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Kinetic Study in a Microwave-Induced Plasma Afterglow of the Cu S) Atom Reaction
with CH 3Br at Temperatures between 300 and 804 K and with CH between 300 and
696 K

Chris Vinckier* and Inge Vanhees
Department of Chemistry, KU Leen, Celestijnenlaan 200F, B-3001 Leun, Belgium
Receied: October 17, 1997; In Final Form: December 16, 1997

A kinetic study of the reactions Cdt CH3zBr — CuBr + CHjs (k;) and Cu+ CHsl — Cul + CHjs (ko) has

been carried out in a fast-flow reactor. The gas-phase copper atoms were generated using the microwave-
induced plasma (MIP) afterglow technique. Atomic absorption spectroscopy at 327.4 nm was used as the
detection technique. The influence of experimental parameters such as the hydrogen content, sublimation
temperature of the CuCl pellet, and reactor pressure andk, has been verified. The rate constantvas
measured at temperatures between 300 and 804 K, which resulted in the Arrhenius exfiess{ary +

0.2) x 1071 exp[(—8.2 & 0.5 kJ mof)/RT] cm?® molecule® sX. Since the Arrhenius plot shows a slight
curvature, the values df; were also fitted to the modified Arrhenius equatik(T) = A T exp(—E/RT).
Meaningful kinetic parameters can only be derived whes fixed. The measured values lafcan be best
described as a function of temperature over the-3W K range by the expression lagT) = +223.6669

— 264.2058(logT) + 97.7693(logT)? — 11.9244(logT)3. The Arrhenius expression for rate constinis

ko= (7.94£ 0.5) x 107t exp[(—0.8 & 0.2 kJ motY)/RT] cm® molecule* s~ between 300 and 696 K. The
obtained results will be discussed in terms of the electron-jump model, and some reactivity/structure relations
will be presented.

1 k.

Introduction Cu (£S)+ CH,Br (*A;) > CuBr (=) + CH, A", (2)

The reactions of halomethanes with alkali-metal atoms have
been investigated for more than 60 years. In the early 1930s AH. = —37.6 kJ moT*
Polanyt and his collaborators studied reactions of alkali metals '
with several halogenated molecules in a diffusion flame. 1ok et 5
Numerous studies have been carried out using molecular beam Cu (£S)+ CH,l (*A) — Cul (=) + CH, CA")  (3)
techniques to determine the reaction cross sections. For the
reactions with CHl the following cross sections were obtairted: AH, = +38.6 kJ mol*
27 A2 (Li), 5 A2 (Na), and 35 & (K). The reactions of Na and
K atoms with CHBr resulted in values of 6 and 32A For both reactions 2 and 3 the kinetic study has been carried
respectively> To explain the reactivity of Na atoms with out in a fast-flow reactor. The microwave-induced plasma
halomethanes, the electron-jump model was introdd€ed. (MIP) afterglow technique was used as a source of the copper
According to this electron-jump or harpooning mechanism, a atoms in the gas pha8é? Reaction 2 has been studied in the
metal atom throws out its valence electron, which is then temperature range from 300 to 804 K, while reaction 3 has been
captured by the molecule. The distangevhere the covalent  followed between 300 and 696 K. An Arrhenius expression
potential-energy surface crosses the ionic potential-energyfor k; andk, will be derived. There are no other kinetic data
surface is given by on these copper atom reactions available yet in the literature,
but the results will be compared with similar potassium atom
reactions. The Arrhenius parameters will be used as the basis
for a number of reactivity/structure relationships.

2
f—z IE(Me) — EA(XY) 1)
C
wheree is the electronic charge, IE(Me) the ionization energy Experimental Technique
of the metal, and EA(XY) the electron affinity of the molecule Only the essential characteristics of the technique will be
XY, which represents a halogen moleculgot an alkyl halide given here, since a detailed description of the experimental setup
RX. has been published previoudly. The copper reactions were
Halomethanes are well-suited for a systematic study such asstudied in a fast-flow reactor, which consists of a quartz tube
testing the effect of electronegative substituents on reacfi¥ity. with an internal diameter of 5.7 cm and a length of 100 cm. At
The reaction of Cu atoms with GBI has already been studied the upstream end, a sample holder carries a CuCl pellet. A
at our laboratory. In the present work the reactions of copper Kanthal resistance wire allows this solid pellet to heat up to a
atoms with methyl bromide and methyl iodide have been temperaturdsof about 800 K, independently of the temperature
investigated. Ty in the reaction zone. The carrier gas argon transports the
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evaporated copper chloride oligomers,Clyg downstream,

where they are mixed with the reaction products of a hydrogen/

argon microwave-induced plasma (MIP) afterglow. Hydrogen
atoms convert a fraction of the (i, y molecules into Cu atoms
following a still unknown reaction sequence:

CuClg+H— ...

— ...~ Cu, + products (4)
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Atomic absorption spectroscopy at 324.7 nm was used to detect ¥

the copper atoms in the kinetic zone. Initial absorbances were
kept below 0.3, which corresponds to a copper atom concentra-

tion of 4.3 x 10'° atoms cm?® as an upper limit. However, the
CH3Br and CHl concentrations were orders of magnitude
higher, which resulted in pseudo-first-order conditions for copper
atom decays.

In the kinetic zone, the temperatufg of the gas phase can
be varied between 300 and 1000 K. The flow velocityf the
carrier gas argon was 324 5 cm s at 298 K. While the
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Figure 1. Natural logarithm of the Cu absorbance as a function of the
reaction time. Experimental condition3y = 516 K, P, = 9 Torr, Ts
=537 K, [Hz] = 9.9 mTorr, and the carrier gas is argon. The;BH
concentrations aret() 0, Q) 0.47, ©) 1.11, (n) 1.75, ©) 2.47, (*)

detection system remains at a fixed position, the fast-flow reactor 3.13, () 3.85 in units of 16* molecules crm?.

assembly is mounted on a carriage which allows a horizontal

displacement, so that copper absorbances can be measured aloRgjue of; will not be repeated here, but in our experimental

the reactor axis.

conditions it is safe to set its value equal to 1.3 with an

During the kinetic measurements several known amounts of associated systematic error of 10%.

the reagent (CgBr or CHsl) were added through the additive

First, In Ac, was followed as a function of the reaction time

inlet. For each amount the decay of the copper atoms was; 4t various amounts of the reactant added, e.g:BEHand a

followed as a function of the axial distanc® énd thus of the
reaction time {) because = z/v.

Gas flows were regulated by using Brook’s precision needle
valves of the ELF type or Brook’s mass flow controllers, model
5850 E.

The gases used were argon (5.0) from UCAR with a purity
better than 99.999%, mixtures of 1.02% and 5.3%;BHn
ultrahigh-purity argon (Praxair), and mixtures of 477.1 vpm and
0.538% CHl in UHP argon (BOC). Hydrogen was added as
a 0.998% mixture in UHP argon (L'Oxhydrique), a 4.95%
mixture in UHP helium (UCAR), or with a purity better than
99.9997% (L’Air Liquide).

Regression plots and statistical analyses were made by usin
the SAS-6.08 statistical packd@eavailable at our University
Computer Centre. We have quoted the $tandard error.

Results

Cu + CH3Br Reaction. Kinetic Expression for the Dera-
tion of k. The rate constant of reaction 2 can be determined

linear regression of IA versust was carried out. Next, the
slopes of these lines were plotted versus {Bil A weighted
linear regression results in a straight line with an intercept of
7.3MD¢y ad2r? and a slope equal tky/7.

This procedure has been followed for many other reactions
studied at our laboratory. It takes into account the uncertainties
of several variables such as temperature, flow, reactor radius,
and total pressure. By combining these uncertainties according
to the method explained by Howat¥the uncertaintiess and
ok for the calculated values of the slopand the rate constant
k were calculated. Finally, the systematic error of 10% for the
correction factor 1.3 has been added, resulting in the total

%tandard deviatiomy. The overall precision on the reported

values of the rate constants is in the range-25%.

The procedure is illustrated in Figure 1, where the natural
logarithm of the copper absorbance Ag, is plotted against
the reaction time for various amounts of ¢34 added. The
experimental conditions weik = 516 K, the reactor pressure
P, = 9 Torr, and the MIP afterglow parametefs and [H]

from the copper atom decays as a function of the reaction time yere set respectively at 537 K and 9.9 mTorr. When the

at various amounts of CiBr added. The formalism used for
the derivation ok; is the same as in our previous work on the
kinetics of coppef;1011.13sodium!4 and magnesiufi-16 reac-
tions:

K[CHBI] | 7300,
n 2r?

InACuz—{ ’]t+B (5)

in which Ac, is the copper absorbande, the rate constant of
reaction 2,7 a correction factor (depending on the flow
characteristicsDcy ar the binary diffusion coefficient of copper
atoms in the carrier gas argarthe reactor radiug,the reaction
time (=z/v), and B an integration constant. A complete

discussion on the mathematics behind eq 5 is given by Howard

et al.1” and the influence of the various flow characteristics on
the magnitude ofy is discussed by Fontijn et &. This factor
n takes into account the absence of plug flow conditons. In
argon the flow has neither a plug flow & 1) nor a parabolic
(n = 1.6) character. The extensive arguing for selecting the

absolute value$ of the slopes of these lines are plotted versus
the CH;Br concentration, a straight line is obtained, as is shown
in Figure 2. A weighted linear regression yields a valuekfor

= (2.5+ 0.3) x 10722 cm® molecule®! s™* and an intercept

of (23.1+ 0.9) st at Ty = 516 K.

The points shown at the ordinate in Figure 2 are the observed
copper decays in the absence of the coreagerdBEHThe
pseudo-first-order plots for the experiments at two other
temperatures are also shown. The valuekiare (1.2+ 0.2)

x 10712 and (5.44 0.8) x 10712 cm?® molecule® s71 at 390

and 702 K, respectively. These results clearly indicate that the
rate constank; increases withlg and will have an activation
energy.

Influence of the MIP Afterglow Parametersihe possible
influence of a number of MIP afterglow parameters on the
magnitude of the derived rate constants has been verified.
Experimental conditions and results are summarized in Table
1. Changing the hydrogen content in the MIP afterglow makes
it possible to check the influence of excess H atoms on the
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TABLE 2: k; of the Cu 4+ CH3Br Reaction as a Function of

Temperature?
Tg(K) Ts(K) [Hz] (mTorr) P (Torr) ki (cm® moleculet s2)
300 514 33 9 (7 &11)x 1018
300 514 32.7 9 (7.21.0)x 10728
300 525 3.3 9 (9.8 1.7)x 1013
301 513 3.3 7 (6.Z&1.1)x 1013
301 513 3.3 10 (7.2£1.1)x 10713
S{s ) 301 513 3.3 10 (6.2 1.0) x 10713
301 513 3.3 10 (9.61.3)x 10723
301 513 3.3 11 (7.&11)x 1088
302 513 3.3 9 (7.2 1.3)x 1018
302 513 325 9 (7.&11)x 10788
302 513 3.3 9 (6.3 1.1)x 1013
- 302 513 3.3 9 (7.41.0)x 1073
5 302 514 3.3 9 (6.6 1.0) x 10713
304 513 3.3 8 (7.861.3)x 1013
13 3 304 532 3.3 9 (8.6:1.4)x 10713
[CHBr1{x10 " molecules cm”) 327 522 4.9 9 (7.6 11)x 103
13
Figure 2. Absolute valueS of the slope of eq 5 as a function of GH ggg gig 2; g 8& igg i 1&13
Br concentration for three different temperaturelt) 890 K, (J) 516 ’ ' ’ 12
K (®) 702 K 390 522 8.1 9 (1.220.2) x 10~
. (#) : 404 514 4.7 9 (12 0.2) x 1012
12
TABLE 1: Influence of the MIP Afterglow Parameters on 28; gﬂ i‘? é 8% ggi ig“
d . 2 0.
the Value of k; for the Cu + CH3Br Reaction 417 514 49 7 (1.4 0.3) x 1012
Tg(K) Ts(K) [Hz] (mTorr) Pr(Torr) ki (cm®molecules™) 434 520 5.2 9 (1.6:0.2) x 10712
Hydrogen Content [5] 474 520 6.5 9 (2.3 0.3)x 10712
302 513 3.3 9 (7.2 1.3)x 1033 505 514 4.9 9 (2.2 0.3)x 1072
300 514 33 9 (7.7 1.1) x 1013 512 537 4.9 9 (2.6:0.4)x 1072
302 513 325 9 (77 1.1)x 1013 512 556 4.9 9 (2.5 0.4) x 1072
300 514 32.7 9 (7. 1.0)x 1023 516 537 9.9 9 (2.30.3) x 1077
512 537 4.9 9 (2_& 0.4) x 10712 517 538 48.8 9 (2.& 0.4) x 10712
516 537 9.9 9 (2'5: 0.3) x 10712 519 537 145.8 9 (2.3: 0.4) x 10712
517 538 48.8 9 (2.6: 0.4) x 10712 562 530 13.0 9 (2.& 0.5) x 10712
519 537 145.8 9 (2.3 0.4)x 10712 619 529 13.0 9 (3.30.6)x 1072
803 554 8.3 9 (8.2 1.1) x 10712 654 514 8.3 8 (4.5:2.0)x 1012
804 553 329 9 (9.3 1.5)x 10712 702 536 8.1 9 (5.4£0.8) x 1012
Temperaturds of the Solid 28 95 13.0 9 (6.2 1.3)x 1012
302 513 3.3 9 (7.2 1.3) x 1012 766 549 8.1 9 (6.6 1.3)x 1077
302 513 33 9 (7.4 1.0)x 1023 798 554 83 9 (7.3 1.2)x 107
300 525 33 9 (9.5 1.7)x 10733 803 554 8.3 9 (8.21.1)x 1072
304 532 33 9 (8.6 1.4)x 1013 804 553 329 o (9. 1.5)x 107
505 514 4.9 9 (220.3)x 10712 a Symbols are the same as in Table 1.
512 537 4.9 9 (2.6:0.4)x 10712
12 . . .
512 556 4.9 9 (2.5 0.4) x 10° As the sublimation of CuCl occurs through the formation of
Reactor Pressuré . Cu,Cly oligomers?° a change of the sublimation temperature
28‘11 gg gg g %?‘i 1:1)3§ iglg Tsfrom 513 to 532 K raises the gas-phase concentration of the
302 513 3:3 9 (7& 1:3) x 10713 CUxClx Oligomers by a factor of 3.2 éTg =302 K? Around a
301 513 3.3 10 (9.661.3)x 10713 gas temperature of 510 K the oligomer concentration increases
301 513 3.3 10 (7. 1.1)x 1072 by a factor of 11.7 in thds range 514-556 K. The results in
22% gﬁ z-g 1% g-}t éég x iglz Table 1 show that a variation of the temperat@igef the CuCl
404 514 47 9 (1:& 0:2)§ 1012 pellet does not have any systematic effect on the valug.of
408 514 4.7 9 (1.3 0.2) x 10712 Another MIP afterglow parameter is the reactor pres&yre
407 514 4.9 11 (1.£0.1)x 10°%2 which was varied between 7 and 11 Torr. The results in Table

1 indicate thatP, has no systematic effect on the valuekef
This confirms a second-order character for reaction 2. More-
over, a lower reactor pressure enhances the diffusion of the
reagents toward the reactor wall, so the absence of a pressure
effect onk; leads to the conclusion that hydrodynamic flow
characteristics do not have any influence on the valul.of
Temperature Dependence af kA summary of the experi-
mental conditions and derived values fgiis given in Table 2

a Ty, reaction temperature in gas phasg;temperature of the CuCl
solid; [Hz], hydrogen content of the MIPP,, reaction pressure;
microwave powelPy = 40 W.

measured rate constant. These H atoms, which are left after
the production of Cu atoms, might react with a fraction of the
added CHBr or with CuBr to regenerate Cu atoms. The results
in Table 1 show that there is no systematic effect of the
hydrogen content on the derived value lgfat temperatures in the temperature range from 300 to 804 K. A weighted
around 300, 516, and 803 K. Therefore, the interference of H i . th data vields the Arrhenius expres-
atom reactions seems to be negligible under these experlmentapon Inear regression on these y P
sion
conditions.

The microwave power was kept constant at 40 W. A k, =
variation of this parameter is equivalent to changing the H atom
concentration in the MIP afterglow, which as said above had
no effect.

(1.7+£0.2) x

11 —8.24+ 0.5 kJ mol'?
10 exp( RT

) cm® molecule*s™ (6)
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Figure 3. Arrhenius plot of Ink; versus 1T: Full line (—), nonlinear
regression ok; versus 1T described by eq 6; dotted line-{), linear
regression of Irk; versus 1T described by eq 7; dastdot line (——

+), nonlinear regression & versusT according to the three-parameter
expression 8 with the value offixed at 2 (see Table 3); dashed line
(— — —), polynomial expression described by eq 10.
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A weighted linear regression of k versus 1T results in the
expression
k,=2.093 x

_ 1
10t ex;{ 85+ Oéd_'rk‘] mol ) cm®molecule*s™ (7)

Vinckier and Vanhees

TABLE 3: Two-Parameter Fit of the Expression k(T) = AT"
exp(—E/RT)2

n A E residual sum
(fixed) (x107**cm®moleculets™)  (kJ mol?) of squares

0.5 49.8+ 6.4 6.5+ 0.4 60

1 1.54+0.2 4.7+ 0.4 50

1.5 0.042+ 0.004 3.0£0.3 41

2 0.0012+ 0.0001 1.2+0.3 34

25 0.000035t+ 0.000003 —0.56+ 0.25 28

aThe value of is fixed for the calculation oA andE. The sum of
the squares of the residuals is also given.

The very large standard deviation for the paramaAterdicates

that a three-parameter fitting procedure is rather unrealistic.
Heberger et &i! stated that three-parameter expressions derived
in this way are to be considered as merely a representation of
experimental points, which should be used only for interpolation

or extrapolation of the rate coefficient values.

In another approach one parameter can be fixed, which
reduces the fitting to a two-parameter problem. In analogy with
the reaction between Cu and €&l n is fixed in the range
between 0.5 and 2.5, and values for the two remaining
parameter#\ andE are calculated with increments foiof 0.5.

The results, summarized in Table 3, show that the sum of
squares of the residuals decreases with an increasing value for
n. Moreover, the standard deviations on the paramitare
much smaller than in the three-parameter fit of eq 9. It should
be noticed that the preexponential factor (5 + 105) x 10718

cm® molecule? s~ and the activation enerdy= 2.44 0.6 kJ
mol~! given in eq 9 fall within the range of values mentioned
in Table 3 when the error 6£1.0 forn = 2.2 in eq 9 is taken

into account. As an example, an Arrhenius plot using the
parameter set fon = 2 is shown in Figure 3. The figure
illustrates that the three-parameter expression considerably
improves the fit of the experimental points.

As was shown for the Cu- CHsCl reaction? rigorous
transition state theory calculations allowed us to refine the exact
value of n. Ab initio molecular orbital calculations at the
Hartree-Fock level were used to obtain vibrational frequencies
and moments of inertia of G| and the transition state Cu

In Figure 3 the experimentally measured rate constants togethefC!~CHs. Analogous calculations of the transition state-Cu

with eqs 6 and 7 are plotted as a conventional Arrhenius graph.

Br—CHjs have not yet been carried out at that level. In view of

Both expressions yield consistent Arrhenius parameters, but inth€ uncertainty on the value ofoetween 0.5 and 2.5 an energy

view of the symmetric error on the preexponential factor for

barrier for reaction 2 in the range 8 3.5 kJ mof! may be

the nonlinear regression method, expression 6 will be used2dopted.

further in the discussion. However, a slight deviation from
linearity can be observed, which indicates non-Arrhenius
behavior for reaction 2, as will be discussed in the next section.

Non-Arrhenius Behaor of the Cu+ CHsBr Reaction The
Arrhenius plot of the experimental points in Figure 3 apparently
shows a slight curvature, which was also found for the reaction
between Cu and C¥€I.8 To describe this non-Arrhenius
behavior, three-parameter expressions of the type

k(T) = AT" exp(;—_El_) cm® molecule* st (8)

are frequently used.
A weighted nonlinear regression for the value«goh Table
2 leads to the modified Arrhenius equation

k, = (5 + 105) x 10 T @Z10)

_ 1
exp( 24+ OF‘:_SI_k‘] moT ) cm® molecule* s (9)

The experimentally measured valueskgfcan even be fit
better as a function of temperature by means of the polynomial
expression 10, as is also illustrated in Figure 3:

log ky(T) =
+223.6669- 264.2058(logT) + 97.7693(logT)?

—11.9244(logT)? (10)
Non-Arrhenius behavior is also observed when different reaction
channels, leading to the formation of reaction products in various
electronic states, are accessible. In reaction 2, however, CuBr
is formed in its electronic ground state % ™ because the
reaction exothermicity of 37.6 kJ mdl does not allow the
formation of the lowest electronically excited state lying at 245
kJ mol! above the ground stafé.

Cu + CH3l Reaction. The same experimental procedure
as described for the Ci CH3Br reaction was followed to study
the reaction between Cu and gH
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TABLE 4: Influence of the MIP Afterglow Parameters on TABLE 5: k» of the Cu + CHj3l Reaction as a Function of
the Value of k, for the Cu + CH3l Reaction? Temperature?
Tg(K) Ts(K) [Hz (mTorr) P (Torr) ko (cm?® molecule!s™?) Tg(K) Ts(K) [Hz] (mTorr) P (Torr) ke (cm®moleculets™?)
Hydrogen Content [k 300 508 5.0 9 (.207)x 10°%
300 537 5.0 9 (520.8)x 1071 300 514 5.0 9 (5.90.8) x 10°1*
300 537 12.9 9 (620.8) x 1071 300 515 4.7 9 (5.#0.7)x 101
300 536 50.4 9 (6£80.8) x 10711 300 526 5.0 9 (5.8 0.8) x 1071¢
522 525 5.0 9 (751.1) x 1071 300 531 5.0 9 (5.8:0.8) x 1071t
522 525 15.2 9 (781.1)x 1071 300 534 12.9 7 (5.8 1.0)x 107
524 525 30.0 9 (641.0)x 10711 300 535 12.9 8 (5.8 0.8)x 10°%*
522 525 50.4 9 (641.0)x 10712 300 536 50.4 9 (6.6:0.8) x 10712
11
Temperaturds of the Solid 300 537 50 9 (5.2-0.8) x 1011
1 300 537 12.9 9 (6.2 0.8) x 10~
300 508 5.0 9 (520.7)x 10~ 1
1 300 537 12.9 11 (5.4 0.8)x 10~
300 514 5.0 9 (520.8) x 10 N
1 339 513 5.0 9 (5.6 0.8) x 10~
300 526 5.0 9 (5£0.8) x 10~ 1
1 360 527 5.0 9 (5.6 1.0)x 10~
300 531 5.0 9 (580.8) x 10
1 393 527 5.0 9 (5.3 0.9)x 10
300 537 5.0 9 (520.8) x 10~ 1
1 406 516 5.0 11 (6.2 0.8) x 10~
527 511 5.0 9 (621.3)x 10~
1 412 516 5.0 10 (6.2 0.8) x 10711
524 518 5.0 9 (641.3)x 10~ 1
1 415 516 5.0 8 (6.6 0.8) x 10~
522 525 5.0 9 (751.1)x 107 n
516 538 50 9 (6.811)x 10711 417 516 5.0 9 (6.8:0.9) x 10~
’ - 418 516 5.0 7 (7.6 1.2)x 10°1¢
Reactor Pressuié 433 513 5.0 9 (5.80.9)x 10711
300 534 12.9 7 (5.8 1.0)x 10 472 527 5.0 9 (5.6: 0.9) x 10711
300 535 12.9 8 (5.860.8)x 10712 516 538 5.0 9 (6.6 1.1)x 10°1¢
300 537 12.9 9 (6.2 0.8) x 1071* 522 525 5.0 9 (7.5 11)x 101
300 537 12.9 11 (5.4£08)x 107 522 525 15.2 9 (7. 1.1)x 1071t
418 516 5.0 7 (1.&12)x 101 522 525 50.4 9 (6.4 1.0)x 10711
415 516 5.0 8 (6. 0.8) x 1071 524 518 5.0 9 (6.4£1.3)x 102
417 516 5.0 9 (6.8 0.9)x 101 524 525 30.0 9 (6.4 1.0)x 10711
412 516 5.0 10 (6.3 0.8)x 10°* 527 511 5.0 9 (6.%£1.3)x 102
406 516 5.0 11 (6.2 0.8) x 1071* 550 513 5.0 9 G.211)x10%
. 562 538 5.0 9 (5.3 1.1)x 1072
a Symbols are the same as in Table 1. 509 507 10 9 (6.9 1.6)x 1011
- P 605 527 5.0 9 (8.21.2)x 1071t
First, the possible influence of a number of MIP afterglow 61 514 50 9 (7.4 1.0)x 10°1t

parameters on the derived value lgfwas checked. Experi- 696 526 5.0 10 (6.2 1.3) x 1071
mental conditions and results are given in Table 4. The results )

indicate again that neither the concentration of molecular °Symbols are the same as in Table 1.

hydrogen, nor the temperatutg of the solid, nor the reactor _23

pressureP; have any systematic effect on the valuekaf .
Next, the rate constark, was measured between 300 and '
696 K. Table 5 summarizes the experimental conditions and -2z
derived values foko. -233
A weighted nonlinear regression gives the Arrhenius expres- -23.4
sion = L2354
£ -236 ¢
k,=(7.9+ 0.5) x 1 g7 1
10t exp(_o'gi 0.2 kJ mol ) cm®molecules™* (11) -8 ¢
RT -239
Because of the symmetric error, eq 11 is preferred to a linear -2 00010 oo:ms 00‘020 00‘025 00‘030 20035
regression. The expression and the experimentally derived rate ' ' ) )
constants are illustrated on an Arrhenius plot in Figure 4. The 17T (K

error ranges for the experimental points may seem large, butrigure 4. Arrhenius plot of Ink, versus IT: Full line (), nonlinear
this is only due to the scale chosen forkn As a matter of regression ok, versus 1T described by eq 11.

fact, the standard deviations fkyin Table 5 vary between 13 . L
and 23%, which is comparable to the values for thetoOHs- endothermic by 17.6 kJ mol, and one would have an activation
Br reaction. Although a slight deviation from linearity was €N€"9Y of at least the same .magnltude. The activation energy
observed for the Cut CHsCl and CHBr reactions, non- of 0.8+0.2 !(J moi? derived |n.ourwork cannot be rgconcﬂed
Arrhenius behavior does not seem to occur in the case of the With the available thermochemical data for the reaction between
reaction between Cu and GH Cu and CHI. However, the situation could become quite

In addition the value ok, is high taking into account that different if the. value of 3 QV is taken for the Cul di.ssociation
the enthalpy of reaction 8H, = +38.6+ 21.5 kJ mot™. The energy? In this case reaction 3 becomes exothermic68.4
reaction enthalpyAH; is calculated using values given in the KJ Mof?, and a small activation energy for the reaction is
JANAF tabled? and dissociation energies in ref 24. This large entirely plausible.
uncertainty is mainly due to the value of the dissociation energy
of Cul, which is quoted as 19% 21 kJ mol124 But even
when the highest value of 218 kJ mblis taken for the Since the kinetics of the reaction between Cu atoms ang CH
dissociation energy of Cul, the reaction Gu CHsl stays Cl has already been investigatédhis publication adds the

Discussion
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TABLE 6: Arrhenius Parameters A and E for the Reactions Me+ RX — MeX + R with the Temperature Range, the Vertical
Electron Affinity EA , of RX,293132and the Dissociation EnergyD(C—X) for the C—X Bond in RX.?* The Values of E with (*)
Are Obtained Using the Three-Parameter Expression 8

Cu+ CHgX K + CHsX
EA/ D(C—X) A E A E

RX (eV) (kJ mol?) T(K) (cm® molecule's™)  (kJ mol?) T(K) (cm® moleculets™)  (kJmol?Y)  ref

CHF  —6.2 452 822-922 1.972x 10710 59+33 27

CHiCl  —3.45 351 389-853  (1.74£0.4)x 101  344+1.1 831917 3.2"79 x 10710 32+3.6 28

24.8*

CHBr -05 293 300-804  (1.7£0.2)x 10**  82+05  798-903 1.7795x 10710 159+ 1.2 27
3+ 35

CHgl 0.3 236 300-696  (7.9+£05)x 101" 0.8+0.2 0 33

TABLE 7: Calculated r. Values for the Reactions Cu+ RX — CuX + R. The Values Are Obtained Using the ExpressioA =
Qrvr = 7(ro)%vr, the Vertical Electron Affinity EA , of RX,2?31and the Adiabatic Electron Affinity EA .4 of RX?26

Cu+ RX A (cm® molecule! s u(ms? Q Ay re (A) EA/(RX) (eV) re (A) EA.{(RX) (eV) re (A)

Cu+ CHgCI (1.7+04)x 10°% 475 3.58 1.07 —3.45 1.29 0.1 1.89

Cu+ CHzBr (1.7£0.2)x 10712 408 4.16 1.15 -0.5 1.75 0.4 1.97

Cu+ CHal (79+05)x 10 380 20.77 2.57 0.3 1.94 0.6 2.02
results for the reaction of Cu with GBr and CHl. Conse- electron affinity EA has to be used, while for small values

quently, it is possible to check the effect of electronegative the adiabatic electron affinity EAis more appropriate. In Table
substituents on the reactivity of methyl halides for a number of 7 the results for both electron affinities are shown. The values
metal atom reactions. The Arrhenius parameters, i.e. the of EA,q are derived from a figure in ref 26 which represents
preexponential factof and the activation enerdy, are given the potential-energy curve as a function of the-XC bond
in Table 6. distance for both the C4X molecule and the CEX~ molecular
Regarding the three copper atom reactions studied, no otherion. These curves were calculated using the Morse potential
kinetic data are presently available in the literature for com- for the molecule and Wentworth’s empirical potential-energy
parison. In contrast, reactions of alkyl halides RX with alkali- function for the negative ion.
metal atoms have been investigated in more detail for more than The preexponential factdk for the reaction between Cu and
60 years. The electron-jump model was introduced to explain CHsCl corresponds to a distancgof 1.07 A. Inserting IE(Cu)
the reactivity of Na atoms with halometharfés.The reaction = 7.7 e\ and EA/(CH:CI) = —3.45 e\¥in eq 1, one arrives
between the metal Me and GM is initiated by a sudden at anr. value of 1.29 A, while with EA{CHsCl) = 0.1 e\?¢
electron jump from Me to CgK in the vicinity of the crossing r. becomes equal to 1.89 A. Since the experimentally derived
between the covalent and ionic potentials. As an approximation, ris smaller than the theoretically calculated values and all these
it is reasonable to assume that the &8Hnolecule is unaware rc values are smaller than the equilibrium distamgen the
of the presence of the Me atom just before the electron jump molecule CuCl (((Cu—Cl) = 2.05 A)23 it is obvious that the
and that the CeX ™~ molecular ion represents the initial state of reaction Cut- CH3Cl does not occur according to the electron-
the product immediately after the electron jump. Under such jump mechanism.
conditions, the multidimensional potential surfaces can be For a metal atom reaction with GBr the activation energy
replaced by a potential-energy curve as a function of th&XC E is smaller compared to the GEI reactions, as can be seen
bond distance for both the GM molecule and the CgX~ in Table 6. However, the preexponential factor for- €€ Hs-
molecular ion. K. T. Wg° has estimated potential-energy Br is as small as for Ct- CHsCI, which results again in an,
barriers for the reactions of alkali atoms with various methyl smaller than the values calculated using \EAnd EAy
halides, based on this model. Therefore, the electron-jump mechanism can be excluded here
The discussion will be limited to the reactions of Cu and K too.
with the methyl halides since both atoms have an electronic  As is shown in Table 6, the reaction between €uCHsl
configuration with one 4s electron in the outer shell. Arrhenius has a low activation energi of 0.8 + 0.2 kJ mof!. The
expressions foK?7-?8 have only been derived in rather limited preexponential factoh is (7.94 0.5) x 107! crm® molecule™®
temperature ranges from 798 to 922 K, and the parameters ares™%, which results in anr. of 2.57 A. In this case, the
also shown in Table 6. Previous studies of metal atom reactionsexperimentally derived, is larger than 1.94 A and 2.02 A,
with Cl'316 have indicated that the electron-jump mechanism calculated with EA and EAyq respectively. These data might

is characterized by a large preexponential fa¢tand a low indicate an electron-jump mechanism. However, it is clear that
activation energf. Since the reaction of Cu with Gl has the A factor is lower than for other metal aterhalogen
a preexponential factor of only (1. 0.4) x 10 cm? reactions. For instance, the reaction between Cu agid IGis
molecule’! s1 and the activation energl is 34.4+ 1.1 kJ a preexponential factok = 3.3 x 1071° cm® molecule’? s,
mol~1, the electron-jump mechanism could be ruled®dfthis This can simply be explained by the values of the vertical

is confirmed by considering the distanget which the electron electron affinity of 0.3 eV for CH compared to the much larger
transfer should occur. A value fog can be calculated in two  value of 1 eV for CJ. Considering this and the fact that the
ways. On the one hand, the experimentally derived preexpo-values are smaller than 3 A, a close-range electron-transfer
nential factorA can be used to calculate reaction cross sections mechanism is proposed for the GuCHjsl reaction.

Qr and thus alsa. values using the expressigh= Qu; = For the reaction between K and @El the activation energy
7(re)?sr. The values obtained are given in Table 7. is comparable to the value for Cu, but the preexponential factor
On the other hand, can be calculated using expression 1. is a factor of 10 higher. With the vertical electron affinity of

It has been mentionétlthat for large values of. the vertical CH3CI (—3.45 eV¥® and the ionization energy for K (4.3 eX#)
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anr. value of 1.85 A is obtained. In case the adiabatic electron
affinity of CHsCl (=0.1 eV}®is usedy.is 3.42 A. The results
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activation energy of the reactions and the bond strength of the
methyl halides.

It may be reasonable to conclude that the harpooning
mechanism, which successfully describes alkali metadthyl
halide reactions, cannot provide a quantitative approach for the
copper atom reactions with methyl chloride and bromide. For
these reactions the electron-jump mechanism can be excluded.
On the other hand, it can be stated that the reaction between
Cu and CHl occurs according to a close-range electron-transfer
mechanism. The good correlation between the activation energy
and the dissociation energy of the-&® bond in RX is rather
an indication for an atom-transfer mechanism.
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