.113

6 575 16.1 1.26 2.60 0.059 9.65 0.120

3 575 25.0 1.09 1.22 0.003 4.69 0.130

26 a 567 16.1 1.00 0.95 0.026 5.91 0.083

20 567 16.1 1.19 0.323 0.013 4.35 0.087

21 554 16.1 1.17 0.536 0.006 4.72 0.051

22 554 16.1 1.21 0.596 0.006 5.15 0.050
a runa in packed veaselj b 12^ mole Hgj c 4yt( ®ol© Hjj
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TAB1E 16 - THE EFFECT OF SURFACE TO VOLPME RATIO ON THE
VELOCITY QQH3TANT FPU DIMETHYL TIN BICHLORIDE

run

no.
temp.
(°o)

k run

(3ec"* ) no.
temp.
(°0)

k
1

(sec")

10 588.3 0.213 26 a 567.0 .0875

25 a 538.0 0.213 20 566.6 .0865

11 587.7 0.208

a - runs in packed reaction vessel

TABLE 17 - THE EFFECT OF THE DIMETHYL TIN BICHLORIDE
CONCENTRATION ON THE VELOCITY CONSTANT

run

no.
temp.
(°C)

Alkyl cone. _

(lfl-9 moles cm ) (sec )

5 575.0 1.01 0.321

4 574.2 1.62 0.116

3 574.4 2.22 0.118

6 574.7 4.36 0.120

TABLE 18 - THE EFFECT OF CONTACT TIME ON THE VELOCITY
CONSTANT FOR. DIMETHYL TIN DICHLORIDE

run temp.
(«Gj (sec)

k
1

(30C )

23 589.0 3.21 0.216

11 587.7 1.22 0.203

10 538.3 1.19 0.213

24 587.0 0.66 0.210



o
<D

O
iH

tiO
O
rH

1.12 1.16 1.20

103A

TTGURB 10 Arrhenius plot for the decomoositicn of dimethyl tin
dichloride. The figures beside the points indicate
the number of runs averaged to obtain the value plotted;
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The Reaction of Methyl Radicals with Toluene

In the present work methyl radicals were produced by the thermal

decomposition of metallic alkyls, Stable molecules were formed from these

radicals by the reactions

0113 ♦ G6H5OH3 0H4 ♦ C^CHg (3)
and 2 OH^ - (4)

Assuming the radicals were produced at a constant rate

fS. = E(0H4) = t3 ro%1 r
and W , R(0A) . ^ f0%]2

Hence kg/jd- _ & (SH^) ^ x"

[tolueneJ
Tho values of in table 19 have been calculated from this egression. The

rates of formation of the hydrocarbons were calculated from the total numbers of

moles produced in a run. The expression that was used is

R(X) 5= (total moles of X) x tr. ao^0 ca~3 3e0-l
7 x t

whore ¥ is the volume of the reaction aone (om^Jp t is the duration of the run

(sec) and tc is the contact time. The concentration of toluene (moles c©~^) was

calculated on the assumption that within the reaction zone toluene behaves as an

ideal gas.

The value of k^/kf" at any one temperature was found to be markedly
dependent upon the total pressure in the reaction system. This is shown in

figure 3 and figure 5 for values of the ratio obtained when the radical source

was dimethyl mercurys dimethyl cadmium or dimethyl sine. A similar effect was

observed in the study of the other alkyls. The variation of the ratio with

pressure must be ascribed to the variation in k^ as kg should not depend upon
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pressure under the experimental conditions used. The variation of k^ with
pressure has been observed in studies of the photolysis of acetone at lowor

temperatures but also at lower pressures (5, 29). This is in qualitative

agreement with the prediction of the theory of unimolecular reactions (30).
An Arrhenius plot of ky^ is given in figure 11. The experimental

points shown are representative values from table 19 corrected to 16 mm pressure.

The straight line corresponds tos

logj0 (k3/k|) / mole"*3" cm"3/2 sec""3" a 6.3 » (12900/2.303HT),
Assuming the activation energy of reaction 4 to be aero, and using the value of

calculated by Shepp (4), gives

logl0 k3 / mole"1 onr3 sec"1 « 13.0 -(12900/2.303HT).
If ® 0 at high pressures it should have a negative value (though

probably a small one) under the present conditions. E^ would certainly not be
expected to be sufficiently low to reconcile the present values of with

those determined at lower temperatures (31, 32). No explanation of the discrep¬

ancy between the low tenperature results and those of the present work can be

given. Three points of Interest may however be noted. First, if the present

results are empirically corrected to the total pressure used in the acetone -<%
work (figure 11) the values of k3/k| obtained at the lowest temperatures in the
present work would be in reasonable agreement with the acetone -d^ values.
Second, correction of the low temperature curve obtained using the photolysis

of dimethyl mercury as radical source to the pressure used in the acetone -dg

work would increase the separation between the two curves. Third, the values

of obtained in the present work are in excellent agreement with values

calculated from a previous flow system study of mercury dimethyl (1).



TABLE 19 - THE RATIO k3/kt OVER THE TEMPERATURE RANGE
7P1°Q

Radical Source - Dimethyl zinc

run temp. pres. k3/kt
no. (°0) (mm) 4

42 573 16.0 685 35 522 17.6 550
12 597 4.6 1600 34 524 16.5 510
11 597 5.3 2200 27 524 18.3 430
8 597 6.6 1610 9 552 5.2 910
3 597 7.2 1535 24 552 5.3 1030
6 597 9.3 1233 22 552 6.3 990
13 597 10.0 1070 23 552 10.0 825
2 597 32.5 1134 13 552 13.2 520
5 597 16.0 1040 16 552 13.3 655
9 597 16.5 793 17 552 14.4 507

14. 597 26.5 1030 15 552 15.4 700
15 597 16.5 1030 4 552 15.6 646
1 597 22.4 900 13 552 13.0 694
7 597 26.5 346 19 552 13.6 631
4 597 23.5 325 20 552 13.6 526
29 624 16.0 1450 3 552 18.7 602
31 a 624 16.2 1010 7 552 19.2 600
17 643 16.6 1760 21 552 20.0 493
40 658 16.3 1530 12 552 21.8 675
41 658 16.3 1790 10 552 24.4 660
21 672 5.3 3800 26 571 17.0 790
20 672 5.3 3600 33 571 17.0 700
19 672 16.3 2000
22 672 16.4 2150 Radical Source - Dimethyl Mercury
13 672 16.3 2090

temp.
. *

30 a 672 16.3 1330 run pres. k3/ki
32 a 672 16.1 1300 no. (°o) (mm) / K4

43 700 16.6 2500
465 16.133 a 701 16.1 1990 9 192

25 701 16.0 2140 10 466 16.1 180
24 701 16.5 2140 8 433 16.2 263
23 701 16.6 2300 7 505 16.2 365

6 531 16.3 510
Radical SottTOe - Dimethyl Cadmium 13 543 4.4 975

17 543 10.3 674
run tenip. pres. k3/k£ 4 542 16.0 579
no. (°o) (mm) 3 543 16.1 581

19 543 25.5 430
30 469 18.6 260 2 560 16.1 625
37 469 19.3 305 1 560 17.0 519
32 469 19.9 245 14 562 16.1 692
23 490 17.5 350 16 562 16.1 745
36 490 19.3 326 15 562 16.5 693
33 501 13.5 350 13 573 16.1 663
40 a 503 19.0 356 12 535 16.2 334
39 a 517 13.9 380 5 585 16.5 632

11 603 16.0 815
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fable 19 (continued)

Radical Source - Trlmethyl antimony Radical Source - Trlmsthyl bismuth

run

no.

34
21
20
8
7

22
6
9
10
11
33
24
44
32
47
43
48
49 a
5

23
12
13
14
15
41
42
46
30
17
18
19
4
16
37
31
38
39
40
25
35
36
26

temp.
(°G) .

475
475
475
475
475
477
495
495
495
495
496
516
516
517
518
518
518
518
518
518
518
518
518
518
519
519
519
536
540
540
540
541
541
541
542
542
543
543
557
558
569
582

pres.
(mm)

16.5
16.5
16.5
17.5
17.6
16.5
17.4
17.4
17.5
17.6
16.5
16.5
16.5
16.5
6.3
16.5
16.5
16.5
16.3
16.5
17.0
17.0
17.0
17.0
16.5
16.5
29.0
16.5
16.5
36.5
16.5
16.5
16.5
16.5
16.5
16.5
16.5
16.5
16.5
16.5
16.5
36.5

k3/k|
248
216
233
237
234
259
308
302
321
393
322
413
424
428
550
410
351
414
440
428
433
442
444
423
423
440
377
533
550
530
482
556
564
550
555
461
512
561
675
640
621
805

run temp. pres. k3/, f
no. (°0) (mm) -Yk;

26 346 26.1 46.5
25 354 16.1 51.2
24 355 16.1 52.7
23 355 16.1 53.0
21 367 16.1 61.4
22 367 16.1 62.9
2 a 369 16.1 61.0
29 374 16.1 74.1
20 378 16.1 68.0
19 380 15.9 71.5
28 380 16.1 78.0
31 382 6.3 117
32 382 16.1 81.0
30 382 25.0 72.9
5 383 16.1 81.0
6 386 16.1 87.5
7 336 16.1 80,0
9 387 6.3 120
3 a 387 16.1 82.4
33 387 16.1 85.0
8 388 16.1 94.8
13 392 6.3 116
11 390 10.6 100.0
10 389 11.0 96.0
27 392 16.1 94.4
12 392 16.1 84.6
B« 395 16.1 87.6
15 400 36.1 101
14 401 16.1 101
17 402 16.1 104
18 403 16.1 101
4 a 409 16.1 113
26 409 16.1 115



Table 19 (continued)

Radical Source - Dimethyl tin
dichloride

run temp. pres.
no, (°C) (ram) *3Af
22 554 16.1 430
21 554 16.1 423
20 567 16.1 450
26 a 567 16.1 394
4 574 16.1 600
3 574 16.1 460
7 575 6.0 915
9 575 9.5 639
5 575 16.1 440
6 575 16.1 669
8 575 25.0 549

24 587 16.1 770
11 588 16.1 661
25 a 588 16.1 726
10 533 16.1 711
23 589 16,1 705
13 600 16,1 900
12 600 16.1
15 612 16.1 IOSO
14 612 16.1 1025
17 624 16.1 950
16 624 16.1 810
19 636 16.1 1300
13 637 16.1 1310

a - run3 in packed reaction vessel
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DISCU3SI0N

A, MSSFISCL-4'IETAL BOND BKEBGIB3

The available bond dissociation energies and mean bond energies

of oovalent methyl-metal bonds are given in table 20. Values for the methyl

derivatives of the non-metals of groups IV to VII are included for comparison.

Group I and all the A subgroups of the periodic table have been omitted.

In group I# excepting the special case of hydrogen, only lithium, copper and

gold form methyl derivatives that may possibly be eovalent in nature.

The lithium compound is very involatile and is probably polymeric. Trimethyl

gold has been prepared but decomposes in ether solution at -i4G°G to -35°G
yielding metallic gold, ethane and some methane. Methyl copper is somewhat

more stable bub decomposes in boiling other with the formation of metallic

copper, methane and ethane. No determination of the bond strengths in these

compounds has been reported. All attempts to isolate methyl derivatives of

the elements of groups IIA to VIIA Inclusive have failed.

All mean bond energies shown in table 20 have been calculated from

the appropriate heat of formation at 25°0, the heat of atomiaation of the

central element, and the following data, - H) = 102.5 Iccal mole""1 (33),

AH? (H) = 52.039 heal mole"1 (34), and AHj (GH^) s -17.339 lecal mole"1 (34).
The stated limits of error assume the above three values to be exact. That is,

only errors in the heat of atoralzatlon of the central atom and in the heat of

formation of the alky! have been taken into consideration in assigning limits

of error to the mean bond energy.

The compounds are discussed in turn, starting with those of group II

elements and working through to those of group VII elements. Within each group

the compounds are considered in order of increasing atomic number of the central
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TABLE 20 - MEAN BOND ENERGIES AND BOND PI 33031ATION SiTERGIBS
OF M Z GHo BQITO3

Group II Group III Group I? Group V Group VI Group VII

Be (4) 3 (5) 0 (6) N (7) 0 (3) F (9)

E 83.9 12 E 35.4 E 71.4 B 34.4 Dx 109.3

D1 7S»° D1 76*3
D2 92,5

tig (12) A1 (13) 31 (34) P (15) S (16) CI (17)

E 61,9 -3.5 E 65.3 t 1.0 E 62.6 D1 81.1

D3 73.6
D2 51.6

Zn (30) Ga (31) G© (32) As (33) 3e (34) Br (35)

E 41.5- 0.2 E 57.7 £ 1.3 B 51.5 1 1 D1 67.8
D2 47.2 1 1,0 D, 54.0 t 3

D2 35

Cd (43) In (49) Sn (50) Sb (51) !e (52) I (53)
E 33.1 ♦ 0.3 E 53.4 i 4 B 49.7 £6 Dx 53.5

Dx 45.8 I 1.0 Dx 56.11 £4 D1 57.0 I ?
D2 20.4 1 1.3

Hg (30) II (81) Pb (32) Bi (33) ®

E 23.6 1 0.1 E 36 E 33*3 1 6 Central atom (atomic number)
in MXn

Di 51.0 1 1.0 Dx 43.6 1 0.4 E - Dx + + Sn

D2 6.11 1.1 Bx = D (Ma •aMXlvcc)
unless stated in text X = CH^
all values - kcal mole"*"



atom. Since a number of mercury alkyls and aiyls have bean investigated a

special section on these compounds is included in the discussion of group II,

P^hyl Zj.nq

The heat of formation of dimethyl sine has been determined by too

sets of investigators. Hartley, Pritohard and Skinner (35) determined the heat

of formation of liquid dimethyl sine from the heat of hydrolysis of this compound

in aqueous etherial solution and from the heat of reaction of dimethyl zinc with
-1

aqueous sulphuric acid. The values obtained were 6.6 kcal mole and 5,5 koal

mole"1 respectively* They assume that the heat of formation calculated from

the reaction in etherial solution la too large due to partial solution of the

gaseous products. Similarly the heat of formation calculated from the reaction

in sulphuric acid is said to be too small because of side reactions. The best

value is estimated at AHf (ZnMeg, liq.) » 6.3 t 1 kcal nol®"1. Using the heat
of vapourisation calculated from the equation of Thompson and linnett (36), 6.3

koal mole"1, gives AHf (ZnMeg, g) a 13.lt 1 kcal mole"1.
Long and Norrlsh (37) have determined the heat of formation of liquid

dimethyl sine from the heat of combustion of this compound in a static bomb.

Difficulty was encountered in obtaining complete combustion, only one of live

experiments being completely satisfactory. They calculate AHf (ZnMe2» liq.)
» 6.5 1 .04- koal mole"1 corresponding to AHf (ZnMeg, g) « 13.3 t .04 kcal mole""1.
The error quoted is based solely on the estimated error in the heat of combustion.

Using the Long and Norriah value for the heat of formation of gaseous
-1

•dimethyl sine and a value of 31.1 I 0.2 koal mole for the heat of atomizatioa

of zinc (37) gives D(CH3 Zn-GH-j) + D(CHj - Zn) = 32.9 1 0.3 kcal mole"1.
No previous determination of the bond dissociation energies in dimethyl

zinc have been reported. Assuming the activation energies determined at 16 ma
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pres3ure to be a measure of the dissociation energies

0 (ffijZn - 0H3) = Dl = 47.2 : X teal mola"1
and D (OHj - Zn) . D2 . 35 teal aole"1.

Hence + D2 = 32,2.kcal mol©"**.
The agreement between the kinetic estimate and the thenao-

cheraical estimate is raeaninglessly good as an overall error of approximately
♦ 5 kcal should probably be associated with the kinetic result.

Dimethyl Cadmium

The heat of formation of liquid cadmium dimethyl has been

determined by Long and Rorrish to be 13.9 - 0»7 kcal mol©"^ (37). Using

more recent data and correcting a slight error in the original calculation,

Laurie and Long have recalculated this value to be 19.6 kcal mole**1 (33).

Garson, Hartley and Skinner have also determined the heat of formation of this

alkyl. From the heat of reaction of dimethyl cadmium with sulphuric acid these

workers calculate AH§ (CdMe^, llq.) * 16.7 Z 0,2 fecal mol©*^ (39# 35). This
value is accepted in the present work. Combining it with the molar heat of

vapourisation of dimethyl cadmium, 9.15 kcal mole"1 (40)# and the heat of atom-

lzation of cadata, 27.0 1 0.2 teal nolo"1 (37), givoo D <®30d - ®3) . D (ffllj- Cd)
» 66.15 1 0.4 kcal mole"*-1*

Including the present work three studies of the pyrolysis of

dimethyl cadmium have now been reported. The first of these studies appeared in

1953 (41) • The reaction was carried out in a 3tatic system. A marked effect of

surface to volume ratio was observed but no attempt to sort out the homogeneous

components of the reaction was made. The activation energy for the overall

reaction may be calculated to be 23 fecal mole \ No significance can be

attached to this value.
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Following publication of the present flow system results the

thirl study of dimethyl cadmium was reported. Despite the difficulties

reported oy Holler and Taylor (4.1) this study by Laurie and Long (33) was

carried out in a static system. As might have been anticipated the rate

constant of the reaction was found to depend upon the surface to volume ratio.

The reaction was therefore studied at one temperature using various surface to

volume ratios. The rate constant of the homogeneous reaction was estimated

by extrapolation to aero surface to volume ratio. A similar procedure could

have been carried out at other temperatures and the activation energy and A

factor calculated in the usual way. However, Laurie and Long felt that the

limited accuracy of their results did not warrant the work involved. The

activation energy was therefore estimated from the rate constant for the homo¬

geneous reaction at 258°0 and an A factor based upon analogy with the present

work on dimethyl cadmium and previous work on dimethyl mercury (42, 1).

The activation energy calculated in thl3 way is 43.5 - 1.4 keal mole""*.
This result is probably too low. The present result is 45.3 t 1 kcal mole"1
at 16 mm pressure. Because precise information on the pressure dependence

of the activation energy is lacking the value obtained at 16 mm has been left

uncorrected. However it is probably a minimum value and perhaps should be as

high as 47-43 keal mole""*. The work of Laurie & Long was carried out at

sufficiently high pressures that the observed activation energy should be very

close to the high pressure limit.

In view of the fact that Laurie and Long have estimated the rate

constant of the homogeneous reaction by an extrapolation to zero surface to

volume ratio the disagreement of their work with that of Heller and Taylor should

perhaps be noted. Based on analysis of the gaseous products Heller and Taylor's

results show that an increase in surface to volume ratio by a factor of 5.5
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decreasas the sate constant fcy 1% (41) • Working In the erne temperature

region, using the sane type of reaction vessel and paoldng (pyretx), and

approximately the same total pressure of reaotant Laurie & Long (33) report an

increase in surface to volume ratio by a factor of two causes an inorease in

the rate constant of 6C$. The rate constants of Laurie & Long are calculated

from the amount of undecomposed alkyl. Since some solid products are formed

In the decomposition a small difference might be expected in the two sets of

results. It should not be large enough to account for the opposite effect of

surface to volume ratio.

Accepting the experimental activation energy obtained in the

present work as a measure of D (CH^Od - GH3) and using the thernochomioal sum
of the two methyl-cadmium bonds derived earlier gives

D (0H3Ca - GH3) » 45.3+1 Iceal mole*1
and D (GH3 - Gd) = 20.4 - 1.3 keal mole"*1

ggsmz SmsssM
The mean bond energies and bond dissociation energies of a number

of mercury alkyls and aryls are given in table 21. The discussion of individual

compounds follows the order given in the table.

(a) Dimethyl mercury - Two satisfactory determinations of the heat

of formation of dimethyl mercury have been made. Hartley, Fritchard and Skinner

give AH£ (HgMag, g) = 22.4 1 2 koal mole"1 based on the heat of bromlnation of
the alkyl ,,43). Combustion in a static bomb (44) has given the same result but

the limits of error claimed are much narrower (1 0.1 kcal mole"1). AHf (Hg, g)
has been accurately determined to be 14*54 keal mole*1 (34). Hence D (C.^Hg - GH3)
+ D (0% - Hg) » 57.14 t 0.1 kcal mole"1.

The activation energy for the thermal decomposition of dimethyl



-59-

TABLB 21 - HEAH BOND EITERGIES MP BOND DISSOCIATION
BNE3GJB3 IN '"ERGURY ALKYL3 AND ARIL3

Compound *
.!koal roole

D1 d2
kcal mole""-1- kcal mole""'

Dimethyl mercury 28.6 t 0.1 a 51.0 i 1.0 6.1 i 1.2

Diethyl mercury 24.3 1 2.1 42.5 i 2.0 6.0 t 6.2

Di-isopropy1 mercury 20.2 t 3.5 (20.2 t ?) b

Di-n-propyl mercury 24.7 t 2.0 (23.6 1 0.5) b

Phenyl mercury chloride 42.9 1 1,5 59.3 £ 3.0

Phenyl mercury bromide 40.0 t 1.5 63.0 1 2.0

Diphenyl mercury 30.2 t 5.0 (34 !2)fc

a limits of error based on error in heat of combustion only.

b One half of the experimental activation energy for the
overall decomposition into a mercury atom and two methyl
radicals.
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merctuy has been determined in four investigations. Two of those have been

carried out using static ,systems (42, 4-5). The reaction is homogeneous and

below approximately 333°C follows first order kinetics (42). Above tliis temper¬

ature the order appears to increase} at 342°0 the reaction is apparently 1.5 order.

At all temperatures the reaction products are complex. In addition to 0^ and O2

gase3 an oily or solid film and a fine carbon deposit are often observed. The

percentage decomposition has therefore been determined in both cases by measuring

the quantity of uadecomposed alkyl. Laurie and Long (42) obtain 51.3 * 0.5

kcal mole"*"®" for the activation energy of the first order reaction. Yeddanapalli

ot al. (45) studied the reaction at only three temperatures, one of which was in

the "1.5 order" region. Calculation of the first order rate constants from

results at 305.5°C and 323.5°G loads to a value of 50.4 kcal mole"""*" for the
activation energy. Obviously little significance can be attached to this value.

The decomposition of dimethyl mercury in a flow system particularly

in the presence of toluene is a much cleaner reaction than that obtained in static

systems. Extensive work by Gowenloek, Polanyi and VJarhurst (1) has shown that

substantial agreement is obtained between the amount of mercury formed and the

quantity of gaseous products. The decomposition is largely homogeneous and over

the entire temperature range used obeyed first order kinetics. The calculated

activation energy via3 51.5 ~ 2 kcal mole"*" at 10 mm. A partial pressure of

3.15 mm of toluene was used. The value obtained in the present work is 50.1 1 1

kcal mole"*" at 16 mm.

The value given in tables 20 and 21 for the bond dissociation energy

of the first methyl-mercury bond, 51-1 kcal mole™"®", is the mean of the two flow

system results and the static system value of Laurie & Long. Hence D (OlI^ - Hg)
= 6,1 i 1,1 kcal mole"*~.

(b) Diethyl mercury - The sum of the two metal-carbon bond energies
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In diethyl mercury lias been determined in two investigations, From the heat

of reaction of the alkyl with iodine and with bromine the heat of formation of

liquid dimethyl mercury has been calculated to be 9*9 £ 1*7 kcal mole"*"^ (4-6).

Using AH vap. (HgEt?) = 10.1 kcal mole""1 (36) and AH? (Et) = 25.3 1 2 (47)

gives D (EtHg - Et) + D (Et - Hg) = D3 + D2 = 4-5.1 1 6 kcal molo"*1. Combustion
of the alkyl in a static bomb calorimeter has given a value AHf (HgBto, liq.) =

6.5 - 0*2 teal mole""1 (44)* This corresponds to + D2 55 4-8.5 £ 4-. 2. These
limits of error do not take into account possible errors in the heat of vapour¬

isation of the alkyl*

The thermal decomposition of diethyl mercury lias been investigated

in a flow system at 10 ram total pressure (2). A partial pressure of approximately

3 mm of toluene was used. The remainder of the carrier gas was nitrogen. The

reaction was first order and homogeneous. The activation energy, which may be

associated with D (EtHg - St), was 4-2.5 £ 2 kcal mole~*\ Combining this with

the sua of + D2 obtained from combustion experiments, 4-8.5 £ 4.2 kcal mole*"1,
gives D (Et - Hg) = 6.0 £ 6,2 kcal mole"***

(G) Dl-isopropyl mercury - The only satisfactory determination of

the heat of formation of di-isopropyl mercury is that of Mortimer, Prltchard and

Skinner (48). The value obtained was AH? (Hg{iso-Pi*)2j 8») " 8.4 * 2.3 kcal mole""*".
The value which may be calculated from early heat of combustion work (37), AH?

(Hg(iso-Pr)2, g) - 21.5 kcal mole , is much toe high. Assuming the dissociation
energy of a secondary G - II bond in propane to be 93*9 - 2 kcal mole (43) gives

AHf (iso-Pr) = 17.1 £ 2 kcal mole" . Hence using Mortimer, Prltchard and

Skinner's value for the heat of formation of di-isopropyl mercury gives 40.3 1 7

kcal mole"*"'" for the sum of the two mercury-carbon bond energies.

The thermal decomposition of di-isopropyl mercury has been studied in

a flow system at a total pressure of approximately 7,4 mm using nitrogen as a
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carrier gas (50)* The decomposition is first order and homogeneous. The

rate constant may be represented by the expression

log10 k / sec""1 = 16.2 - (4V+°°/2.303RT).
The apparent near equality•of the observed activation energy and the sua of the

two metal-carbon bond energies coupled with the fact that the A factor is larger

than that normally associated with a uniaolecular decomposition Into two radicals

has led to the suggestion that the initial process is a split into three fragments.

(d) Di-n-org-pyl mercury - The heat of formation of di-n-propyl mercury

has been determined from measurements of the heat of halogenatlon of the alkyl

(48), AHj (iIg(i>-Pr)2, g) = 13.33 1 2.0 kcal mole"*1. Using D (CHjCHjCILj - H) =
1 o X

99.4 1 1 kcal mole"* (49)> AHy (n~Pr) = 22.6 t 1 kcal mole"" and hence the sum

of the two aercury-carbon bond dissociation energies is 49*4 t 4 koal mole .

Early work on the heat of combustion of the alkyl is in fair agreement with this

result (37).

The thermal decomposition of di-n-propyl mercury has been studied

by a method similar to that used in the investigation of di-isopropyl mercury (51).

The reaction rate was observed to be pressure dependent below 7 ran. As in the case

of the iso-propyl alkyl the decomposition was observed to be a first order, homo¬

geneous, and non-ahair. reaction. The rate constant oay be represented by

log10 k / sec""1 = 15.52 - (47,100/2,303RT).
As in the case of di-isopropy1 mercury it was again postulated that the observed

process 'was an initial split into three fragments.

(e) Phenyl mercury chloride - The only value available for the sum

of the methyl-mercury and chlorine-mercury bond dissociation energies is

85.8 t 3 kcal raola"*1 (52). This assumes D (Ph - H) = 102 kcal mole*1.
The thermal decomposition of phenyl mercury ohloride has been

studied in a flow system using a total pressure of 10 mm of which approximately
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4 torn was toluene, the remaining carrier gas being nitrogen (2). Substrate

pressure; of 1 - 10 x 10"2 an were used. The reaction wa3 first order and

homogeneous. The rate constant is given by

legi0 k / sec""1 - 13.0 - (59^300 1 3'000/2.303RT).
The initial process in the decomposition is assumed to be a split into phenyl

and mercury chloride. The activation energy may therefore be equated to the

dissociation energy of the mercury-phony! bond, Dy. Estimation of Dj_ from

therraochomioal data has given a value of 64 £ 6 kcal mole" (53).

(f) Phenyl mercur-- bromide - Assuming i) (Ph - II) = 102 kcal nolo"1,
the sum of the marcury-phenyl and mercrury-brosina bond dissociation energies is

79.9 - 3 kcal mole"1 (52).

A Idcetic study of this allcyl has been carried out by the same

method employed for phenyl mercury chloride (2). The rate constant is given by

logl0 k / sec"1 = 14.3 - (63>°°° 1 2»000/2.303RT),
The rata determining step is again the splitting off of the phenyl group.

Hence the dissociation energy of the phony1-mercury bond is 63 i 2 kcal mole-1.
This bond dissociation energy has also been estimated from thermochemical data

(53), The value obt;iinect is 62.0 1 6 kcal mole"1, the largo limits of error

being mainly due to uncertainty in the heat of formation of the phenyl radical.

(g) .Diohenvl mercury - The 'neat of formation of diphenyl mercury

has been determined by several groups of workers (44? 46, 53, 54). Ohemiok,

Skinner and Hadso (53) have reviewed the values forAIlf (HgK^, cryst.) and
propose 66 t 2.5 kcal mole"1 as the best value. Using 26,95 kcal mole"1 for

the heat of sublimation of diphenyl mercury (55) gives AH$ (HgFhp, g) = 93 - 2,5
kcal mole"1. The heat of formation of the phenyl radical may be taken as

69.4 - 4 kcal mole"1 (53). The sum of the two nercury-phenyl bond dissociation

energies is therefore 60,3 - 19 kcal nolo"" .



Tii@ thermal decomposition of diphenjrl mercuay has been studied

in a flow system using a total pressure of approximately 10 mm (2). Nitrogen

containing a partial pressure of 2 ram of toluene was used as carrier gas. The

rate constant for the reaction is gi*?en by

log1Q k / sec""1 = 16.0 - (63,000 - 4, 'WO/2.303RT).
The initial step in the decomposition is assumed to be a split into a mercury atom

and two phenyl radicals. Hence the activation energy should be equal to the sum

of the meroury-phenyl bond dissociation energies. The agreement with the thormo-

ehendcal value is not good but it does Ho within the stated limits of error.

|rlaethy.4J2ozs£

Skinner and Smith (56) give AE§ (BH03, g) = -20,4 - 3 kcal mole"1
based on the heat of combustion of the alhyl reported by Long arid Norrish (37).

Using Ail? (B, g) » 140.9 - 2 kcal mole""1 (56)gives 33.9 - 2 heal mole"*1 for the
mean methyl-boron bond energy.

Trlmethvl aluminium

From the heat of combustion of the aByl in a static bomb calori¬

meter the value Alif (AlMe^, g) = -13.3 * 0.1 kcal mole""1 has been calculated (37).
The calculation assumes that at 25°C trimethyl aluminium vapour exists as a

diraer and that D (Me^Al - AlMej) a 20.2 kcal mole"1. The error quoted in the
heat of formation is based solely on the uncertainty in the heat of combustion.

If Ah| (Al, g) sj 75 t 10 kcal solo*1 (34) then the mean methyl-aluminium bond

energy is 61.9 t 3.5 kcal mole"1.
The thermal decomposition of trimethyl aluminium lias bean studied

in a static system using pressures of 10 sp to 35 am as measured at room temper¬

ature (57). The reaction is largely homogeneous but appears to follow 1.5 order

kinetics. It is impossible to derive any useful estimate of D (He^Al - Me)
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from this work.

Trimathvl gallium

From heat of combustion experiments Long and Sackaan have

calculated AHf (GaMe^, liq.) = -17.6 - 3 kcal mole"""1* (53). Using AHf (Ga, g)
= 65.3 1 0.5 kcal nolo""'*' (59) they give 57.7 t 1.3 kcal mole""1 for the mean

methyl-gallium bond energy.

!?afcra^:.vl.8^a

The heat of formation of neopentane is -39.67 kcal mole"" (23).

Therefore accepting 171.7 kcal aolo"*x as tho heat of atomisation of carbon (23)
*•

gives 35.4- kcal aol3*"A for the moan methyl-carbon bond energy in this compound.

An estimate of I> (lle^G - Me) may also be raade. Stevenson's
electron impact eccperimenta lead to a value of D (Me^G - H) - 90 kcal mole-''- (4-9).
Using AH§ (MejGH) = -32.2 kcal sole"- (23) gives AK'f (Me^O) = 5.3 kcal niolo"^.
Hence D(Mg^C - Me) = 73.0 kcal mole""*".
Tetramethvl tin

The value AKf (SriMe^ g) = -13.6 t 10 local mole"**- lias been reported
(60). Using dHf (Sn, g) = 70.0 1 2 kcal mole"* (61) leads to a value of 53.4- - 4

kcal mole""-*- for the mean methyl-tin bond energy.

This mean bond energy may also be estimated indirectly. The reported

heat of formation of tetraethyl tin (37) leads to a value of 52.3 kcal mole"*^ for
the mean ethyl-tin bond energy. Hence S(Me - 3n) - E(Et - 3n) = 0.6 kcal raole"\
By analogy with the group I IE alkyls this difference would be expected to be

6-2 kcal mole . The discrepant between this value

AH$ Dl+D2 All? d1 + d2 ai$ Dl + $

ZnU&2 13.3 32.9 Cdlleg 25.9 66.2 Hglle^ 22.4 57.1
ZnEto 13.0 (37,35) 63.7 0dEt2 24.5 (35) 53.1 IIgEt2 16.6 43.5
AE 7.1 6.6 4«3

AE = E (Me - M) - E (Eft - M), all values expressed in kcal mole"**-
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and the directly calculated difference of 0.6 kcal mole"*^ say of course arise

from several sources. The analogy between the group II compounds and those of

tin may not be valid. The heat of formation of either tetramethyl tin or tetra-

othyl tin or- of both may be in error. If the analogy is valid and If the reported

heat of formation of tetraethyl tin is correct then the mean bond, energy in
-1

tet-ramothyl tin should be some 3-7 kcal mole greater than the directly

calculated value of 53.4 ~ 4 kcal mole « Therefore although the directly

calculated value is used in Table 20 it should be accepted with reserve.

IJaring and Horton have investigated, the pyrolysis of ietramethyl

tin In a static system (3). They reported that above SO mm the reaction followed

first order kinetics and had an activation energy of 02.4 I 1.2 kcal mole"^.
The A factor was given as 10^*^. Both free radical and molecular elimination

mechanisms were postulated but it was assumed that the reaction proceeded pre¬

dominantly by the latter. The results have been recalculated on the basis of

a free radical chain mechanism which is assumed to lead to a value of 1.5 for

the order of the overall reaction (62). The activation energy thus calculated

is 75.9 kcal mole .

In the present work the thermal decomposition of dimethyl tin

dichlorid© has been shown to have an overall activation energy of 56.1 t .04

kcal nole""^. Tills nay be associated with the dissociation energy of the

first methyl carbon bond in the diobloride and should not differ greatly from

D (Me^Sn - Me). The observed activation energy is therefore tentatively used
in table 20 us a measure of the dissociation energy of the first methyl-tin bond

in tetramothyl tin. It would appear that whatever the reaction mechanism for the

thermal decomposition of tetramethyl tin in a static system may be, the overall

activation energy can not be associated with the dissociation energy of the first

methyl-tin bond.
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The heat of formation of gaseous tetmaethyl lead has bean reported

as 3,2 1 3 kcal mole""1 (60). This value is almost certainly too low. The heat

of formation of tetraethyl load has recently been determined using a rotating

bomb calorimeters AH? (FoSt, g) = 26,3 - 0,6 koal mole"1 (635 64), If this is

combined with the heat cf formation of the ethyl radical and the heat of atom-

iaation of Icadj 46 kcal mole"1 (65) $ the moan bond energy of the ethyl-lead bond

is found to be 30,2 kcal mole"1, By analogy with the dimethyl and diethyl alkyis

of group IIB it would therefore appear that the mean methyl-carbon bond in

tetraraethyl tin should be approximately 36 t 3 kcal sole This corresponds
l -1

to AH? (FbMe^j g) = 32 kcal mole , some 29 kcal mole greater than the value
of Iippincott and Tobin (60), The report®! value for the heat of formation of

t3tramethyl lead has therefore been disregarded. The value given in table 20

is that estimated from the boat of formation of tetraethyl lead,

Triaethvlanine

Long and Sackman have reviewed thethermochemistry of trimethylaraine.

They give as a "best" value AH? (Hlfoo, g) = -4,1 kcal mole"1 (66), If 112,6

kcal mole"1 is accepted as the heat of atomiaation of nitrogen (67) the mean
*1

methyl-nitrogen bond energy is 71,4 kcal mole .

T rimethvlohooohino

From heat of combustion experiments in a static bomb calorimeter

Long and Sackman obtained AH? (IMe^, g) = -23,2 1 2 kcal mole"1 (66). Using
75, IB 1 1 kcal mole"1 for the heat of atoralaation of phosphorus (34) gives a

value of 65,3 t 1 kcal mole"1 for the mean methyl-phosphorus bond energy.

Trimethyl arsenic

The heat of formation of trlmathyl arsenic has been determined by



Long and Saokman (63), £h| (AsMqo, g) « 3,7 1 1.2 kcal nolo"*"''. The heat of
atomizatlon of arsenic is rather uncertain. The national Bureau of Standards

(34) recommend a value of 60.64 kcal mole • However, the value of D (Asq - Asq)
used In calculating this result Is probably too low (69). Therefore the mean

methyl-arsaiAc bond energy calculated using the National Bureau of Standards'

values, E (Me - As) = 51.5 1 ? kcal mole"*", can probably be considered as a

minima value.

The thermal decomposition of trimothyl arsenic in a static system

has been studied (70) • Preliminary experiments were carried out in which it was

shown that although the gaseous products accounted for only 70-73& of the carbon,

a linear relation existed between the percentage decomposition and the pressure

increase in the system, Using the pressure increa.se as a measure of the octant

of reaction the decomposition was shown to be first order and homogeneous.

Unfortunately little reliance can be placed on the latter conclusion as the

method of packing the reaction vessel was unsatisfactory. The overall rata

constant is reported as

iogiQ k / sec"1, = 12.77 ~ (54,oOO/o, 303RT).
No error limits are given in the published results. From an Arrhenius plot of

the results the uncertainty in the activation energy has been estimated at t 3

kcal mold. The value given for the activation energy appears slightly high

and it is recommended that 54.0 * 3 kcal mole"'*' is a bettor figure.

The pyrolysis of trimethyl antimony is so complex, even when studied

by the toluene carrier technique, that it is difficult to believe the pyrolysis

of trimothyl arsenic in a static system is straightforward. Acceptance of the

overall activation energy as a measure of D (Keg As - Me) should be rather

tentative.
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The heat of formation of trlaethyl antimony lias been calculated

from the heat of combustion in a static bomb (24), AHf (Sbfle^s s) = 9*2 t 3.1
kcal mole"1. The heat of atoraiaation of antimony is given by the National

Bureau of Standards (34) as 60.3 kcal mole"*3'. This value may well be in error

by i 15 kcal mole*3". Therefore the mean methyl-antimony bond energy is

49.7 t 6 local mole"*3. Consideration of the mean bond energies of the M - OH3
bonds of the group V elements Indicate that this value may be too high (66).

Ho previous kinetic study of trimethyl antimony has bom reported.

The present results are not entirely satisfactory bat it seeno reasonable to

assume that the observed activation energy should be close to D (MepSb - lie).
Hence the value 57.0 kcal mole"3- is tentatively advanced for this dissociation

energy. Ho useful estimate of the possible error in this result can bo given,

Trimophyi

Combustion experiments have led to the value Mf (BiMej, g) =

45.3 + 1.7 kcal mole~x (23). The value of Aiij (Bi, g) lms been given as 49.7

keal suole"- (34) but unfortunately as in the case of antimony considerable

doubt exists as to the accuracy of this result. Errors of up to 1 15 kcal mole**3-
are likely. The evidence which indicated that AhS (3b, g) is probably lower than

the current value indicates that the reverse may be true for Allf (31, g) (66).

Hence the derived mean bond energy, S (Hi - Me) = 33.o t 5.6 kcal mole"*3-, may

be considered as a minimum value. Long mid Bookman (66) give 36.7 kcal mole™3"
as a possible alternative value for E (Bi - Me) but still favour the lower result.

The present work is the only kinetic study of trimathyl bismuth.

The reproducibility of the results is good and the overall accuracy seems very

satisfactory. The activation energy has been determined in a region in which

the rate constant is independent of the total pressure in the system. The value



-70-

obtalncd for the activation energy my be accented as a measure of the dissoc¬

iation energy of the first methyl-bismuth bond. Hence D (Me-jBi - Me) =

4-3.6 £ 0.4- kcal mole*"!.

Sires the minimum sum of the three methyl-bisnath bond dissociation

energies is 101.4- kcal mole""1, D (Bi - Me) + D (KeBi - Me) = Q, + must be

greater than, or equal to, 57.3 kcal molar1. It is therefore possible to make

some tentative deductions about Do ar t Do. It x*as found that the rate of de-
J

composition of sine methyl was given by

log10 k / sec""1 = 6.3 - (d/<°-.303RT) at 16 ram.
k was found to be proportional to the over-all pressure. Hence if it was

assumed that toluene molecules established an energetic equilibrium on each

collision with sine methyl;, the results could be expressed as

legip k / mole-1 em3 sec"1 = 13.36 - (D/2.303*tT)
This A factor is very close to that which would be expected for the decomposition

of a diatomic molecule in a region in which its rate is proportional to the

pressure. It Is therefore reasonable to assume that A3 for the decomposition
f *' *

of mothyl bismuth is also 13.36 mole""1 enr* sec"1.
Nov at 339°3 log]_-!n e -0,5. Since there Is no evidence that

any of the methyl bisouth fails to decompose, log^l^ must bo >+0.5. If A3 =

13.36 mole"1 cm3 see"1, then E3 = 63 19.2 heal mole-1. Hence Do ^ 33,6
kcal mole-1. If Dg were substantially greater than 33.6 kcal mole""1, kp would

be less than for Aj_ is reasonably high, It is therefore likely that AH| (Bi,
is not much greater than 4-9.7 kcal mole""1.

Dimethyl ether

The heat of formation of gaseous dimethyl ether may be taken as

-44-.3 kcal mole""1 (34.)• Using AH§ (0) = 59.5 kcal sole-1 (71) gives D (MeO - Me)
+ D (Me - 0) = 363.3 kcal mold"1.
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Gray has calculated AH§ (CH3O, g) a -0,5 kcal mols~i" (72).
Therefore D (iteO - Me) = 76.3 koai mclsT1.

Dimethyl j^aftide

The heat of formation of gaseous djjaethyl sulphide may be taken

as -6.9 kcal mole""1 (34). Using AH? (S, g) = 53.25 kcal mole"*1 (34) gives

D (MeS - Me) ♦ D (Mo - 3) = 125.2 kcal mole""1.
The heat of formation of the methyl sulphide radical has been

estimated from the appearance potential of OI^* in dimethyl sulphide and in
dimethyl disulpM.de (73). Hence D (GH3S - CH3) = 73.6 kcal mole"*1. By
difference P (OH3 « 3) = 51.6 kcal mole""1.
Methyl fluoride

The heat of formation of methyl fluoride may he taken as -59 - 2

kcal mole""1 (74)* Using 18.3 kcal aol©"*1 (34) for the heat of atonisation of

fluorine gives D (OH3 - F) = 109.5 kcal aola"*1.
Methyl chloride

The heat of formation of methyl chloride may be taken as -19.6

keal mole*"1 (34)• Using 29.0 kcal mole"" (34) for the heat of atomisation of

chlorine gives D (OH3 - CI) = 81.1 kcal mole"1.

MM
The heat of formation of methyl bromide may be taken as -3.6 - 0.5

kcal mole" (43). Using 26.7 kcal mole"1 (34) for the heat of atomisation of

bromine gives D (CHj - Br) « 67.3 kcal amis"1. The value obtained from the
pyrolysls of methyl bromide in a -toluene carrier flow system is 67 kcal mole""1 (75).

Methyl iodide

The heat of formation of methyl iodide may be taken as 4.5 kcal

mole""1 (43)* Using 25.5 kcal mole""1 (34) for the heat of atomisation of iodine
gives D (CH3 - I) a 53.5 kcal molarl.
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B. SUGGESTION FOR rGTUaE UTLK EMPLOYING THE TODEHS CARR|^ TBCiH^'JIE

By referring to table 20 it is obvious that the eovalaot methyl

derivatives of a considerable number of metals remain to be studied. However,

the number of these to which the toluene carrier tochnique may be applied with

reasonable hope of success la rather limited.

Dimethyl beryllium may be prepared and is sufficiently volatile

for study in a flow system, vap. pres. 0.6 ma at 100°G and 5 mm at 130°C (76).
However D (MeSe - Mo) is likely to bo too large to be studied by the toluene

carrier technique. Dimethyl magnesium would appear to be too involatila to be

studied in a flow system.

The methyl-boron bond ia much too strong to be studied in a

toluene carrier system, Trimethyl aluminium might be suitable but the exper¬

iments would have to be carried out in a temperature region in which an

appreciable quantity of toluene would decompose. The accuracy of the results

would therefore depend on the accuracy of the correction for the decomposition

of toluene. It would be tempting to study dimethyl aluminium chloride rather

than the trimetbyl derivative in order to avoid possible complex reaction of the

type observed in the study of trimefchyl antimony. However, the first methyl-

aluminium bond in the monochloride is likely to be even stronger than the

corresponding bond in triraethyi aluminium. Hence the correction for the de¬

composition of toluene would probably be prohibitively large. The trimethyl

compounds of gallium, indium and thallium may all be suitable for study. All

three are readily prepared and have suitable vapour pressures (77). It is

possible that the same complexities observed with trimethyl antimony might

appear in the studies of the gallium and indium compounds. In the case of

gallium it should bo feasible, if necessary, to study dimethyl gallium chloride.

The behaviour of the group I? alkyla nay not be simple. From
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studios of stannous chloride and stannic chloride the following bond strengths

liar© bean estiiwited (73):

D (Gl33n - 01) « 76 kcal mole"! BjSlSn - 01) 4 D fSn - 01) = 97 kcai
D (G1^3n - 01) - 42 kcal mole"1 2 mole""*

Separate estimates of D (013n - 01) and U (Sn - 01) are not available. However,

it would seem likely that the rupture of the Gl^Sn - 01 bond would not be the rate
determining step of the overall decomposition of the four bonds. If this pattern

of bond strengths carries over to the tetramethyl derivatives of the group 27 metals,

the decomposition of these compounds mm in the presence of toluene would not be

simple. Hence in the present work dimethyl tin dichloride was used in preference

to the tetromethyl derivative. Dimethyl germanium dichloride should also be

suitable for study but dimethyl lead dichloride would probably be too involatile.

Trimethyl lead chloride cculd probably be used but It offers no obvious advantage

over the tstramethyl compound.

The reinvestigation of the first metlgrl-antiiaony bond dissociation

energy using dimethyl antimony chloride might prove worthwhile. The dimethyl

compound may be readily prepared and should have a convenient vapour pressure,

boiling point 155-160°0 (77).

Nothing appears to be known about the dimethyl derivatives of

selenium, tellurium and polonium. However, from their position in table 20

it Is likely that all three alkyIs would be suitable for study by the toluene

carrier technique.
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543. The Pyrolysis of text.-Butyl Formate.
By E. Gordon, S. J. W. Price, and A. F. Trotman-Dickenson.
The thermal decomposition of tert.-butyl formate into isobutene and

formic acid has been studied in a static system at temperatures between
230° and 300° c. The decomposition is homogeneous and obeys first-order
kinetics in its early stages; the rate constant is given by

log10 £(sec.-1) =11-1 - (34,600/2-303/fr)
The elimination of formic acid is probably a molecular process, as the addition
of eyclohexene has a very small effect on the rate. The rate of this reaction
is reasonably related to the rates of similar decompositions.

Determinations of the rate constants of the decompositions of ethyl, fsopropyl, and
tert.-butyl chlorides, bromides, and acetates have all been reported in the literature.1 No
measurements have been reported on the decompositions of tert.-butyl formate although
the ethyl and isopropyl derivatives have been investigated. The object of the present
study was to fill this gap.

Experimental

Materials.—The tert.-butyl formate was specially prepared for use in this investigation by
Dr. C. Barkenbus (University of Kentucky) according to his method.2 The material was
thoroughly degassed and stored in solid carbon dioxide. It was found that at temperatures
appreciably above room temperature and in the absence of a drying agent the liquid rapidly
decomposed, apparently into isobutene and formic acid. The cyc/ohexene, which was also
degassed, was freed from peroxides by shaking it with acidic ferrous sulphate solution.

Apparatus.—The decomposition was studied in a 385-c.c. Pyrex bulb attached to a con¬
ventional vacuum system by heated tubing; the total dead space was approximately 13 c.c.
The empty bulb had a surface : volume ratio of 0-9 cm.-1; when it was packed with fire-polished
Pyrex tubing the ratio was 3-0 cm.-1. The bulb was contained in a mercury-vapour jacket,
whose temperature could be controlled readily by varying the pressure under which the mercury
boiled. The temperature of the jacket was determined by reference to standard tables of the
vapour pressure of mercury. The reaction was studied by following the change in pressure in
the reaction vessel on a mercury manometer.

Procedure.—Runs were started by admitting a suitable quantity of the formate to the
reaction vessel from the storage bulb ; in some runs cyclohexene was also added. Readings of
the pressure in the vessel were then recorded at convenient intervals. Rate constants were
determined from first-order plots of the logarithms of the pressure changes against time, based
on the assumption that complete reaction corresponded to a doubling of the pressure. The
logarithmic plots were strictly linear for the first 70—80% of the reaction at the higher
temperatures but thereafter tended to curve slightly. No induction periods were observed.

Results and Discussion

tert.-Butyl formate was presumed to yield formic acid and fsobutene as the primary
products of the decomposition. This presumption is based upon the known ease with
which these products are formed in the liquid in the presence of a trace of acid and upon
the analogy with the decompositions of the other formates. It was difficult to check this
by analysis, because of the rapidity with which the liquid decomposed. Several experi¬
ments were done with a trap system in which the formate and formic acid were condensed
in a trap cooled in solid carbon dioxide and the fsobutene in a trap cooled in liquid oxygen.



The wobutene was then transferred back into the reaction system and its pressure measured.
The percentage decomposition based on the formation of fsobutene was then calculated.
The results of a series of runs at 251° were :

Percentage decomposition by pressure rise 11-4 19-0 30 0 41-0
Percentage decomposition by isobutene 7-9 14-4 30-0 390

The method of analysis was not very satisfactory, but there appears to be little doubt as to
the nature of the decomposition. Runs which were followed for many half-lives never
yielded a pressure greater than twice the initial pressure. This is evidence that the formic
acid does not decompose at these low temperatures.

The linearity of the logarithmic plots demonstrated the first-order nature of the
decomposition which was confirmed by runs with different initial pressures of the formate
between 3-8 and 10-3 cm. No systematic trend or variation of the rate constants outside
the limit of experimental error was observed.
Fig. 1. Arrhenius plot for the thermal

decomposition of tert.-butyl formate. Fig. 2. The relation between the rates of the
molecular decompositions of various ethyl,
isopropyl, and tert,-bxityl derivatives.
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Fig. 1 is an Arrhenius plot of the rate constants for the thermal decomposition. The
best straight line was calculated by the method of least squares giving equal weight to
each run : the points shown in the Figure are the mean values obtained at each temperature.
The results are best expressed by

log10/e(sec.-x) = 11-1 - [(34,600 ± 900)/2-303«T]
Two facts showed the decomposition to be homogeneous. First, no conditioning of

the reaction vessel was needed before reproducible results were obtained. Second, packing
the reaction vessel did not affect the rate constants, as is shown in Fig. 1 where the mean
results obtained in the packed vessel are plotted.

The absence of an induction period and the negligible effect of packing the vessel
indicate that the decomposition is molecular and does not involve free radicals. This was
confirmed by adding eyefohexene to the system; 20—50% of eyefohexene appeared to
reduce the rate of decomposition very slightly, but the lowering was of the same order as
the experimental scatter. The results obtained with cydohexene are also shown in Fig. 1.

The activation energy of this decomposition is markedly lower than those for the
decomposition 3 of ethyl (44-1 kcal. mole-1) and of fsopropyl formate (44-0 kcal. mole-1).
Flowever, it is often more enlightening to compare the variation of the rate constants of a



series of reactions rather than their A factors and activation energies. Such a comparison
is made for several series of ethyl, fsopropyl, and tert.-butyl esters in Fig. 2. All of these
decompositions are thought to be molecular. The rate constants are corrected to 380°
and are expressed in terms of the rate constant of the ethyl ester which has been assigned
the value unity. In the figure the logarithms of the rate constants are plotted against the
logarithms of the rate constants for the decomposition of the ethyl, fsopropyl, and tert.-
butyl bromides. The line labelled " hydrides " represents the rate constants for the
decompositions of ethyl bromide, «-propyl bromide, and fsobutyl bromide. It is evident
that the same factors control the rates of each series of reactions.

We are greatly indebted to Dr. C. Barkenbus for the sample of the tert.-butyl formate and
to the British Petroleum Company for a grant.

The University, Edinburgh 9. [Received, February 12th, 1957.]

1 For full references see Trotman-Dickenson, " Gas Kinetics," Butterworths, London, 1955, and
Maccoll and Thomas, Nature, 1955, 176, 392.

2 Barkenbus, Naff and Rapp, J. Org. Chem., 1954, 19, 1316.
3 Blades, Canad. J. Chem., 1954, 32, 366.
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749. The Thermal Decomposition of cycloPentyl Bromide.
By S. J. W. Price, R. Shaw, and A. F. Trotman-Dickenson.
The thermal decomposition of cycZopentyl bromide into eycZopentene and

hydrogen bromide has been studied in a static system at temperatures be¬
tween 300° and 360° c. The decomposition is homogeneous and obeys first-
order kinetics in its early stages; the rate constant is given by

k = 10n'9exp (—41,400/RT) seer1
The elimination of hydrogen bromide is probably a molecular process, as the
addition of cycZohexene has no effect upon the rate.

During the past few years the thermal decomposition of many aliphatic bromides has been
investigated, chiefly by Maccoll and his collaborators.2 The majority of these bromides,
in the presence of an inhibitor, decompose by a four-centre molecular elimination mechanism
into hydrogen bromide and an olefin. One of the compounds which has been found to
react in this way is cycZohexyl bromide.3 The rate constant for its decomposition is given
by the Arrhenius equation

k = 1013'5exp (—46,100/RT) sec.-1
The investigation of the decomposition of cyc/opentyl bromide was undertaken in the hope
that a knowledge of the rate factors, A and E in the Arrhenius equation, would throw
light on the features of molecules which determine the rates of molecular elimination
reactions. In particular, it was thought that the different degrees of flexibility of the
carbon rings might influence the rates.

Experimental

Materials.—The cycZopentyl bromide was a gift from the Michigan Chemical Company. It
was degassed and purified by bulb-to-bulb distillation. No significant quantities of impurity
could be detected by vapour-phase chromatography. The eyefohexene, which was similarly
degassed, was freed from peroxides by shaking with acid ferrous sulphate solution.

Apparatus.—The decomposition was studied in a bulb of 385 c.c. capacity attached to a
conventional vacuum-system by tubing with a total dead space of approx. 13 c.c. The bulb
was contained in a mercury-' apour jacket, whose temperature could be readily controlled by
varying the pressure under yhich the mercury boiled. The temperature of the jacket was de¬
termined by reference to standard tables of the vapour pressure of mercury. The reaction was
studied by following the change in pressure in the reaction vessel on a mercury manometer.
It was found that the hydrogen bromide formed did not appreciably attack the mercury during
a run, for the reaction vessel was separated from the manometer by about 30 cm. of 2-mm.
capillary tubing.

Procedure.—Runs were started by admitting a suitable quantity of the bromide to the re¬
action vessel from a storage bulb; in some runs a quantity of eycZohexene was also added.
Readings of the pressure in the vessel were then recorded at convenient intervals. At the end
of some of the runs the quantity of hydrogen bromide formed was determined analytically. It
was found that inexplicably erratic and high results were usually obtained when the unseparated
products were titrated with alkali, so the following procedure was adopted. First, the products
were condensed in a side bulb, and the hydrogen bromide was separated by low-temperature
distillation. Its amount was then determined by pressure measurements and by dissolving the
gas in water and titrating the solution for hydrogen and halide ions. The results of the three
determinations were always in excellent agreement. When a proper correction was made for
the dead space it was found that the analytical results agreed well with degrees of decomposition
deduced from the pressure measurements.



Rate constants were determined in the usual way from first-order plots of the logarithms of
the pressure changes against time. The logarithmic plots were strictly linear for the first third
of the reaction but thereafter tended to curve. The curvature was probably caused by the
increasing importance of the back reaction. The rate constants for a few runs were calculated
from the full expression for a first-order reaction opposed by a second-order reaction. The
rate constants obtained in this way differed by only about 10% from those calculated by applying
the equation for a simple first-order reaction to the observations made during the first third of
the decomposition. All the rate constants reported here were determined by the less tedious
procedure.

All runs showed short induction periods. Their lengths corresponded roughly to the time
needed for 2—3% of the bromide to decompose. The presence of cyc/ohexene appeared to
shorten the induction periods slightly.

Results and Discussion

Preliminary runs in a clean-walled reaction vessel gave first-order rate constants which
decreased slowly but steadily from run to run. Maccoll and his collaborators observed
similar behaviour with other bromides and attributed the effect to heterogeneous processes.
They therefore seasoned their reaction vessels by decomposing allyl bromide in them. This
remedy proved effective for cyc/opentyl bromide also. It was used after any occasion on
which air had been admitted to the reaction vessel. Incidentally, Maccoll's rate constant 4
for the decomposition of allyl bromide was confirmed.

The first-order nature of the decomposition was demonstrated by studying it with
various initial pressures of cycZopentyl bromide. The results obtained for a typical series
of runs, all corrected to 356-5°, were as follows :

Initial pressure (mm.) 38-0
103A (sec.-1) 3-48

49-6
3-48

59-6
3-39

79-5
3-66

94-0
3-53

105-0
3-80

107-5
3-78

The very small effect on the rate constant of the addition of cyclohexene can be seen
from the following Table, in which the observed rate constants are compared with those
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A rrhenius plot for the thermal decomposition of
cyclopentyl bromide.
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runs averaged to obtain each point.
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calculated from the Arrhenius equation. The variations in the rates are of the same
order as the experimental error.

cycloliexene (mm.) 20-0 30-0 10-0 9-0 40-0
cyc/oPentyl bromide (mm.) 60-0 72-5 64-0 48-2 38-0
Temp 300-7° 315-2° 331-3° 344-5° 365-5°
k (obs.) jk (calc.) 1-05 0-95 1-02 0-98 0-91
Seven runs were carried out with the reaction vessel packed with Pyrex tubing so that

the surface/volume ratio was increased from 0-9 to 2-0 cm.-1. The results of these runs
are distinctively plotted alongside the other results in the Figure. It can be seen that
there is no evidence for any heterogeneous contribution to the reaction in an aged vessel.



The results of all the runs are shown on an Arrhenius plot in the Figure. The Arrhenius
equation was derived by a least-squares treatment of the results for all the individual
runs. The results are best expressed by the equation :

k — 10119exp (—41,400//tT) sec.-1
Our experiments indicate that this is the rate constant for the homogeneous gas-phase

molecular elimination of hydrogen bromide from cyc/opentyl bromide.
The rate constant for this decomposition at 380° (0-010 sec.-1) is very slightly greater

than that (0-008 sec.-1) for the similar decomposition of cyc/ohexyl bromide. This con¬
clusion is of interest in view of a recent important suggestion 5 that the rate constants for
the molecular elimination of hydrogen bromide from aliphatic bromides should run
parallel to the rate constants for the elimination of bromide ions from the bromides by the
SK1 mechanism. No measurements on the rates of the ,S'N 1 reactions of cyc/opentyl and
cyc/ohexyl bromide have been reported. It has been found,6 however, that the SN1 reaction
of 1-methylcyc/opentyl chloride in 80% aqueous ethanol at 25° is 125 times more rapid
than the corresponding reaction of 1-methylcycfohexyl chloride. Evidently the parallelism
between the rates of the SK1 reactions and the molecular eliminations breaks down in this
instance. Probably the cause is the different natures of the strains in the two types of
transition states.

The University, Edinburgh 9. [Received, May 30th, 1956.]

1 Harden and Maccoll; /., 1955, 2454, and ref. 4.
2 For similar reactions, see Trotman-Dickenson, " Gas Kinetics," Butteiworllis, London, 1955.
3 Green and Maccoll, /., 1955, 2449.
4 Maccoll, J., 1955, 965.
5 Maccoll and Thomas, Nature, 1955, 176, 392.
6 Brown and Borkowski, J. Amer. Chem. Soc., 1952, 74, 1894.
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The thermal decompositions of dimethyl mercury and dimethyl cadmium have been
studied by the toluene-carrier technique between 465° and 608° C, and 469° and 571° C,
respectively. The progress of the reactions were followed by measuring the hydrogen,
methane, ethylene and ethane formed. The results obtained with dimethyl mercury
may be expressed by

logio /c/sec-i = 13-1 - (50,100 ± 1000/2-303 RT) at 16 mm,
in excellent agreement with previous determinations and with dimethyl cadmium by

logio k/sec-i = 11-9 - (45,800 ± 1000/2-303 RT) at 18 mm.

In both cases k was markedly dependent upon the total pressure. The activation energies
may be equated with the heats of reactions (1):

X(CH312 = XCH3 + CH3. (1)
Hence, by thermochemistry, the heat of reaction

XCH3 = X + CH3 (2)
is 7-2 kcal mole-1 for mercury and 21 kcal mole"1 for cadmium.

Little is known of the dissociation energies of the metal-carbon bonds in the
metallic alkyls. This paper describes an attempt to determine the dissociation
energies of the bonds in dimethyl mercury and dimethyl cadmium by a kinetic
method. It is hoped that information on other compounds will be reported in
later papers. The reasons for selecting these compounds for study may be briefly
stated. Methyl derivatives were selected so that the reactions of the radicals
released on decomposition might be as simple as possible. Furthermore there
exists a considerable body of reliable information on methyl reactions. The
mercury compound was selected because it has been the subject of a comprehensive
study by a very similar method 1 to the one employed in the present work. There
is excellent agreement between the results obtained in the two investigations.
Dimethyl cadmium was selected because of its great similarity to dimethyl mercury.

EXPERIMENTAL
materials

Dimethyl mercury was prepared from mercuric chloride and methyl magnesium
iodide.2 The crude product was dried (CaCh) and twice fractionated. The fraction
boiling at 91-8° C (corrected) was stored under vacuum at room temperature. Analysis
by gas chromatography showed a maximum of 0-1 % impurity.

Dimethyl cadmium was prepared by the action of anhydrous cadmium chloride on
methyl magnesium iodide.3 The chloride was added from a conical flask connected to
the reaction vessel by a short length of 1 -in. diam. rubber tubing. The crude product
was twice fractionated and the fraction boiling at 70-4° C at 240 mm was stored under
vacuum at — 183° C.

939
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Table 1.—The pyrolysis of dimethyl zinc

run temp. toluene t ch4 c2h6 h2 ZnMe2 kx
no. °c (mm) (sec) 10-"4 mole (sec"1)

1 597 22-4 6-74 14-40 0-73 — 18-2 0-246
2 597 12-5 9-00 11-70 1-25 — 17-1 0-179
3 597 7-2 10-85 9-46 2-41 — 17-3 0-139
4 597 28-5 4-91 13-50 0-40 — 17-4 0-280
5 597 160 4-73 11-00 0-57 — 17-9 0-218
6 597 9-8 5-66 9-34 0-94 — 16-8 0-187
7 597 26-5 3-53 10-70 0-27 — 17-1 0-273
8 597 6-6 6-30 8-58 1-50 — 18-0 0-154
9 597 16-5 1-13 3-72 0-04 — 18-3 0-208

11 597 5-8 1-50 4-04 0-13 — 18-2 0-170
12 597 4-6 1-44 2-76 0-19 — 19-1 0-146
13 597 100 1-17 3-60 0-13 —' 18-4 0-190
14 597 16-5 0-98 12-36 0-61 — 72-0 0-212
15 597 16-5 0-97 6-32 0-16 — 35-5 0-214
17 648 16-6 0-94 12-00 0-20 0-10 19-0 0-988
18 672 16-8 0-89 16-60 0-28 0-15 20-0 1-94
19 672 16-3 0-90 16-20 0-31 0-15 19-6 1-92
20 672 5-8 1-11 13-85 0-65 0-10 19-5 1-29
21 672 5-3 1-15 13-60 0-70 0-10 19-2 1-26
22 672 16-4 0-91 15-80 0-25 0-15 18-1 2-10
23 701 16-6 0-86 18-20 0-30 0-30 18-5 4-12
24 701 16-5 0-86 17-10 0-31 0-30 17-7 3-75
25 701 16-0 0-87 18-10 0-37 0-30 18-5 4-12
29 624 160 0-93 4-90 0-05 — 13-9 0-47
30 a 672 16-3 0-75 14-00 0-26 0-10 18-4 1-90
31 " 624 16-2 0-84 7-30 0-28 — 21-1 0-517
32 0 672 16-1 0-78 14-50 0-32 0-10 18-9 1-89
33 0 701 16-1 0-74 17-40 0-39 0-20 18-8 3-40
40 658 16-3 1-06 12-55 0-29 0-15 17-0 1-27
41 658 16-3 0-99 12-10 0-21 0-15 17-0 1-27
42 573 16-0 1-10 1-18 0-01 — 12-9 0-090
43 700 16-6 0-90 17-30 0-23 0-30 17-1 3-60

k 2

(sec-1)

26 730 16-6 1-01 19 9 0-44 0-60 18-2 0-147
27 730 16-3 1-04 19-9 0-47 0-60 18-7 0-122
34 « 755 16-8 0-72 21-6 0-56 3-00 19-7 0-200
35 " 793 16-8 1-28 25-8 1-40 4-10 19-4 0-420
36 a 793 16-4 0-73 23-3 0-90 6-90 19-1 0-450
37 a 825 16-0 0-71 25-3 1-02 11-90 18-7 0-670
38 827 16-0 0-90 24-7 0-97 11-90 17-8 0-590
39 762 16-3 0-88 19-5 0-49 2-70 16-7 0-250
44 758 16 1 0-89 19-1 0-60 2-20 17-2 0-210
45 c 783 15-8 0-89 27-8 1-52 4-70 20-6 0-320
47 783 6-3 0-60 20-4 0-80 2-60 17-7 0-146
48 b 783 9-5 1-27 22-5 1-03 3-20 17-2 0-196
49 783 15-8 0-95 25-8 0-77 5-70 16-9 0-303
50 783 16-2 0-97 7-96 0-31 3-04 5-7 0-350
51 c 825 16-2 0-91 16-85 0-71 8-95 11-2 0-660

a runs in packed reaction vessels
b complete analysis (10~4 mole) CH4 : 22-5 ; C2I I6: 0-31 ;

c run 20 min ; H2 : 3-20; C2H4 : 0-72;
/ is the contact time.

The quantities given in the table are total (uncorrected) amounts of products.
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The XCH3 radical formed by the other two alkyls decomposed so rapidly that it
could be assumed that two methyl radicals were formed from each molecule that
underwent reaction (1). However, it was soon found that this assumption was
not tenable for dimethyl zinc. It appeared that even as high as 670° C reaction
(2) did not occur to any great extent under the prevailing conditions. Only
above 730° C was reaction (2) an important source of methyl radicals. Accord¬
ingly the decompositions of dimethyl zinc and methyl zinc were treated as successive
reactions. At the highest temperatures all the dimethyl zinc was converted to
methyl zinc in a very small fraction of the contact time. The rate of decomposition
of methyl zinc could then readily be determined ; the only interference came from
the decomposition of the toluene carrier. At low temperatures the decomposition
of methyl zinc was negligible and the decomposition of dimethyl zinc could be
simply treated as a unimolecular reaction yielding one methyl radical. At inter¬
mediate temperatures the appropriate treatment for successive reactions of com¬
parable rate had to be applied. The detailed methods of calculating were as
follows.

(a) THE HIGH TEMPERATURE RANGES (A'2)
The amount of CH4 produced was found by analysis of the CH4 + H2 fraction,

a correction tnen had to be applied for the CH4 produced by the decomposition
of the toluene carrier. This correction was obtained from Szwarc's 4 expression
for the rate constant

assuming that the ratio of [H2MCH4] produced was in the ratio of 1-5/1. An
experiment on the pyrolysis of pure toluene at 783° C yielded a value of k in good
agreement with this expression; the ratio [H2MCH4] was exactly 1-5/1. The
percentage decomposition of methyl zinc was then equal to

(corrected moles of methane + 2 x moles of ethane) x 100

First-order rate constants were calculated from these percentage decompositions.
This calculation implies that the dimethyl zinc is converted to methyl zinc immedi¬
ately it enters the reaction zone.

(b) THE LOW TEMPERATURE RANGE (A'i)

k\ was calculated from the usual formula for successive unimolecular reactions :

The equation was solved for k\ by the method of successive approximations. The
values obtained were not very sensitive to the value selected for A2 as the percentage
decomposition of the ZnCHj was of the order of 1 % at 597° C, 3 % at 648° C
and 6 % at 7101 C.

The method of calculation depends upon the assumption that the zinc methyl
radicals which do not decompose do not react in any other way while within the
decomposition reaction zone. Presumably they eventually form stable saturated
molecules in some cooler portion of the apparatus. No alternative assumption
that was in accordance with the experimental findings and involved plausible
reactions could be discovered.

The ratios kjjk^ were determined in the usual way assuming that the reactions
took place uniformly throughout the reaction zone.

The rate constants k\, l<2 and the ratio k^/k^ were found to be markedly de¬
pendent upon the total pressure in the reaction system, as shown in fig. 1. This
was not due to any heterogeneous reaction. Packing the vessel with silica tubing

logio Ac/sec 1 = 13-5 - (77500/2-303 RT),

moles of dimethyl zinc used
- 100.
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Fig. 1.—The variation of the rate constants with pressure. Open circles : the decom¬
position of dimethyl zinc (597° C); © the decomposition of methyl zinc (783° C);

full circles : k^k^1 (597° C).
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Fik. 2.—Arrhenius plots for the decomposition of dimethyl and methyl zinc and the
reaction ofmethyl radicals with toluene. The figures beside the points indicate the number
of runs averaged to obtain the value plotted; superscripts, runs in a packed vessel;

subscripts, runs in an unpacked vessel; full circles: &3/&4F
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so as to increase the surface-volume ratio by a factor of five had no appreciable
effect on the rates as is shown in fig. 2. So that the rate constants might be com¬
parable, all that were determined in the region of 16 mm pressure were corrected
empirically to 16 mm pressure. The resulting values of the rate constants, to¬
gether with four determined at 5 mm pressure, are plotted on an Arrhenius
diagram (fig. 2). At 16 mm total pressure :

logio Ari/sec-i = 11-25 - (47200 ± 1000/2-303 RT)
logio fo/sec-i = 6-86 - (35000/2-303 RT),

and at low temperatures

logio (/c3/Ai4)/mole-* cmf sec~± = 6-30 - (13000/2-303 RT).
At 5 mm total pressure :

logio/ci/sec-i = H-03 - (47300/2-303 RT).
The values of k\ and A\ at infinite pressure could only be determined from experi¬
ments over a far wider range of pressures than could be reached with our apparatus.
Reaction (2) was apparently studied in its "second-order" region; that is, k2
is directly proportional to the total pressure as is shown in fig. 1. If toluene
and zinc methyl are equally effective in energy transfer, then the rate constant
may be written

logio Ar2/mole-i env sec'1 = 13-36 - (35000/2-303 RT).
The values of kj/k^ obtained at high temperatures are clearly not consistent

with those at lower temperatures. The reliability of both sets of determinations
of the rate constants is doubtful because of the difficulty of defining the reaction
zone. However, the low-temperature results and the variation with pressure
are in excellent agreement with those obtained with dimethyl mercury and dimethyl
cadmium.1

The tests which can be applied in a flow system to demonstrate the adequacy
of a mechanism are rather limited. This is especially so when, as in the present
case, the rates of the unimolecular reactions are partially determined by the rate
of energy transfer. Those tests which were applicable confirmed the mechanism.

From the quantity of methane (corrected) and ethane formed it was deduced
that 98 / of the possible number of methyl radicals were released in passing
dimethyl zinc through the system at 812° C with a contact time of 6 sec. The
proportion that may be derived from the rate constants given above is 98-5 %.
This is direct evidence that reaction (6)

C6H5CH2 + CH3 = C6H5C2H5 (6)
is unimportant. As a further check the contact time was varied by approximately
a factor of ten in one series of runs (1-15).

The rather large quantities of hydrogen formed at the higher temperatures
were not all the products of the unimolecular decomposition of toluene. It is
possible that they were formed by the decomposition of benzyl radicals and of
dibenzyl. A small quantity is probably formed by the decomposition of ethane
into ethylene and hydrogen. For this reason the ethylene was treated as ethane
in calculating the rate constants. If this is unjustifiable the error introduced is
small because the C2 fraction is much smaller than the amount of methane.

The apparent activation energy of a unimolecular reaction is a function of
the pressure at which it is determined if the rate of the reaction is itself a function
of pressure. However, for small molecules the difference between the activation
energies determined in the " second-order " region and at high pressures is not
great. Until more information is available it is reasonable to suppose that the
activation energies found at 16 mm differ little from the high-pressure values.
These activation energies may be equated with the heats of reaction if the back
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reactions (combination of atoms and radicals) have no activation energies. On
this assumption the following values of the bond strengths may be obtained:

d{CH3 - ZnCH3) = di = 47-2 ± 1 kcal mole-1,
D(Zn - CH3) = d2 = 35 kcal mole.

No useful estimate of the probable error of the second value can be made
(3 to 5 kcal mole'1 is probably a fair figure).

Hence Di + D2 = 82 kcal mole-1.
This quantity may also be derived from the heat of formation of dimethyl

zinc5 (— 13-3 kcal mole-1), of the zinc atom 6 and of the methyl radical (based
upon Z)(CH3 — H) = 102-5 kcal mole-1). From these quantities

Di + Di = 82-9 kcal mole-1.
The agreement with the kinetic estimate is meaninglessly good as errors of ± 4
kcal mole-1 should be assigned to both figures. However, they do indicate
that when dimethyl zinc decomposes, the zinc atom is released in its ground state.

The results which have been obtained from our studies of the pyrolysis of the
dimethyl compounds of the group 2 metals may be summarized as follows:

di d\ + l>2 d2 D(X—]
kcal mole-1

Hg(CH3)2 50 57.3 * 7 9
Cd(CH3)2 46 66-8 * 21 16

Zn(CH3)2 47 82 (82-9) * 35 20

* from thermochemistry assuming D(CH3—H) = 102-5 kcal mole-1.

The difference between the values of D\ and D2 for the compounds of the metal
of group 2 has already been discussed by Skinner.7 Gowenlock, Polanyi and
Warhurst 8 have considered in detail the strengths of the bonds in dimethyl mercury.
A full discussion of the present results may be postponed until experimental work
is available on the alkyls of other metals.

It is interesting to note that for cadmium and zinc D(X—CH3) is greater than
D(X—H) whereas the bonds formed by methyl radicals are usually 10 to 20
kcal mole 1 weaker than the equivalent bonds formed by hydrogen atoms. There
seems some evidence that the same reversal of strength occurs for D(CH3—CO),
20 kcal mole 1 9 and Z>(H—CO), 14 kcal mole-1; 10 there is, however, consider¬
able doubt about the second figure.11

We are indebted to the British Petroleum Company for a grant.

1 Price and Trotman-Dickenson, Trans. Faraday Soc., 1957, 53, 939.
2 Renshaw and Greenlaw, J. Amer. Chem. Soc., 1920, 42, 1472.
3 Bamford, Levi and Newitt, J. Chem. Soc., 1946, 68, 468.
4 Szwarc, J. Chem. Physics, 1948, 16, 128.
5 Long and Norrish, Phil. Trans. A, 1949, 241, 587 ; Carson, Hartley and Skinner,
Trans. Faraday Soc., 1949, 45, 1159.

6 Cottrell, The Strength of Chemical Bonds (Butterworths, London, 1954).
7 Skinner, Trans. Faraday Soc., 1949, 45, 20.
8 Gowenlock, Polanyi and Warhurst, Proc. Roy. Soc. A, 1953, 219, 220.
9 Clark and Pritchard, J. Chem. Soc., 1956, 2136; Szwarc and Taylor, J. Chem.
Physics, 1955, 23, 2310.

19 Marcotte and Noyes, J. Amer. Chem. Soc., 1954, 74, 783 ; Calvert and Steacie,
J. Chem. Physics, 1951, 19, 176 ; Blacet and Calvert, J. Amer. Chem. Soc., 1951,
73, 661.

11 Reed, Trans. Faraday Soc., 1956, 52, 1195.
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The thermal decomposition of dimethyl zinc has been studied by the toluene carrier
technique between 573° and 827° C. The progress of the reaction was followed by
measuring the hydrogen, methane, ethylene and ethane formed. The decomposition
occurs in two steps

Zn(CH3)2 = ZnCH3 + CH3 (1)
followed by ZnCH3 = Zn + CH3 (2)

logio ;fci/sec-i = 11-25 - (47200 ± 1000/2-303 RT) at 16 mm,

logio &2/sec-1 = 6-8 — (35000/2-303 RT) at 16 mm.
Both rate constants are markedly dependent on the pressure in the system. The activa¬
tion energies may be equated with the bond strengths, hence D\ = 47-2, D2 = 35,
£>i + D2 = 82 kcal mole-1. Thermochemistry yields D\ + D2 = 82-9 kcal mole-1.

The first paper in this series 1 described the thermal decomposition of dimethyl
mercury and dimethyl cadmium. The present paper on the decomposition of
dimethyl zinc completes the study of the alkyls of suitable group 2 metals. No
previous investigation of this pyrolysis has been reported.

EXPERIMENTAL
MATERIALS

Dimethyl zinc was prepared by the reaction of methyl iodide with a freshly prepared
zinc-copper couple.2.3 Traces of methyl iodide were removed from the crude product
by passing the vapour five times over a fresh portion of the couple at 150° C. A fraction
boiling between 46-4° and 46-5° C at 758 mm was collected. Three weighed samples
were decomposed with air + water or air alone and the residual methyl iodide determined
by gas chromatography. Not all the methyl iodide was removed but it amounted to con¬
siderably less than 1 % of the samples. The alkyl was stored under vacuum at — 196° C.

APPARATUS

The apparatus and procedure were essentially the same as those employed in part l.1

RESULTS AND DISCUSSION

The complete experimental results are given in table 1. Their satisfactory
interpretation depends upon the selection of the correct mechanism for the system.

It was expected that the mechanism for the decomposition of dimethyl zinc
would be very similar to that for the decomposition of dimethyl mercury and
dimethyl cadmium :

Zn(CH3)2 = Z11CH3 + CH3 (1)
ZnCH3 = Zn + CH3 (2)

CH3 + C6H5CH3 = CH4 + C6H5CH2 (3)
2CH3 = C2H6 (4)

2C6H5CH2 = (C6H5CH2)2. (5)
1208



940 dimethyl mercury and dimethyl cadmium

Toluene was purified by passing sulphur-free toluene twice through a quartz tube
at 870° C and 25 mm pressure. The product was then fractionated and thoroughly de¬
gassed before use.

The experiments were carried out in a typical toluene-carrier flow system 4 in which
the reaction zone was 155 cm3. In the runs with the vessel packed with quartz tubing
the surface area in the zone was increased by a factor of five and its volume reduced to
127 cm3. The reaction products were separated in a standard low-temperature trap
system and measured in a gas burette. The hydrogen was estimated by oxidation in a
copper oxide tube. The ethylene content of the ethane was determined by gas chroma¬
tography (we are much indebted to Mr. J. Falconer for these analyses).

Except as noted in the tables, the flow of alkyl lasted for 30 min during each run,
preceded and followed by 5-min flow of toluene alone. Contact times were calculated
on the assumption that the ideal gas law was obeyed by all substances within the reaction
zone. The rate constants were calculated from the usual first-order equation.

A possible mechanism for the decomposition of the metallic alkyls in the
presence of toluene is as follows : i

The results contained in tables 1 and 2 may be discussed in terms of this mechan¬
ism, in which it is assumed that reaction (2) is very much faster than reaction (1).

According to the mechanism the number of moles of ethane + half the number
of moles of methane formed during a run should be equal to the number of moles
of the alkyl which have decomposed. Using this measure of the progress of the

apparatus

results and discussion

x(ch3)2 = xch3 + ch3

xch3 = x + ch3
ch3 + c6h5ch3 = ch4 + c6h5ch2

2ch3 = c2h6

2c6h5ch2 = (c6h5ch2)2.

(1)

(2)

(3)

(4)

(5)

Table l—The pyrolysis of dimethyl mercury

run temp,
no. (° C)

contact time
(sec)

toluene
(mm)

HgMe2
(10~4 mole)

ch4 c2h6
(10-4 mole) (10-4 mole)

1 a 560
2 a 560
3 a 543
4 a 542
5 a 585
6 a 531
7 a 505
8 a 483
9 a 465
10 a 466
11a 608
126, c 585
13 a 573
14 a 562
15 a 562
16 a 562
17 543
18 543
19 a 543

1-35
1-37
1-39
1-44
1-33
1-41
1-45
1-52
1-51
1-52
•405
•425
■459
•435
•426
•425
1-72
2-28
113

17-0
161
161
160
16-5
16-3
16-2
16-2
161
16-1
160
16-2
161
161
16-5
161
10-3
4-4

25-5

4-55
12-00
14-90
12-90
13-40
15-30
15-20
14-20
16-20
14-60
3-42
6-71
7-80
10-30
10-40
21-10
15-60
12-10
14-10

5-46 0-38
12-50 1-57
11-50 1-49
10-06 1-15
15-50 2-06
8-82 1-09
3-90 0-39
1-60 0-12
0-71 0-04
0-69 0-05
4-49 0-19
7-50 0-48
6-59 0-58
6-80 0-56
7-12 0-58
12-40 1-61
10-30 2-30
6-36 2-70
12-00 1-16

a H2 1 ±0-5 % ; C2H4; ca. 0-5 % of Ci and C2 fractions ;
6 H2 nil; a length of run 20 min.
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Table 2.—The pyrolysis of dimethyl cadmium

run temp. contact time toluene CdMe2 ch4 C2h6
no. ("CI (sec) (mm) (!0-4 mole) (10~4 mole) (10~4 mole)

1 552 0-93 15-6 1-52 0-88 0 11
4 552 110 15-6 18-70 12-60 1-55
7 552 1-30 19-2 9-20 8-90 0-57
8 552 102 18-7 48-80 28-50 6-70
9 552 1-23 5-2 27-40 10-80 5-64
10 552 103 24-4 9-66 10-50 0-41
12 552 0-59 21-8 25-60 15-90 1-15
13 552 0-74 13-2 17-20 8-60 1-28
15 552 0-63 15-4 26-60 14-40 1-74
16 552 0-68 13-8 21-60 11-10 1-55
17 d 552 0-83 14-4 14-90 8-40 1-34
18 552 1-72 180 19-30 18-60 2-22
19 552 1-73 18-6 19-30 17-80 2 31
20 552 0-62 18-6 16-30 8-85 0-87
21 552 1-37 20-0 3-78 3-94 0-16
22 552 2-13 6-3 18-10 10-90 3-48
23 552 1-71 100 19-90 15-40 3-70
24 552 2-08 5-8 22-20 12-30 6-06
26 571 1-38 170 17-30 19-00 2-70
27 524 1-43 18-3 14-40 6-83 0-68
28 490 1-47 17-5 23-00 3-64 0-32
30 c 469 1-72 18-6 24-90 2-20 0-17
32 469 5-55 19-9 14-90 3-62 0-47
33 a 501 5-57 18-5 14-30 8-34 1-65
34 524 3-47 16-5 19-60 14-80 3-30
35 522 4-03 17-6 10-70 9-60 0-93
36 490 5-05 19-3 21-20 8-48 2-16
37 469 6-60 19-3 20-00 5-30 0-87
38" 571 0-64 17-0 22-22 17-80 2-23
39 b 517 3-42 18-9 19-10 12-80 2-17
40 b 508 3-00 190 24-20 10-70 1-97

"complete analysis CH4 82-6 %; C2H6 15-9 %; Th 0-8 %; C2H4 0-7 %;
packed vessel; "H2 T25 ± 0-25 % of Ci fraction; length of run 20 min.

reactions it was found that the decomposition of dimethyl cadmium obeys first-
order kinetics at a constant total pressure in the system (see runs 7, 8, 19, 20, 21,
30, 32, 37). In general in this work less attention was paid to the details of the
dimethyl mercury decomposition. The experiments were primarily carried out to
check the finding of Gowenlock, Polanyi and Warhurst1 and to extend them
slightly. Experiments with dimethyl cadmium in the packed reaction vessel
indicated that the decomposition was homogeneous, as the packing caused no
appreciable change in the first-order rate constant.

The proposed mechanism for the decomposition will only be valid if reaction (6)
CH3 + C6H5CH2 = C6H5CH2CH3 • (6)

can be neglected as a possible means by which methyl radicals might be removed
from the system. k$ has not been measured so there is no direct evidence on this
point. Two facts, however, have been established, neither of which is com¬
patible with reaction (6) being very important in this system. First, the rate
constants for reaction (1), as derived, are independent of the rate of release of
methyl radicals into the system; this has been checked by using various pressures
of dimethyl cadmium while keeping the other conditions constant. Secondly,
a run carried out at 595° C with a contact time of 5-6 sec produced methane and
ethane in quantities corresponding to 98-7 % decomposition of the alkyl; this
showed that no methyl radicals were removed by side reactions. Furthermore,

32
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the A factor of reaction (6) may be calculated from the results of Szwarc 5 and
reasonable estimates of the entropies of the methyl and benzyl radicals made.®
Hence it is found that = 109-s mole 1 cm3 sec-1 which is the maximum possible
value of A'g. A reaction with such a low rate constant cannot compete successfully
with reactions (3) or (4).

The rate constants for the decompositions depend markedly on the total pres¬
sure in the reaction system. This is shown in fig. 1. The reactions are being
investigated under conditions such that the rate of energy transfer is not sufficient
to maintain the high pressure rate constant. This is to be expected for molecules
containing only three heavy atoms. Accordingly the majority of the runs with
each alkyl were done near one pressure and corrected to this selected pressure
by making use of the empirically determined relation between the rate constants
and the pressure.

Values ofA/A* were derived from the quantities of methane and ethane formed
and the pressure of toluene. It was found that this ratio also depended upon
pressure as is shown in fig. 1. The variation must be ascribed to the variation
in A"4 as A3 should not depend upon pressure. This variation of £4 with pressure
has been observed in studies of the photolysis of acetone at lower temperatures
but also at lower pressures.7. 8 This is in qualitative agreement with the pre¬
dictions of the theory of unimolecular reactions.9

Arrhenius plots of the rate constants are given in fig. 2. The straight lines
correspond to:

logio Ai/sec-t = 13-1 - (50 100 ± 1000/2-303 RT)
for dimethyl mercury at 16 mm pressure;

logioAj/sec-i = 11-9 - (45 800 ± 1000/2-303 RT)
for dimethyl cadmium at 18 mm pressure;

logio (A/A*)/mole-* cm! see-* = 6-4 — (13 500/2-303 RT).
The results with dimethyl mercury are in excellent agreement with those of earlier
workers.

The consequences of studying the reactions at pressures at which the rates are
a function of pressure must be examined before certain conclusions can be drawn
from these results. High-pressure A factors cannot be deduced; the true A
factors may be up to ten times the A factors in these Arrhenius equations. Activa¬
tion energies depend much less markedly upon pressure. The activation energies
at high pressures are unlikely to be more than 1 kcal greater than those given here.
£4=0 kcal mole"1 at high pressures, consequently it should have a negative
value (though probably a small one) under the present conditions. £4 would
certainly not be expected to be sufficiently low to reconcile the present values of
A3/A4* with those determined at lower temperatures.10- 11 Probably the values
given here are not very reliable because of difficulties associated with the precise
definition of the reaction volume.

The sum of the bond strengths in these metallic alkyls may be calculated from
their heats of formation and that of the methyl radical. There is still some doubt
as to the precise strength of the C—H bond in methane. ZKCH3—H) may,
however, be conveniently taken to be 102-5 kcal mole-1; no error need then be
assigned to this value; if it is subsequently shown to be wrong the present cal¬
culations may readily be adjusted. If the measured activation energies are equated
with the dissociation energies of the first methyl-carbon bonds (£>1), the following
table may be compiled :

alkyl AHf °(gas) A + A A A
kcal mole"1 kcal mole-1 kcal mole-1 kcal mole"'

Hg(CH3)2 22-4 57-3 50-1 7-2
Cd(CH3)2 25-2 66-8 13 45-8 21-0
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Fig. 2.—Arrhenius plots for the decomposition of dimethyl mercury and dimethyl cadmium,
and the reaction of methyl radicals with toluene. The figures beside the point indicates
the number of runs averaged to obtain the plotted value. The values for the decom¬

position of dimethyl cadmium have been displaced downwards by 0-5 log units.
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in constructing this table two assumptions are tacitly made. First, that the
metal atom released in the decomposition is in its ground electronic state.
Secondly, that the addition of a methyl radical to a metal atom (reaction 2) is a
process with zero energy of activation. Either or both of these assumptions
may be invalid. Di may therefore be regarded as a minimum value. These
values of D(X—CH3) are high compared with the known values of D(X—H),
that is 9 for mercury and 16 kcal mole-1 for cadmium.14 A full discussion of
the significance of these results may be postponed until more metallic alkyls have
been investigated.

1 Gowenlock, Polanyi and Warhurst, Proc. Roy. Soc. A, 1953, 219, 270.
2 Gilman and Brown, J. Amer. Chem. Soc., 1929, 51, 928 ; 1930, 52, 3314.
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5 Szwarc, J. Chem. Physics, 1949, 17, 431.
6 Trotman-Dickenson,./. Chem. Physics, 1953, 21, 211.
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9 Trotman-Dickenson, Gas Kinetics (Butterworths, London, 1955).
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