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The Reaction of Methyl Radicals with n-Butane

By RoOBERT GOMER*L:2

Previous attempts to study the reaction of
methyl radicals with various hydrocarbons seem
confined to the work of Smith and Taylor® who
measured the total rate of methane formation as
a function of temperature in the photolysis of
mixtures of mercury dimethyl and deuterium,
ethane, butane, isobutane and neopentane. A
plot of log Ren, vs. 1/T gave a nearly straight
line, allowing them to calculate an activation
energy of 5.5 kcal. for the formation of methane
from butane.

Recent work on the photochemistry of mercury
dimethyl* makes it possible to compare the rate
constants for hydrogen abstraction by methyl
radicals for butane and mercury dimethyl, and
thus to obtain a value for the activation energy
of the former reaction. It was desired to study
the hydrogen abstraction from a simple hydro-
carbon by methyl radicals in order to compare this
with similar reactions involving different types of
compounds.

Experimental

The apparatus used and the general procedure
have been described previously.* The butane
was C. p. grade, obtained from the Matheson
Company. It was stored in a 2-liter bulb and
could be withdrawn by means of a sintered-glass,

TaBLE 1

RATES OF FORMATION OF ETHANE AND METHANE, AND
STOICHIOMETRIC BALANCE IN THE PHOTOLYSIS OF MERCURY
DIMETHYL IN THE PRESENCE OF #-BUTANE

Cell: quartz cylindrical, 20 cm. long, 2.4 cm. diameter,
volume 90.4 ce. Light source: Hanovia S-353 Hg arc.
Mercury dimethyl pressure 20.0 mm. at 300° K. in cell,
Butane pressure in mm. at 300° K. in cell. Product
rates of formation (R;) in microns per hour at 300° K. in
a volume of 590 cc. Rates must be multiplied by 9.70 X
10~ to convert to moles/cc./second. Barred quantities
refer to runs in the absence of butane.

Butane Re.Hs Re:Hs
Temp., pres., - - -

Run °C. mm. Rom RcHs Rome Resms +Rome TRom
Bu-11 130 5.0 ? ? 8.28 180 ? 188
Bu-10 130 20.0 4.13 188 19.7 169 192 189
Bu-7 150 5.0 17.5 726 32.0 738 744 770
Bu-6 150 20.0 16.1 700 79.0 ? 716 ?
Bu-5 150 10.0 16.3 717 45.4 658 733 703
Bu-12 150 6.0 14.9 650 31.4 614 666 6845
Bu-9 187 5.0 43.2 794 79.5 788 837 868
Bu-8 187 20.0 44.2 803 186 632 844 818
Bu-4 220 6.0 102 796 196 709 897 905

0.0 96.4 789 350 542 885 892

Bu-3 220 2
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mercury valve. It was degassed several times
at —120 to —130° before use. Blank runs
showed no thermal or photosensitized decom-
position. Unsaturates were shown to be absent
by means of the Blacet-Leighton apparatus.*
Runs carried out in the presence and absence of
butane were closely consecutive, to minimize
changes in light intensity. Runs were so ad-
justed that nomore than 5 to 109, of the mercury
dimethyl and no more than 0.5% of the butane
present were decomposed.

Results
The results obtained are shown in Table I.
The incident intensity was held constant over the
temperature range from 150 to 220° (runs Bu-
3, 4,5 6,7 8 9). At 130° the intensity was
lowered to approximately 30% of this by means
of a screen between lens and arc (runs Bu-10, 11).

Discussion
The following mechanism will be assumed
for the photolysis of mercury dimethyl in the
presence of butane.
CH; + CH; = CH;
CH; + (CH,);Hg = C;Hs; + Hg + CH,
k:(CH3)(D)  (2)
CH3 + (CHa)gHg = CH4 + CHzHgCHa
k(CHs)(D)  (3)

k(CHs)?® (1)

CHs + CHzHgCHa = C2H5HgCH3
k(CH;)(CH,HgCH;)  (4)
ks(CHy)(B) (5)
ke(CH;) (CiHy)  (6)

(D) and (B) refer to the concentrations of mercury
dimethyl and butane, respectively. The nature
of the primary process is of no effect as long as
CH; radicals are produced and its nature does not
change over the temperature interval covered.

Evidence for reactions (1) to (4) has been given
elsewhere. Reactions (3) and (6) have been
assumed by Smith and Taylor.®! Most of the
conclusions to be drawn depend only on the
validity of reactions (1), (3), (5) and (2). The
above mechanism leads to the following stoichio-
metric relation if the amount of ethane formed
by reaction (2) is essentially the same in the
presence and absence of butane

RC:Hs + RCH4 = RCzHe + RCHd (7)

where barred quantities refer to conditions in the
absence of butane. Table I shows that equation
(7) is well obeyed.

Reactions (3) and (5) lead to the relation

Rom, _ (4 , ks, (8)) CHy
% ‘(1 h )G, ®

CHs + C4H10 = CH4 + C4H9
CH; + CiH, = CsHy,

Ren,
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The quantity CHa/ CH; can be obtained by
considering equations (1) and (2) and solving the
resulting quadratic expression in CHs.
CH; _ (K(D)¥/k: + 4Romy)"* — ka(D)/RY*
CHs (BD)¥h + 4Romy)* — k(D)/R'{?

The quantity k3/k; can be found from the ratios
ko/ks and k,/k} determined in a previous in-
vestigation.* It is found that Ei/k; = 0.187 X
10%¢ (molecules/cc,) X seconds, practically in-
dependent of temperature, since the quantity
2 Ey — Ey=0. It is therefore possible to deter-
mine &5/ ks from equations (8) and (9).

Equation (9) makes use of a quantity which
depends largely on the correctness of the assumed
mechanism for the photolysis of mercury di-
methyl.* It is interesting to note that there is a
more direct check on its accuracy. If ethane
formation depended only on equation (1), the
ratio of methyl steady-state concentrations would

be given by
CHy _ (Rom\¥:
—C_ITIS (-RCaHe)
1f reaction (2) were solely responsible for ethane
formation, CHa/ CH; would be given by
CH;
CH; Rom
The true value of CHa/ CH; should lie between
these limits. Table II shows this to be the

9

(10)

- RCsz (1 1)

case. It is interesting to note that the amount
N
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of butane added was so small that R¢,u, and Re,m,
did not differ much in most runs. Hence
CH,;/CH; calculated on the basis of equation (10)
differs by not more than 109, from that calculated
on the basis of equation (11). No large error
can be introduced into the calculation of kg/k;,

no matter how the quantity CH,/CH,; is evalu-
ated, or even if it is taken as unity to a first ap-
proximation. The values of ks/ks listed in Table
IT are based on equations (8) and (9). _

In run Bu-11 values of Rcn, and Re,n, were
taken from run Bu-10, which was made im-
mediately prior to run Bu-11. No value of
Re,u, was obtained in run Bu-6. In this case
Ren, was obtained from equation (7). Run
Bu-7 is to be taken as unreliable, since the tem-
perature in the absence of butane rose to 155°.

Figure 1 shows a plot of log ks/ks vs. 1/T. Itis
seen that a good straight line results. The
activation energy difference E; — E; is calculated
from the plot

E; — E; = 640 cal. (12)

The value of Es has been previously determined*
as 9000 + 1/; Eq cal. This value is based on the
comparison at 175 and 220° of the slopes of the
plots of Rem,/Ren, v5. Rem, in the photolysis of
mercury dimethyl. This method avoids the
errors inherent in the calculation of activation
energies from rates of formation as functions of
temperature.
TaBLE II

RaTio oF METHYL STEADY STATE CONCENTRATIONS AND
THE RATIO ks/k; IN THE PmororLysis oFf MERCURY Di-
METHYL WITH 7-BUTANE
The quantity CH,/CH; has been computed from equation

(9) and a value k?/k, = 0.187 X 10%** (molecules/cc.) X
secs.

Rermy (RC_’H!)II’ CH;, I
= - == &8 Temp.,
Run Re:Hs RegHe CH; ks °C.
Bu-11 0.95 0.98 0.97 4.3 130
Bu-10 0.90 0.95 0.93 4.1 130
Bu-7 1.0 1.0 1.0 3.2 150
Bu-6 0.91 0.96 0.94 4.2 150
Bu-5 .92 0.96 0.95 3.9 150
Bu-12 .94 0.97 0.96 4.0 150
Bu-9 .99 1.0 1.0 3.4 187
Bu-8 .79 0.89 0.86 3.8 187
Bu-4 .89 0.95 0.93 3.6 220
Bu-3 .69 0. 0.78 3.7 220

It will be seen from Fig. 1 that a plot of Rcr,
vs. 1/T also gives a good straight line, from which
E; can be calculated to be 9000 to 10,000 cal.
A similar value can be found from the data of
Cunningham and Taylor® and others.# The
calculation of E; on the latter basis hinges on the
condition that the CH; steady-state concentration
remain sensibly invariant with temperature.
If the absorbed light intensity is constant, this

(8) J. P. Cubningham and . S, Taylor, J. Chem. Phys,, 6, 3569
(1938).
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condition can be shown approximately equiv-
alent to o
(Rowms/Romd? > 4 (13)

a condition which is amply met by the present
experiments. However, the absorption of mer-
cury dimethyl has been shown to increase when a
medium pressure mercury arc was used as light
source. Although no quantitative measurements
were made, it is not improbable that this increase
should vary in an exponential manner and give
rise to a somewhat higher activation energy than
the true one. The agreement between the two
methods must therefore be regarded as somewhat
fortuitous and the value of E; = 9000 + 1/; E;

cal. will be considered the correct one. This gives
for Es the value
E; = 8400 + !/;E, cal. (14)

This value is considerably higher than the one
obtained by Smith and Taylor.® This discrep-
ancy may be due to the fact that these authors
used concentrations of butane so large that
methane formation exceeded ethane formation.
Under these conditions the CH; steady-state
concentration must have decreased by a factor of
2 or 3 over the temperature interval in question.
If the lowest two temperatures given are used to
calculate E;, a value of 6400 cal. is obtained, in
contrast to the over-all value of 5500 cal. Here
the rate of ethane formation decreased by a factor
of 2.25 as the temperature increased from 369
to 404°K. Since concentrations of mercury di-
methyl high enough to be completely absorbing
were used, these data probably were free from the
compensating error of increased light absorption.
These arguments probably apply to other cases
where the activation energy of hydrogen abstrac-
tion was calculated on the basis of increase in
methane formation as a function of temperature.

The question arises whether the present work
deals with the abstraction of primary or secondary
hydrogens. It has been pointed out by Hinshel-
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wood® that compound reactions yielding the same
measurable product should give rise to bent curves
in the plots of In rate vs. 1/7. It can be shown
that the asymptotes to the high and low tem-
perature branches of the curve (corresponding to
the high and low activation energy steps) in-
tersect at a temperature given by

(EZ - El)/R In a2/al = Tinceraecciou (15)

where a; and ap are the pre-exponential factors
corresponding to the activation energies E; and
E;. A real intersection can occur only when
as > ay, for E; > E;.

If the difference in pre-exponential factors for
primary and secondary hydrogen abstraction in
butane is small, Tintersection Will be quite high,
even if Eprm, — FEse. is small. If the pre-ex-
ponential factors may be assumed proportional
to the number of primary and secondary hy-
drogens, this temperature will be 600°K, if
Eprim. — Esec. is only 500 cal., which is unlikely.
Any linear portion of the In rate »s. 1/T curve
below Tintersection must be ascribed to the low
activation energy reaction. It is therefore likely
that the present work deals with the abstraction of
secondary hydrogens.

Summary

1. The reaction of methyl radicals produced
from mercury dimethyl with butane has been
studied.

2. The activation energy difference between
the reactions of methyl radicals with mercury
dimethyl and butane (to give methane in each
case) is 640 cal. leading to an activation energy of
about 8400 + 1/; E; cal. for the reaction of CH,
radicals with butane.

3. The reaction with butane may involve
mostly secondary hydrogens.

(6) C. N. Hinshelwood, “’Kinetics of Chemical Change in Gaseous
Systems,” The Clarendon Press, Oxford, 1933, p. 67.
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‘The Fluorescence of Cyanine and Related Dyes in the Monomeric State!

By L. J. E. HOFER,? ROBERT J. GRABENSTETTER? AND EDWIN O. Wiig*

A great deal of work has been done on the
correlation of the position of the principal absorp-
tion maxima of cyanine and related dyes in the
monomeric state and the structure of these
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dyes.*~® No data for the corresponding fluor-
escence maxima have been published except some
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