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ABSTRACT

In the presence of excess toluene, and over the tempe-
rature range 328°C to 4OOOC, and per cent decompositions
of 10% to 99%, the decomposition of diethylmercury occurs
according to

Hg(CH ) _ — HgCH * CH -*
9252 925 25

HQC2H5 —————> Hg *+ C2H5-
-1
where log k(sec. ) = 15.4 - (45,700/2.303RT).

The progress of the decumposition was measured by the
amount of residual alkyl in the liquid products collected.
Agreement on the basis of analysis of ethane, ethylene, bu-
tane, and n-propyl benzene was obtained in the latter por-
cion of the work «fter devising an efficient method of col-
lecting all these products.

Hydrogen abstraction from toluene by ethyl radicals,
produced from the pyrolysis of diethylmercury was studied
over a temperature range of 344°C to 385°C and per cent de-
composiiions of 20% to 85%. From the limited data obrained,
the process which occurs according Lo

CH -+ * CHCH
o 2

CH *+ CH CHe CHCH (a)
25 T2 e 2% e

3 4 3

was round to have an activation energy of E ¥ 8.7 kcal./mole
' -1 -1
and a log A(mole cc. sec. ) = 11.00,.,

ii
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CHAPT'ER I
INTRODUCTION

General Introductory Remarks

The thermal decomposition of diethylmercury has been
studied in an N2 flow system both in the absence and pre-
sence of toluene (1). In the presence of toluene, the me-
chanism proposed did not include hydrogen abstraction from
toluene by ethyl radicals to form ethane. The toluene to al-
kyl ratios were about 30 to 1 in these runs in which case
he ethane to ethylene ratio was 1 to 1. This study was
done in a toluene carrier system and a wide range of toluene
to alkyl ratios were studied in order to determine if and
when hydrogen abstraction from toluene would occur.

Also, previous workers had done a material balance on
the basis of gas analysis and residual mercury analysis. {1,2)
There was no liquid analysis done to determine the residual
alkyl and n-propyl benzene. ''his study proposed to obtain
a material balance on the basis of residual alkyl and pro-
duct analysis. |

There also seemed to be some doubt as to the validity
of the rate constants determined in the N2 carrier system.
When compared to the static system study done (3), agreement

seemed good at lower temperatures but extrapolation of
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the static system data to a higher temperature, comparable
to the flow system temperatures, indicated an almost four-
fold discrepancy. An attempt was made to resolve this dis-

crepancy.

Determination of Bond Dissociation Energies
by the Kinetic Method

The bond dissociation energy of a molecule RIRZ is defi-
ned as the heat of reaction of (1) at absolute zero and in
the ideal gas state.

PR -+
R1R2 =2 R, R2 69)

This bond energy, D(Rl - R2), can be equated to E, the activa-
tion energy, when the activation energy of the reverse of (1)
is assumed to be zero. Then, 1t can be said that the activa-
tion energy of the forward reaction is equal to the bond dis-
sociation energy.

Justification for this assumption is considerable (4 - 9).

1
activation energy, this would imply that two atoms of appro-

If the recombination reaction of R, and R2 were to have an

priate spin would be repulsed on recombination. This repul-
sion would be seen as a hump on the potential energy curve,
(Fig. 1). When no potential energy barrier for the recombina-
tion reaction exists, the unimolecular rate constant can be
written as

\ -D/RT
X = KKT T) e
h 2 (1)
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POTENTIAL ENERGY

ZERO POINT ENERGY

LENGTH OF BOND JOINING THE TWO
RADICAL FRAGMENTS

FIGURE 1: Potential energy curve for unimolecular
decomposition into two radicals.

(A) Energy of activation for recombination,
finite _

(B) Energy of activation for recombination,
zero
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4
The total partition functions¢cr), for the normal molecule
and ¢’%T), for the activated complex each include transla-
tional (A(T)), rotational (r(T)) and vibrational (v (T))
components.
The translational partition function for both the ac-
tivated complex and normal molecule, may be written as

3/2
A = (nman)

h
The rotational partition function for a linear molecule
will be

2
r(T) = 8T IKT

2
h P
and that for a non-linear molecule will be

2 3/2 1/2
r(T) = 81 (2rkT) (ABC)
3
h I

both of which will be nearly the same for the normal molecule
and the activated complex.

If we assume that the vibrational partition function
for all modes other than the one leading to dissociation are
nearly equal for the normal molecule and the activated com-

plex, we can say

1 -h D/le -D/RT
k=KkT (1-e ) e
h
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5
This equation leads to two outer limits for k. If *he
temperatures are low where the vibrational frequency is high,
as in the case of strong bonds

1 -D/RT

or

At the other exireme, that is, in the case of high tempera-

tur85,
-D/Ri
k = KO e
Hence
d(ln k) = D
d(n k) 23
dT RT

Then, by comparison with ihe Arrhenius equation where

d(ln k) = _E
aT RT

The dissociation energy can be expressed in terms of E within

the following limits

(D) € E € (D *+ RT)

Therefore, it can be said that the bond dissociation energy
is very nearly equal to the activation energy which, in this
study, was determined both from product analysis and residual

alkyl. This conclusion is based on the assumption that the

activation energy referred to, is in the pressure independent
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region.

Toluene Carrier Technique

Measuring the activation energy of the reaction:

RR ——) R * R
1 2 1 2

involves the determination of the rate of the primary disso-
ciation. The rupture of the bond between R1 and R2 must be
energetically favoured in order for it to take precedence
over other possible ruptures.

In using the toluene carrier technique, the toluene is
ordinarily 50 to 100 times in excess of the alkyl. This is
done in order to overcome the problems that would occur if
the free radicals formed were to react with the parent mo-
lecule or undergo recombination.

When hydrogen abstraction from toluene occurs, approxi-
mately 96% of the products will be benzyl radicals and 4%
will be radicals formed by abstraction from the ring in
either the ortho, meta, or para positions. The benzyl radi-
cals will then react to torm eii‘her C6H5CH2R or dibenzyl, the
former being predominant if the concentration of R is appre-
ciable. The dimerization reaction only occurs outside the
hot zone under the conditions used (10).

The possibility of toluene undergoing decomposition
must also be accounted for. If the temperatures used are suf-

ficiently high, the toluene will decompose. The products formed
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7

by this decomposition would primarily be CH4, H2, and diben-
zyl (formed from the benzyl radicals). These will be either
distinguishable or undistinguishable. In the prior case,
there is obviously no problem. In the latter case, suitable
corrections can be made (11). In either case, toluene de-
composition, to any great extent, would cause problems in
collecting the desired products while still removing the
large quantities of H2 and CH4 that would be produced.

In using the toluene carrier flow system, assumptions
are made that plug flow exists and that thermal equili-
brium exists over the length of the reaction zone. These
requirements were met in this study.'

In order to ensure that plug flow existed, the vessel
used is constructed with a two step inlet system in the pre-
heat zone (Fig. 2) so that the incoming gases might expand
gradually. This gradual expansion of the gases would mini-
mize any possibility of channelling of the gases by disper-
sing the flow as it enters the reaction zone. Turbulence and
channelling would cause serious errors in contact time and
reaction volume according to Batten's study (12). Conse-
quently, the above means were taken to overcome this problem.

Thermal equilibrium must also be obtained. According to
Mulcahy and Pethard (13), a rate constant with an accuracy of
about 10% can be obtained under the following conditions? the
ratio of contact time, t (sec.), to pressure, p (cm.), should

C

be greater than 0.5. To avoid errors due to diffusion, t /p
c
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should be less than 3 to 50% conversion and less than 10 at
25% conversion. The experiments performed in this study had
a ratio of tc/p ranging from 0.78 to 3.82 and satisfy the

conditions proposed by Mulcahy and Pethard.
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CHAPTER II

EXPERIMENTAL TECHNIQUE

Apparatus and Procedure

Figure 2 shows a schematic diagram of the toluene car-
rier flow system used for this work. The vacuum source was
a two stage mercury diffusion pump backed by a two-stage
oil-sealed rotary vane fore pump, Balzers DuoS5.

Pyrex glass was used throughout the system with the ex-
ception of the reaction vessel which was quartz glass. The
reaction vessel was joined into the pyrex glassware of the
system by graded quartz-tc-pyrex seals. All ground glass
joints were lubricated with Dow Corning High Vacuum Silji-
cone Grease. Heated taps were lubricated with Apiezon T Grea-
se, and unheated taps were lubricated with Apiezon N Grease.
Ace Glass greaseless viton "O" ring taps were used for both
the carrier and the alkyl inlet sections of the system.

The electrically heated furnace was constructed from
a quartz cylinder three inches in diameter and twenty-four
inches long with a wall thickness of one-~quarter inch. The
quartz cylinder was wound with chromel-A resistance ribbon
2 mm. wide and 0.2 mm. thick, having a resistance of 0.603
ohms per foot. The windings were cemented into place with

Sauereisen Cement Number 31. Figure 3 indicates the number

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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12

of windings per inch and the seven points at which the win;
éings were tapped in order to adjust the temperatufe profile

by shunt resistances. In addition. an inconel liner, 2.5 in-
ches in diameter, 12 inches long, and 0.25 inches thick was
placed in the centre of the furnace. This evened out the tem-
perature profile and provided a sharp temperarure fall-off

at each end of the vessel.

The quartz tube was then centered in a box (12 x 12 x 24
inched) condtructed of 0.25 inch asbestos with a 0.75 inch an-
gle iron frame. The ends of the box had 3 inch diameter holes
to accomodate the quartz tube. The box was filled with powdered
alumina for insulation. The furnace was connected through
a Variac to a 220 volt a, c, power supply. The maximum opera-
ting temperature of the furnace is 1100°C.

The temperature of the furnace was controlled by a Sun-
vic Resistance Thermometer Controller Type RT 2. The tempera-
ture_was monitored uséng a chromel-P-alumel thermocouple
which could be moved along the length of the vessel in an
axial thermocouple well. This was used in conjunction with
a Leads and Northrup Millivolt Potentiometer, Type 8691. Yhe
temperature varied within ¥ 2°C along the reaction zone and
fell off sharply at the ends (Figure 4).

The reaction vessels were made of fused quartz with gra-
ded quartz to pyrex seais a few inches beyond the ends of the
furnace. The vessels were 40 mm. OD. and 6.5 to 8 inches long

sealed to 20 mm. ends. The thermocouple well was in the axial

position and measured'lo mm. OD. tubing running the length of
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13
the reaction vessel.

The tubing at the inlet side of the reaction vessel was
wound with Chromel YA" asbestos covered heating wire. Variacs
were used in conjunction with the heating wires in order to
control their temperature. Temperatures up to 90°C could be
obrained. The use of heating wire prevented the condensation
of the reactants before entering the vessel.

The toluene was stored in bulb Rl. All references will
be made to Figure 2 unless otherwise specified. The toluene
bulb was removed before and after each run in order to weigh
it dnd determine the amount of toluene used. Pressure was
maintained during the runs by constant temperature baths of
wither water or acetone in a dewar surrounding the bulb. The
toluene pressure was read periodically during a run using a
differential manometer with dioctylphthalate and mercury with
a magnification factor of 7.0 times that of mercury.

The alkyl was stored in a removable vessel R2 (Figure 5).
For each run, a small amount of alkyl was distilled from R2
to a finger Fl‘ The tap to R2 was then shut. The pressure

of the alkyl in F, was adjusted by a constant temperature bath

1
of water. The alkyl pressure was at all times greater than the
toluene pressure. After the run, any remaining aikyl in F; was

distilled back to the vessel R,. The amount of alkyl used in

2
each run was determined by weighing R2 before and after each
run.
-4
- After a steady temperature and a vacuum of 10 mm. or

better were obtained, the run was started. The flow of to-
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15
luene was started and the initial differential manometer rea-
ding taken. After a 2 to 8 minute flow of toluene, tap S1 was
opened to start the alkyl flow. The alkyl flow was permitted
to proceed from 25 to 70 minutes depending on the conditions
used. This was then followed by another 2 to 8 minute flow of
toluene. All variable reaction conditions were monitoreé
throughout the run.

Gaseous products were continuously collected in the buret
(GB) by means of a Todpler (TP) pump.

o]

Trap T thermostated at -60 C with an acetone-dry ice

1'
bath, collected most of the ligquid products and undecomposed

o
adkyl. Trap T, and T, thermostated at -80 C with an acetone-

2 3
dry ice bath collected any liquid products which were not
trapped out by Tl.

After the run the remaining gas products were collected
and the pressure, volume, and temperature of the gas mixture
collected were taken. The gas sample was then analyzed on a
gas chromatograph.

The gas chromatographic analysis was carried out using
& Perkin Elmer 154 gas chromatograph equipped with a 1/4 in.,
6 foot silica gel column. The column was used at 80°C and with
a helium pressure of 15 pounds,/sq. inchs The schematic diagram
(Figure 6) demonstrates the injection system used for the 7
gas product analysis.

The sample C was placed in position with a steel bar

resting on the break seal and this region was evacuated. The

break seal was broken by raising the steel bar with a magnet
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17
and dropping it on the seal. A part of the sample was then
transferred to the gas buret and the pressure was measured.

02 was opened and the mercury level raised to transfer the
sample to the "U" tube. C, was then turned to allow the helium
flow to enter the "U" tube simultaneously as C3 was turned to
connect the "U" tube to the column. Gas storage vessels (G.S.V.)
supplied a source of pure gases on which calibration curves
were done for each set of analyses using the same injection
technique. Peak heights could then be compared between the

pure gases and the gas mixtures collected from the runs.

The liquid samples collected in T, were distilled to T

1 2°
The liquid samples from the runs were not allowed to warm up
beyond —SOC. The samples in T, were removed from the system
when they were still below -5 C and poured into a vessel,
prescooled to -SOC. The vessel containing the liquid was
then placed in a salt water and ice bath at -5°C and analy-
zed immediately on a Perkin Elmer 800 gas chromatograph equip-
ped with a flame ionization detector. A 0,02 inch ID. 150 foot
open tubular column coated with polypropylene glycol (Perkin
Elmer R) was used. Nitrogen was used as the carrier gas. The
column temperature was set at 6OOC and the injector temperatu-
re was set at ZOOOC.

This gas and liquid products collection technique was
the final technique used and is the recommended technique
on the basis of the results obtained. This will be elaborated

upon in the discussion.

Standards were made containing the components found in
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18
the liquid samples. These standards were made such that the
concentrations of the components were comparable to those of
the liquid samples from the runs.

The standards for residual alkyl analysis and for n-pro-
pYl benzene analysis were done by weight.

The standards for the analysis of butane in solution
were made in the following way. & known weight of toluene
was allowed to flow through the system and collected in T2
using an acetone and dry ice bath in the same manner as an
ordinary run. The acetone and dry ice bath was then replaced
by a liquid N, bath. A known volume and pressure of butane
contained in a glass vessel was then distilled into T2 with
the toluene by replacing the toluene bulb with the butane
vessel and allowing the butane to flow through the system
in the same way as the toluene. After the distillation was

complete, the liquid N, bath was replaced with the acetone

2

and dry ice bath and the trap T, was then allowed to warm up.

2
Some of the butane would then go into solution with the toluene
and some would flow through the system and be collected and
measured in the gas buret as previously described. The gas col-
lected was then analyzed on the Perkin Elmer 154 to determine
the amount of butane recovered, This amount of butane could
then be subtracted from the initial amount distilled into the
toluene. Consequently, the concentration of butane in toluene
was known. This liquid standard was then remowed from the sys-

tem under the same conditions as the liquid samples collected

at the end of the run. This standard was then analyzed imme-
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19
diately on the Perkin Elmer 800.
These standards were used for calibration and the deter-
mination of the composition of the liquid sample was done on
the basis of peak heights. Calibrations were done for each

set of analyses.

Preparation of Materials

A Toluene

The toluene was toluene from sulfonic acid supplied by
Eastman Organic Chemicals Number X325. It was dried by re-
fluxing over sodium ribbon under vacuum and then degassed

by bulb to bulb distillation.

B Diethylmercury

Two different sources of diethylmercury were used.

Diethylmercury was prepared in the laboratory in the fol-
lowing manner: magnesium turnings were placed into a three-
necked flask fitted with an efficient stirrer, a dual con-
densor and closed to the atmosphere. All the air in the flask
was flushed out with nitrogen. Five hundred mls. of dried ethyl
ether (dried by standing with Na ribbon) were added to the
flask. The ethyl iodide, diluted with ethyl ether by a volu-
me of three to one, was added dropwise from a separatory funsa
nel. Sufficient stirring was provided during the whole addi-
tion. Before being used, the ethyl iodide was refluxed over
silver hydroxide and distilled into a clean flask as the

ethyl iodide had been standing for a few months.
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Once the addition of the ethyl ioaide was complete, the
Grignard was then refluxed for one to two hours. The Grignard
was then decanted from the unused magnesium and put in a se-
paratory funnel.

Using the same set up as for the making of the Grignard,
mercuric chloride, previously dried in a dessicator, was
added to the reaction flask with three hundred mls;.of ethyl
ether. The Grignard was then added dropwise from the sepa-
ratory funnel and the mixture was refluxed for three hours.

The solution was then cooled in ice. The excess Grignard
was hydrolyzed by adding 250 ml. of water or an equal amount
of an ammonium chloride solution containing a small amount of
ammonium hydroxide slowly. The ether layer was separated and
washed with 25 ml. portions of water. The resulting ether so-
lution:was dried over 10 grams of anhydrous CaC12. Most of the
ether was removed by evaporation under reduced pressure and
the remaining solution was fractionally distilled through a
glass bead column. The HgEt2 fraction was collected and stored
under its own vapour pressure.

For the last portion of the study, HgEt2 was purchased
from Alpha Inorganics. Thi§ stock was tested on the gas chro-

matograph and found to contain less than .5% impurities.
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CHAPTER II1I

EXPERIMENTAL RESULTS AND DISCUSSION

The laboratory data obtained from experiments on diethyl-
mercury, including both the experimental conditions and pro-

duct analysis, are presented in Table I.

Proposed Mechanism

The decomposition of diethylmercury occurs in two steps,
the second following rapidly after the first, according to

the following |

Hg (C2H5)2——-——9 HgCH, + CoHg* (1)

-—— Hg * C_H_.* (2)

HgC H Hs

5

In a toluene carrier system, the ethyl radicals produced
by the thermal decomposition may abstract hydrogen atoms from
either the toluene side chain or the toluene ring. Ethyl ra-
dicals may also recombine to produce butane or disproportionate
to produce ethylene and ethane. These constitute the major

ethyl radical reactions.

o 4+ -+ : -

CH, CeHgCH, —— CoHg C6H50H2 or C.H,CH, (3)
° +

C2H5 C2H5. —_—) C4H10 (4)

+ .

— 021-14 02H6 (5)

2l
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Hg
Hg
Hg
Hg
Hg
Hg
Hg
Hg
Hg
Hg

Hg

Run
154
155
190
187
202

71
12
181
184
185

175

Temp.

o

( K)
673.06
672.06
667.80
667.76
662.76
661,41
659.66
659,66
659.16
659.16

658.91

THE PYROLYSIS OF DIETHYLMERCURY

TABLE I

EXPERIMENTAL CONDITIONS AND PRODUCT ANALYSIS

Pressure

(Atm. x 10
8.08
8.18
6.20
6.12
8.00

8.29

4.13

5.50

-3

)

*
Time

(min.)
4,55,8
4,55,4
3,53,4
3,43,4
3,53,4
3,29,3
3,25,2
3,23,4
3,23,4
3,23,4
3,23,4

Toluene

(moles x 10
5,72
©.07
3.30
2.76
5.64
2.56
2,32
l1.68
1.66
1.44
1.58

* prerun, duration of alkyl flow, post-run.

-2

)

Alkyl
(moles x 10
0.2740
0.3459
0.6190
0.2537
0.5985
0.9890
0.4840
0.2747
0.2634
0.1999
0.2640

-3

)

Toluene/Alkyl

(molar ratio)

208/1
176/1
63/1
109/1
94/1
26/1
48/1
61/1
63/1
72/1
62/1

A4



23

mmmmJo
1882 °0
656€°0
09ttt 0
8¥LEO
SESL®O
8Z¥t°0
09€0°0
T61T°0
09%0°0

8G20°0

( 0T X sarow)
qll

TATe Tenptsax auszuaq TAdoad-u

(

vll

6SLT 0
9L9T°0
L98Z°0
(A% XA
G86€°0
LAYA M
SE1Z°0
060t °0
eveEY O
0zZot 0

S09€°0

0T X saTow)

(

*l

069T1°1
0981°1
OvES"T
6680°1
otILY*O
00€0°1T
0se6c°¢C
Zhoe’1
o6ev°C
89¢v°0
ocaov o

Oﬁ X mw.ﬂ
0T,

our)

(

(PaNUTUOD)

(]
€2}

()]

¢|l

6SCC°0
Z891°0
6v¥1Z°0
¥S8Z°0
L60V 0
88LL°0
LTI8E O
£€T62°0
o¥8e°0
9LLO"0
09%t°0

0T X sarouw)

2
Yu'o

( ot x satow)

vl

1A A
LTPE"O
00T¥°0
LLES®O
080L°0
04T A |
9068 °0
£96v "0
6108°0
00€C°0
6669°0

%o

SLT
S81
81
181
<L
1L
(A4
L8T
o6t
G661
141"

uny

bH
bH
BH
BH
bu
bH
BbH
BH
6H
BH

BbH

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiwgad 1noypum pauqiyosd uononpolidas Jayung “Jaumo 1ybuAdoo ayy Jo uoissiwiad yum pasonpoldey

Hg
Hg
Hg
Hg
Hg

Hg

Hg
Hg
Hg

Hg

**

Run
154
155
190
187
202

71
72
181
184
185

175
k .

t
(sec.)
1.47
1.30
1.52

1.42

rate constant based on product analysis,k , rate constant based on alkyl analysis
m

% Decomposed
Alkyl
42,70
21.44
52.49
715,37
50.77
23,81
25,40
58.91
75,55
70.29

59.63

(Continued)

% Undecomposed 103

Alkyl
0.95

5.73
7.61
7.75
12.25
15,03
14.41
9.05

o
T( K)

1.485
1.487
1.497
1.498
1.509
1.512
1.516
1.516
1.517
1.517
1.518

9.1
(sec. )

0.38
0.19
0.49
0.82
0.51
0.16
0.18
0.57
1.36
1.19
0.64

log kg
-0.424
-0.732
-0.311
-0.087
-0.288
-0.795
-0.741
-0.237
0.135
0.0%7
-0.194

**k

k
m_3
(sec.
2,03
3.32
2.59
2.49
2.07
1.50
1.59
1.37
1.84
1.61
1.69

)

log k.m
0.860
0.520
0.414
0.395
0.317
0.176
0.199
0.135
0.264
0. 206
0.229

N
NN
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Also the following minor reactions occurred.

H*® —— CH, *H )
C25 2 4 (f
o <+ e 4 8
H c6H5cn3—-———-7 CH3 CeHe (3)
[ ]
—> H + CHGCH (9)
2 6 5 2
CH*®*+CHCH —3>CH +CHCH (10
3 6 5 3 4 6 5 2
CH*® +CH®*® —3C.H (11)
3 25 38 /

However, these reactions occurred to only a small extent as
confirmed by the negligible amount of methane and propane
detected even at the highest temperatures under which the
reaction was studied. Also, the benzene produced (which would
be equal to the methane plus propane) was analyzed on the gas
chromatograph and found to be negligible.

The extent of ethyl radical decomposition ean be roughly
predicted from studies done previously (13A) where the rate
constant for the decomposition was calculated to be

18 - (32400/RT) -1 -1
k =1.8x10 e cc. mole sec.
on the basis of using the parameter s1 . 3.

On the basis of Kassel theory, with s = 6, k was cal-

culated to be
17 -(32400/RT) -1 -1
k = 1.4 x 10 e cc. mole sec. .

d2

These two literature values can be compared to the experimen-
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tally determined rate of disappearance of ethyl radicals when
forming ethane by abstraction from the toluene. This rate
can be written as

da(C H *)
2

- 5 =x (CH *)Y(CH
3( 25 6

CH )
ac 3

5

which can be compared to the rate of disappearance of ethyl
radicals due to ethyl radical decomposition given above by

kd ( estimated k__ also used but result given no weight.

a2
at 645°a, log k,, s 6.5 and log ky is 8.1 and there-

3

fore the amount of ethyl radicals undergoing decomposition
can be said to be about 1/40 th of the ethyl radicals attacking
the toluene to form ethane. Also, at 645°A, log kj is 7.1 and
log k3 is 8.1. In this case, the amount of ethyl radicals
undergoing decomposition would be about 1/7 th of the ethyl
radicals attacking the toluene. Therefore, on the basis of the

literature value , the amount of ethylene produced during
the decomposition of diethylmercury can not all be attribu-
ted to the disproportionation reaction of the ethyl radicals.
Roughly, lJiO th of the ethylene formed could be attributed
to the decomposition of the ethyl radicals. In terms of cal-

/2

culations, this would only affect the k /k 1 to a small

a r
extent and need not be accounted for. Therefore, the afore-
mentioned major ethyl radical reactions will be the only ones
considered for calculations.

The rate constants for this study were calculated from
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the first order equation

k = 2.303 log _100_
tc 100 - X

The contact time was evaluated from the expression

t =V x P x 273 x 1

¢ 22416 760 T F

where V is in cc. and corresponds to the volume of the reac-
tion zone, P, in mm. corresponds to the total pressure and T
in °K, corresponds to the temperature of the reaction zone.

F is the molar flow rate through the reaction zone and is in
units of moles/sec.. The per cent decomposition occurring is
represented by X. The per cent decomposition on the basis of

products analyzed was

ﬂ/?(moles of ethane * moles of ethylene * moles of n-propyl

benzene) + (moles of butane))x 100

moles of diethylmercury

The per cent undecomposed alkyl, represented by 100 - X, was
calculated by

moles of residual alkyl
moles of diethylmercury used

Hydrogen Abstracgion by Ethyl Radicals

The rate expressions for the abstraction and recombina-
tion reactions may be written as
d(CH - CH

)
2 6 24 =% (CH*)(CHCH)
dt a 25 65 3
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and
d(CH ) 2
4 10 =% (cH_ .)
—&t  r 25
Then,
k d(C.H - C H /4t
a = 26 24/
1/2 1/
k d(C H dt C HCH
r (al 4 10)/ ) 6 5 1;
where
CH, - H H = C.H
a( He C2 4) _ moles C2 6 moles 2,
at Vxt

and moles Csz represents the total number of moles of ethane

produced and moles C_H represents the total number of moles

2 4
of ethylene produced. V is the volume of the reaction vessel
in cc., and t £s the length of the alkyl run in seconds.
Also,

d(c H_ ) moles of C H

4 10 = 4 10
dt Vxt

where moles of C4H10 represents the total number of molescof
butane produced in the run.
Assuming ideal gas conditions, the toluene concentration

can be expressed as

@HCH =n=_P = Pmm./760 4
6 5

n
\Y RT 82.06 x T K
1/2 . .
Then k /kr can be expressed in terms of experimental para-
a

meters as follows
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k (roles C.H - moles C.H ) x 760 x 82.06 x T
a = 2 6 2 4
1/2 1/2 1/2
k (moles CH ) (V x t) x P
r 4 10
1/2

This derivation of k /k assumes that the ethyl radi-

a
cals are produced at a constht and uniform rate. The former
is achieved by maintaining the pressure of the alkyl cons-
tant throughout the run. The latter can not achieved. This
condition will only be approached at the low decompositions.
However, at high decomposition the ethyl radicals will be at
a high concentration at the beginning of the reaction zone
favouring the recombination reaction and at a low concentra-

tion at the end favouring the abstraction reaction. These fac-

tors are believed to be somewhat self compensating. (14, 19%)

Variations in Technique
During the initial work done on diethylmercury in this

study, a great discrepancy was found between the log k values
obtained on the basis of residual alkyl and the log k values
based on product analysis, (Table I). Those based on resi-
dual alkyl were considerably higher and these produced a
straight line over an alkyl decomposition range of 10% to 99%.
On the other hand, the log k values based on product analysis
produced an Arrhenius plot with a great deal of scatter and

a flattening out at high temperatures where the per cent de-

composition seemed to be no higher than 35%. This large
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discrepancy between the two sets of results as well as the
poor and inconsistent results from product analysis led to
the probability that not all the gases were being collected.
This initial assumption was made on the basis of previous wor-
kers (1) who reported a 4:1:1 ratio of butane to ethane to
ethylene in the gas products collected. Initial work in this
study yielded gas samples which were approximately only 20%
butane as compared to the expected 80%. Therefore, the initial
system wae altered and sgeveral variations in trap set ups
and trap temperatures were tried in order to attempt to col-
lect the remainder of the butane believed to be present.

Figure 7 represents the initial trapping system used
with T2 and T3 being at -BOOC using acetone and dry ice baths.
Replacing the bath around T3 with a liquid N2 bath resulted
in an increase of butane in the gas products. (It should be
noted that asing a liquid N2 trap on T3 meant that the gas
collection in the gas buret had to be done after the run
instead of continuously during the run. FThis system of col-
lection brought the log k values in closer agreement with
those based on the residual alkyl ana&lysis but there was
still a considerable discrepancy as indicated in Table II.

Another method attempte« consisted of replacing
the -SOOC bath around T2 with a bath at -50°C after the
initial bulk of the gas was in the gas butret. Warming up

T2 in this fashion, yielded more gas products. However, it

was difficult to determine when T2 had warmed up to -50°¢
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Figure 7: Initial trapping system
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and this method proved unsatisfactory. Only run 162 yielded
results that were satisfactory. An attempt was then made to
find a more reliable method.

The system was then altered, Figure 8, to include ano-
ther trap of a larger volume. This trap acted as an ineffi-
cient trap, collecting most of the liquid products but al-
lowing the butane to pass through with more facility. This
initial trap Tl' was cooled with acetone and dry ice baths.
Several temperatures ranging from -22°C to -80°C were tried
and yvielded varying results in butane collected. The opti-
mum temperature for this bath surrounding T1 was determined
to be —600C.15°C, as indicated by runs 184 and 185 (Table II).

It should be noted that in some runs, T3 was at —196?C.
With three traps in the system, there was no difference obser-
ved in the results when T3 was at —196°C as opposed to the
usual -80°C.

Even though the addition of T1 improved results even
further, the effectiveness of this addition of Tl appeared
to be influenced by other conditions such as the amount of
toluene used and the amount of butane produced. If the amount
of toluene used was large, more butane would be lost in the
solution and if the temperatures were low, the percentage of
the total butane produced that would be dissolved in the to-
luene would be greater. Also, the contact time seemed to in-

fluence the amount of butane lost from the gas sample. The

shorter contact times seemed to provide better results. These
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Figure 8: Final trapping system
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TABLE II
SAMPLE RESULTS FROM VARIATIONS IN NOMBER OF TRAPS AND THEIR TEMPERATURES

Trap Temperatures % of Butane k.g 4 km »
Run Tl(oc) T2(°c) T3(°C) 1n Gas Sample (sec. ) (sec. )
Hg 154 * -80 -80 30.45 0.38 2.03
Hg 156 * -80 ~80 11.80 0.21 1.55
Hg 157 * -80 -196 57.60 0.29 0.67
Hg 159 = -80 -196 28.40 0.28 1.22
Hg 161 b -80 -196 58.40 0.57 1,27
Hg 162 * -80 -196 66.00 1.18 1.10
Hg.:169 -22 -80 -80 61.40 i.14 1.27
Hg 175 -22 -80 -80 64.25 0.64 1.69
Hg 181 -40 ~80 -80 57.00 0.57 1.37
Hg 184 -60 -80 -80 71.10 1.36 1.84
Hg 185 -65 -80 ~80 69.80 1,19 1.61
Hg 187 -70 -80 ~-80 63.50 0.82 2.49

* T1 not yet incorporated into system

9%
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were general trends in the results which pointed to the pro-
bability that the butane was being trppped in the solution
and being lost when removed from the system and warmed to
room temperature.

During the initial work, the liquid sample was usually
warmed up to at least room temperature before being stored
and analyzed. Under these conditions, some of the butane
trapped in the toluene would escape and not be seen on the
gas chromatograph. Consequently, great care was taken in or-
der to ensure that the liquid sample did not warm up beyond
mSOC (the boiling point of butane being -O.SOC). These sam-
ples were analyzed immediately to avoid any butane loss.

In maintaining the liquid sample at or below -5°c du-
ring the collection, great care had to be taken in order to
ensure that some of the residual alkyl was not lost. At -80°C
(the initial temperature of the liquid in T2), the alkyl is
a white solid. This solid had a tendency to adhere to the
walls and the stem of the trap. Therefore, after the entire
liquid sample had been distilled into T

2

on Tz was lowered just enough so that all the products in

the trap would distill down to the bottom of the trap. Once

from Tl, the bath

the upper portion of the trap (above the liquid) appeared

to be devoid of any coating, the acetone arddry ice bath was
replaced with an ice and salt water bath at -1OOC. This was
allowed to remain around the trap for at least 15 minutes in

order to ensure that all the liquid ih the trap had reached
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the same temperature as the bath. If the liquid is at too low
a temperature when removed from the system, some of the re-
sidual alkyl will not be in solution. The values obtained on
the basis of product analysis for these latter runs agreed
closely with those obtained from residual alkyl analysis
(Table III). Table IV shows the trap conditions used for all

runs,

Surface Effects

In order to check for any surface effedts, a vessel
packed with quartz rods was used. This vessel had a volume
of 117 cc. as compared to the unpacked vessel used which
had a volume of 165.cc.. This increased the surface to vo-
lume ratio from 1.25 to 21.2 cm.2/cc., which corresponds to
a 17 fold increase in the surface to volume ratio.

As shown in T~ble V, the rate constants in the packed
veasel varied from about 20% to 45% above those in the un-
packed vessel. This indicates that the reaction in the un-

packed vessel is essentially homogeneous (probably better

than 97%) .

Effect of Contact Time

There was no contact time effect observed where con-
tact times were varied from 0.37 to 2.47 sec. as indicated
by Table VI. These contact times give limits on the contact

time to pressure ratio of 0.78 to 3.82, where the contact
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TABLE IV

TRAP CONDITIONS USED FOR ALL RUNS

Runs

(inclusive)

Hg 54 to Hg 154

Hg
Hg
Hg

** Hg
Hg
Hg
Hg
Hg
Hg
Hg
Hg

*** Hg

156
155
157
lel
167
169
181
184
185
187
188
192

to Hg 159
& Hg 162
& Hg 170

& Hg 175

to Hg 191

to Hg 222

-22
-30
~40
-60
-65
-70

-60

Trap Temperatures

T2 (OC)
-80
-80
-80
-80
-80
-80
-80
-80
-80
-80
-80
-80
-80

7 (°c)
3
-80
-80

-196

=196

-196

~196

-196
~80
-80
-80
80
-80

-196

not yet incorporated into the system

warmed to -50°C after the run

*** Liquid analysis done for butane
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Run

*Hg

Hg

Hg

Hg

Hg

Hg

122
199

121
66
67

114
118
119
109

TABLE V

SURFACE EFFECTS

Temp.
(°x)
643.56

643.31

630.66
629.97

629.66

610.56
609.96
609, 28

608.66

* Runs done using the packed vessel
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m .1
(sec.

0.83

0.71

0.46
0.30

0.34

0.10
0.15
0.12
0.09

)
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TABLE VI

CONTACT TIME EFFECTS

Temp. tC km 1

Run (°x) (sec.) (sec. )
Hg 114 610.56 0.37 0.10
Hg 106 612.16 1.21 0.12
Hg 109 608,66 2.43 0.09

Hg 105 635.16 0.88 0.43%
Hg 62 640.41 1.67 0.56
Hg 63 639.91 1.70 0.50
Hg 61 640.41 1.73 0.53

o -1

* Corrected o 640.0 K, km is 0.52 sec. .
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time is in sec. and the pressure is in cm.. The lack of any
observed effect on k is in accordance with the predictions of

Mulcahy and Pethard (13).

Pressure Effects

Pressures used varied from 1 mm. to 7.8 mm. and were
found to have no effect on the rate constants obtained (Ta-
ble VII). Higher pressures were not used because of the low
vapour pressure of diethylmercury. Heating the alkyl above
55°C caused slight decomposition in the finger during the
run. In order to avoid this, the alkyl was not heated hi-
gher than 55°c which corresponds to a vapour pressure of
about 15.0 mm.. Even though higher pressures were not checked,

there is no reason to expect any pressure effeat.

Ratio an8 Concentration Effects

In order to ensure that the decomposition was first order,
the initial concentration of the alkyl was varied at a given
temperature while the toluene pressure was kept more or less
constant. Table VIII lists various runs where the énitial
concentration of ﬁhe alkyl varies from 0.811 x 10- to 6.96 x
10--9 moles/cc.. This data indicates that the initial alkyl
concentration has no appreciable effect on k, the rate con-
stant. It can then be said that the decomposition is a first

order reaction within the limits of experimental error.

In the majority of runs, the ethane to ethylene ratio
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Hg

Hg

Hg
Hg

Hg

Hg
Hg

Hg

Run
106
117

54
220

196

157
199

221

PRE

Temp.
(°x)
612.16

612.56

617.48
617.56

616.16

645.16
643.31

645.41

TABLE VII

SSURE EFFECTS

Pressure
(Atm. x 10—
4.62
1.04

9.11
6.86

5.82

2

)

k

m .1
(sec.

0.12

0.11

0.15
0.14

0.15

0.67
0.71

0.72
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EFFECT OF INITIAL ALKYL CONCENTRATION ON RATE CONSTANTS

Hg
Hg

Hg

Hg
Hg

Hg

Run
191
103

59

71
72

156

Temp.
(OK)
656.81
655.91

656.66

661.41
659.66

658.76

TABLE VIII

Initial alkyl

Concentratio
(moles/cc. x 10
1.59
2.75
2.98

6.96
5.45

0.86

n
-9

)

k

m .1
(sec.

1.43

1.44

1.43
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was between 1.61 to 2.97. As discussed in a previous section,
approximately 10% of the ethylene produced could come from
ethyl radical decomposition. Therefore, if no ethane is for-
med by abstraction from toluene by ethyl radicals, the ethane
to ethylene ratio should be 0.9 to 1.0. At low ratios of to-
luene to alkyl (toluene pressure being approximately constant),
this ethane to ethylene ratio should be approached, and at
high toluene to alkyl ratios, the ethane to ethylene ratio
should increase. These trends are generally confirmed by the
results listed in Table IX. However, runs 118 to 122 inclusi-
ve were the packed vessel runs where the added surface proba-
bly accelerated the ethylene decomposition to an extent where
more than 10% of the ethylene produced could be attributed
to ethyl radical decomposition. Run 118 shows even a greater
effect because it was the first run done after the packed
vessel had been placed into the the system and the surface
of the packed vessel was probably not yet conditioned. The
other few runs, 105, 117, 106, 114, and 109, where the ratio
was unexpectedly low, were runs where different capillaries
had bPeen placed into the system. The furnace had therefore
been exposed and its surface was probably not yet recohdi—
tioned. These were the only two conditions under which these

unexpected deviations occurred.

Arrhenius Parameters for ka/k 1/2
r

An Arrhenius plot was made of k /k 1/2 (Figure 9) and
a r
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TABLE IX

VARIATIONS IN THE ETHANE TO ETHYLENE RATIO

Approximate Toluene Ethane
Temp. —KIE§I- EEE;TEHE
Range Runs (molar ratio) (molar ratio)

673 Hg 154 208/1 1.96/1
to Hg 155 176/1 2.42/1
667 Hg 187 109/1 2.09/1
Hg 190 63/1 2.13/1
663 Hg 202 94/1 2.34/1
to Hg 185 72/1 2.03/1
659 Hg 184 63/1 1.91/1
Hg 175 62/1 1.87/1
Hg 181 ' 61/1 1.89/1
Hg 72 48/1 1.73/1
Hg 71 26/1 1.61/1
659 Hg 156 183/1 2.33/1
to Hg 191 142/1 2.50/1
656 Hg 201 131/1 2.39/1
Hg 58 61/1 2.00/1
Hg 103 57/1 1.75/1
Hg 192 57/1 1.74/1
Hg 59 52/1 1.93/1
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TABLE IX

(Continued)

Approximate Toluene Ethane
Temp. Alkyl Ethylene
Range Runs (molar ratio) (molar ratio)

654 Hg 159 223/1 2.87/1
to Hg 162 183/1 2.71/1
652 Hg 161 170/1 2.46/1
Hg 167 81/1 2.19/1
Hg 222 74/1 2.02/1
Hg 169 73/1 1.84/1
Hg 189 64/1 2.05/1
Hg 102 58/1 1.74/1
Hg 170 54/1 1.93/1
650 Hg 158 184/1 2.65/1
to Hg 221 92/1 2.21/1
645 Hg 200 86/1 2.24/1
Hg 64 43/1 1.88/1
Hg 65 36/1 1.80/1
645 Hg 199 106/1 2.27/1
to Hg 62 55/1 1.99/1
640 Hg 63 49/1 1.95/1
Hg 61 48/1 1.99/1
Hg 122 32/1 0.80/1
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TABLE IX

(Continued)

Approximate Toluene Ethane
Temp. Alkyl Ethylene
Range Runs (molar ratio) (molar ratio)

635 Hg 198 143/1 2.52/1
to Hg 105 58/1 0.88/1
630 Hg 66 57/1 2.09/1
Hg 218 50/1 2.00/1
Hg 67 34/1 1.84/1
Hg 121 32/1 0.77/1
627 Hg 216 112/1 2.54/1
to Hg 194 94/1 2.15/1
623
617 Hg 220 146/1 2.34/1
to Hg 54 76/1 2.10/1
612 Hg 196 63/1 2.10/1
Hg 106 38/1 1.00/1
Hg 117 34/1 0.90/1
610 Hg 114 71/1 1.08/1
to Hg 119 69/1 1.03/1
609 Hg 118 45/1 1.04/1
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Approximate
Temp,
Range

609
to

602

Runs

Hg 219
Hg 95
Hg 90
Hg 91
Hg 93
Hg 109

TABLE IX
(Continued)
Toluene Ethane
Alkyl Ethylene
(molar ratio) (molar ratio)
187/1 2.15/1
129/1 2.14/1
67/1 2.43/1
52/1 2.35/1
44/1 2.32/1
24/1 0.92/1
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Figure 9: Arrhenius plot for the rate of abstraction

of hydrogen from toluene by ethyl radicals.
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Table X lists the values obtained. Only six points were avai-
lable for this plot because of the difficulty encountered (for
the major part of the study) in recovering all the butane pro-
duced. These last few runs were the runs to which the final
technique discussed in the previous 3ection was used. With
only six runs, it is difficult to get an accurate line on the
Arrhenius plot. These ratios are very easily affected and con-
sequently the log of the ratios are scattered. However, using
the line of best fit, the expression for the rate constant
for the abstraction reaction can be written as

11,0 (-8,700/RT) -1 -1

ka = 10 e cc. mole sec.

13
The log A value is based on the A value of 2.0 x 10 for

the recombination of ethyl radicals obtained by Shepp and
Kutschke. ( 7).

The activation energy of 8.7 kcal/mole and the log A va-
lue of 11.0 are credible when compared to prewvious studies on
abstraction by methyl radicals. The log A (mole—lcc. sec._l)
value obtained by Dunlop was 10.77 (16) and that obtained
by Kominar was 11.04 (14). The activation energies obtained
were slightly lower than those obtained in this study. Dunlop
determined an activation energy of 7.4 kcal./mole and Kominar
determined the value to be 7.89 kcal./mole. A slight increase
in activation energy for ethyl radical abstraction of hydrogen

from toluene can be expected. Considering, the limited number

of ka/k 1/2 values available and the limited temperature range,
r
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the values obtained seem very reasonable.

Arrhenius Parameters for the Decomposition of Diethylmercury

The decomposition of diethylmercury was studied over a
temperature range of 3280C to 4OOOC and a per cent decom-
position of 10% to 99%. The Arrhenius plot, based on resi-
dual alkyl analysis is shown in Fig. 10. The line drawn through

these points may be represented by
log X = 15.4 - (45,700/2.303RT).

A comparison of the results of this study with a static

system study (3) and work done in an N_ flow system (1) is

2

shown in Figure 11. The static system study was done over a
o o
temperature range of 223 C to 293 C. The Arrhenius line for

this study is given by

log k = 14.43 - (41,900/2.303RT).
The N2 carrier flow system was done over a temperature range
o o]
of 320 C to 420 C. The Arrhenius line can be represented

by
log k = 14.1 - (42,500/2.303RT).

Extrapolation of the line obtained from the static system
study provides a basis for direct comparison of the k va-
lues from these two previous studies and from this study.

Not much reliance can be placed on the Arrhenius para-
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Figure 10: Arrhenius plot for the decomposition of
diethylmercury based on liquid analysis.
Numbers indicate number of runs averaged.

packed vessel runs
unpacked vessel runs
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Figure 11l: Arrhenius plot for the decomposition of
diethylmercury.
S50lid lines indicate the temperature range
studied.

‘) N2 flow system study
° static system study

. this study

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a7
meters determined in the static study. Very little informa-
tion is available on this study as its results appear only
in Dissertation Abstracts. These investigators report a sur-
face catalyzed decomposition with an activation energy of 22.1
kcal./mole. There was only a slight surface effect observed
in this study. This led to the possibility that their reac-
tion vessel was probably not treated properly before use.
Howewer, there is no definite information given with regard
to this,

There is also some doubt as to the reliability of the
parameters obtained from the study done in the N2 carrier
system because of the extremely low contact times used (.1
to .3 sec.) with total pressures of 10 lmm.. As discussed
previously, the ratio of the contact time (sec.) to pres-
sure (cm.) must be greater than 0.5 in order to achieve an
extent of thermal equilibrium that will give an accuracy of
about 10%. Also, in order to avoid problems due to diffusion,
this ratio should also be less than 3 up to 50% conversion
and less than 10 up to 25% conversion.

The ratios used by these investigators varied from .1
to .3 which do not lie within the desired ranges.

Benson and O'Neal have predicted an Arrhenius equation

of

log k = 15.5 - (46.5/2.303RT)
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They have arrived at these values on the basis of transi-
tion state theory and statistical thermodynamics and claim
that earlier studies report Arrhenius parameters that are
too low.
The Arrhenius parmmeters obtained in this study com-

pare favourably with those predicted by Benson and O'Neal

(17).

Bond Dissociation Energies

ﬂakingAHo o (CH <,g) = 25.7 kcal./mole, (17), and
A

o £298 2> o
H Hg, = 14.7 kcal./mole, (17), d AH Hg (C _H .
A f2980A( g,9) cal./mole, (17), and A f298°A( gl ) 5)2
= i - + =
a) 15.9 kcal./mole, (17), gives Dl(CzHSHg CZHS) D2(C2H5)

50.2 kcal./mole. Equating the value for the activation ener-
gy obtained in this study, 45.7 kcal./mole, to D1 gives
D =(b *+D) -D =50,2 - 45.7 = 4.5 kcal./mole.
2 1 2 1
It should be noted however, that actually D1 + D2 for
the process

HCH)’ ——‘H. +2CH.'
gl N, g > Hg,g JH" g

is only approximately equal toAnggao for the above. By
A

o
definition, D, + D2 should equal AHOO for the process. The
A

(o} o
C values required to calculate AH , fromAH o are not
p o 0 a 298 a :
available. However, AH o would be greater than oH° o bpro-

0™a 298°A
bably by only 2 kcal./mole.
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