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INTRODUCTION

The reactions of methyl radicals on metal surfaces
are of considerable interest. They were studied on
Pt(111) [1], Ni(100) [2, 3], Ni(111) [2, 3], Mo(100) [4],
and polycrystalline Mo [5] surfaces.

The dissociative adsorption of methane has a high acti-
vation energy [6–8], and the reverse process (recombina-
tion) can lead to the desorption of translationally excited
molecules characterized by the high-directivity spatial dis-
tribution of desorption flow (SDDF).

In this work, we studied the formation of methane in
the layer of methyl radicals adsorbed on the surface of
polycrystalline copper using the methods of tempera-
ture-programmed reaction with the spatial resolution of
desorbed products. To determine the kinetic energy of
desorbed methane molecules, we propose a new modi-
fication of the method for the measurements of the
average rates of molecules.

EXPERIMENTAL

The method of SDDF measurements was described
earlier in [9, 10]. A copper sample (

 

12 

 

×

 

 4 

 

×

 

 

 

0.05

 

 mm)
was cut off from a copper foil (99.99% purity) and
mounted in a manipulator. A chromel-alumel thermo-
couple was welded to the rear of the sample.

Methyl radicals were generated by azomethane
(

 

CH

 

3

 

N=NCH

 

3

 

) pyrolysis in a quartz capillary heated to
1100 K. The same capillary was used to form the effu-
sion radical beam directed at the right side of the sam-
ple at room temperature. In each run, methyl radicals
were adsorbed until saturation. After adsorption, the
sample (in different positions) was heated in a pro-
grammed mode at a rate of 30 K/s. TPR spectra were

recorded using an omegatron mass spectrometer or a
Bayard–Alpert gauge.

Before experiments, the sample was thoroughly
degassed and purified from carbon impurities by pro-
longed heating in a flow of oxygen (

 

P

 

 = 10

 

–7

 

 torr) at 

 

T

 

 =
1000 K until the complete cessation of CO and 

 

CO

 

2

 

desorption from the sample surface. Oxygen was
removed from the surface by heating in hydrogen (

 

P

 

 =
10

 

–6

 

 torr) at 

 

T

 

 = 1100 K. The purification procedure was
repeated after each series of measurements consisting
of 10–15 “flashes” in which reproducible results were
obtained.

In this work, the method proposed earlier [11] for
measuring the average rates of desorbed molecules was
modified.

RESULTS AND DISCUSSION

 

1. TPR Spectra and the Spatial Distribution
of Desorbed Methane Molecules

 

Only methane molecules were observed in the TPR
spectra obtained by the above method. These molecules
were characterized by the temperature of maximum

 

T

 

max

 

 = 480 K.
The absence of hydrogen traces from the TPR spec-

tra can be evidence for the formation of methane by the
disproportionation reaction

 

2(ëç

 

3

 

)

 

ads

 

  ëç

 

4gas

 

 + CH

 

2ads

 

.

 

Another possible explanation for the absence of
hydrogen is that hydrogen atoms formed by the decom-
position of methyl radicals react with adsorbed radicals
at a higher rate than with each other.

The results for the copper surface are completely
different from those obtained in the case of molybde-
num [5], for which we observed the formation of meth-
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ane and hydrogen in comparable amounts. In the case
of molybdenum, the rate constants of hydrogen atom
recombination were the same as those for the recombi-
nation of hydrogen atoms and methyl radicals.

Figure 1 illustrates the results of SDDF measure-
ments of methane. It is seen that the desorption flow of
methane is concentrated along the normal to the sample
surface and described by the equation

 

I

 

/

 

I

 

0

 

 = cos

 

n

 

ϕ

 

(1)

 

or by the Van Willigen equation [12]

 

I

 

/

 

I

 

0

 

 = [(

 

ε

 

 + cos

 

2

 

ϕ

 

)exp(–

 

ε

 

)]/[(

 

ε

 

 + 1)cos

 

ϕ

 

]. (2)

 

In these equations, 

 

I

 

0

 

 and 

 

I

 

 are the intensities of the
desorption flow in the direction of the normal to the sur-
face and at the angle 

 

ϕ

 

 to it, respectively; 

 

n

 

 is the expo-
nent; and 

 

ε

 

 = 

 

E

 

a

 

/

 

RT

 

, where 

 

E

 

a

 

 is the activation energy of
adsorption. The values of 

 

n

 

 and 

 

ε

 

 are 

 

16 

 

±

 

 2

 

 and 

 

8 

 

±

 

 1

 

,
respectively.

Carbon, which is formed by the transformation of
methyl radicals into methane, is probably dissolved in
the sample bulk at high temperatures. This is evident
from the fact that despite the formation of carbon in an
amount of 0.25 monolayer, the TPR spectra are repro-
ducible in 10–15 runs. In the case of a high surface cov-
erage by carbon atoms or the formation of surface car-
bide, TPR spectra should have changed.

The activation energy of methane adsorption esti-
mated using the values of 

 

ε

 

 and 

 

T

 

max

 

 is 

 

32 

 

±

 

 5

 

 kJ/mol.
As we mentioned earlier [13, 14], this estimate can be
strongly underestimated because of the roughness of
polycrystalline copper surface.

 

2. Measurements of the Average Rates
of Desorbing Methane Molecules

 

Figure 2 shows the fragment of the measurement
cell employed in this work to determine the average

ϕtan
2

 

rates 

 

〈

 

v

 

〉

 

 and geometric parameters used in further
developments below.

To derive necessary formulas, let us consider a vac-
uum system with a source of gas inleakage whose
SDDF is described by Eq. (1).

These distributions are observed for effusion molec-
ular beams [11] and desorption from flat surfaces [15].
In the second case, the axis of the flow coincides with
the surface normal.

The value of total inleakage (

 

L

 

, molecule/s) from
such a source is determined by the integral in spherical
polar coordinates

 

(3)

 

where 

 

ψ

 

 is the azimuthal angle.
The concentration of gas 

 

C

 

 in the system with
inleakage and pumping-out is described by the equa-
tion [16]

 

V

 

(d

 

C

 

/d

 

t

 

) = 

 

L

 

 – 

 

SC

 

, (4)

 

where 

 

V

 

 is the volume of the vacuum chamber, 

 

t

 

 is time,
and 

 

S

 

 is the pumping rate.
Under stationary conditions and in the maximum of

the TPR peak, the left-hand side of Eq. (4) can be
neglected. Therefore, using Eq. (3), we arrive at the
simple expression for the concentration 

 

C

 

1

 

 of the ran-
domized gas in the chamber:

 

C

 

1

 

 = 

 

L

 

/

 

S

 

 = 2

 

π

 

(

 

I

 

0

 

/[

 

S

 

(

 

n

 

 + 1)]. (5)

 

The equation for the flow intensity (

 

i

 

, molecule cm

 

–2

 

 s

 

–1

 

)

 

i

 

 = 

 

C

 

n

 

〈

 

v

 

〉

 

, (6)

 

forms the basis for the method developed by us [11].
Here, 

 

Cn is the concentration of molecules in the flow
and 〈v 〉  is the average rate of their directed motion. The
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Fig. 1. SDDF of methane (points) and its approximation by
Eqs. (1) with n = 16 (solid line) and (2) with ε = 7.9 (dashed
line).

Fig. 2. Positions of the sample and the pick-up of the
Bayard–Alpert gauge.
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independent determination of values i and Cn allows us
to determine the average rate of molecules.

In this work, the geometry of the registration system
was modified compared to that described in [11], which
enabled us to derive a more accurate expression for 〈v 〉 .
To a first approximation, the sample was considered to
be a single point.

The expression for the intensity of the flow through
a pick-up at a distance x from the sample with the nor-
mal to the sample surface coinciding with the pick-up
axis is as follows:

(7)

where r is the radius of the pick-up anode (Fig. 2).
To describe the average concentration of molecular

flow (〈Cn〉) in the ionization space of gauge, let us use
Eqs. (6) and (7) and integrate over the pick-up volume:

(8)

where a and b are the parameters shown in Fig. 2.
The registration device was the open-type ionization

Bayard–Alpert gauge positioned near the sample. In
the experiments, we recorded its meterage correspond-
ing to the sample positions.

The value C1 was measured when the sample was
positioned so that desorbing molecules fell into the
gauge ionization space only after colliding with the
walls of the vacuum chamber.

When the right face of the sample was turned to the
pick-up and the surface normal coincided with the pick-
up axis, the gauge registered the combined concentra-
tion of molecules C2 escaped from the surface (primary
species) and those collided with the walls of the vac-
uum chamber:

C2 = C1 + 〈Cn〉 . (9)

Using equations (5), (8), and (9), we arrive at the
final expression for the average rate 〈v 〉  of desorbing
molecules:

i x( ) I0/πr2( ) dψ ϕcos
n ϕdϕsin

0

r/x( )arctan

∫
0

2π

∫=

=  2I0 1 x/ x2 r2+( )
n 1+

–[ ] / r2 n 1+( )[ ] ,

Cn〈 〉 2I0/ n 1+( )r2b v〈 〉[ ]{ }=

× 1 x/ x2 r2+( )
n 1+

–[ ] dx,

a

a b+( )

∫
(10)

Figure 3 shows the integrands of Eqs. (8) and (10) at
a = 1, b = 5, and r = 1 cm and different values of the param-
eter n. The values of integrals obtained are given in the
table.

In the series of measurements, we determined the
values of C1 and C2 for methane desorption from the
saturated layer of methyl radicals on the copper sur-
face. The value of C2/(C2 – C1) in Eq. (10) is
3.1 ± 0.2, according to these data. The rate of meth-
ane pumping-out from the vacuum system was S =
460 ± 50 l/s. When these values, as well as the value
of the integral (2.735 cm) and the geometric param-
eters (b = 5 cm and r = 1 cm), are substituted into
Eq. (10), we obtain 〈v 〉  = 2400 ± 500 m/s.

The activation energy of methane adsorption E‡ was
calculated by the formula [14]

v〈 〉 SC2/ πr2b C2 C1–( )[ ]{ }=

× 1 x/ x2 r2+( )
n 1+

–[ ] dx.

a

a b+

∫
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Fig. 3. Functions Y = 1 – (x/ , which are inte-
grands in Eqs. (8) and (10) at a = 1, b = 5, and r = 1 cm and
different values of the parameter n. Solid lines correspond to
the calculation for n equal to (1) 1, (2) 2, (3) 4, (4) 6, (5) 8,
(6) 10, and (7) 20. The dashed line corresponds to the exper-
iment (n = 16).

x
2

r
2

– )
n 1+

Table

n 1 2 4 6 8 10 20 16*

0.620 0.874 1.297 1.645 1.932 2.175 3.011 2.735

* The value of n observed in the experiment.

1 x/ x2 r2+( )
n 1+

–[ ] dx cm,
a

a b+

∫
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(11)

where µ is the molecular weight of methane, R is the
universal gas constant, and Tsurf is the surface tempera-
ture (480 K).

As a result, the activation energy E‡ = 34 ± 16 kJ/mol
which coincides with the value obtained by SDDF anal-
ysis (32 ± 5 kJ/mol) within the indicated accuracy.

Thus, two methods showed that, under given condi-
tions, translationally excited methane molecules are
desorbed from the copper surface with energy that is
10–15 times higher than the thermal energy.

The values of the activation energy obtained in this
work are most likely the lower estimates since the des-
orbing molecules can be excited along internal degrees
of freedom [17, 18].
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