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I L.&... Abstract

Initial work on the dependence of the nickel carbonylation
rate on time, temperature and magnetic field has been completed
and a manuscript describing this work in detail has been accepted
for publication. Our current effort is in the study of the
magnetic phase dependence of chemical activity (The Hedvall Effect).
The nickel carbonylation reaction offers an ideal system for the
8tudy of this effect. One of the advantages of this system is the
availability of Ni

1 
Cu alloys over the entire composition range

0 < x < 1, thereby ~~ki~g access~~Jc ~ wido rarge of Curie tempera—
~~~~~~~~~ Our ~re1~ 1*~ nary results c,.~ rhiq system show that the ferro-
magnetic to páramagnetic transition leads to a large change in the

• activation energy for the carbonylation reaction. Auger measurements
confirm that the chemical reaction emphasizes the surface Ni atoms
while the activation energy emphasizes the bulk Ni.
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ANNUAL RESEARCH REPORT

Grant 11 AFOSR—77—3l30

Study of the Magnetic Field Dependence of the Molecular Ni (CO) 4 Fo~aation Rat .~ a

M.S. Dresselhaus , M .I .T . ,  Principal Investigator

I. INTRODUCTION

Tho f i rst  nine months of this grant year were spent in completing

our study of the carbonylation reaction on a metallic nickel surface ,

Ni + 4 CO -‘- Ni(CO) 4,

as a function of time, temperature, magnetic field, and surface pre-

paration. This effort has been described in detail in our previous

annual report. We have presented our results in detail in Appendix A,

which is a preprint of a üaper accepted for publication in Surface Science.

Theref ore, we will summarize this portion of the work briefly in this

year ’s annual report.

Instead, this report will emphasize our activities since July 1, 1978,

when we started serious work on the Hedvall Effect. Our preliminary work

on the Hedvall Effect has revealed important results on the connection

between the magnetic state of chemical reacting species and their chemical

activity. It is our intention to emphasize this work during the coming

year , when we will develop these ideas in detail.
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II. Brief Summary of the Dependence of Ni(CO)4 Formation Rate on Time,Temperature and Magnetic Field

The interaction of Ni with CO gas to produce Ni(CO)4 at 1

atmosphere pressure has been studied as a function of time, temperature

(25 < T < 95C) and externally applied magnetic f ield (0 < 500 Oe) . Our

results on the time and temperature dependence of this reaction rate

(See Fi&s. 2A and 3A) are in qualitative agreement with the results of

Trivin and Bonnetain, though our resul ts on the temperature dependence

are in disagreement with data reported by Goldberger and by Krinchik et al.

Of particular interest is our failure to observe any significant magnetic

field dependence of the carbonylation rate in this temperature range, in

sharp contradiction with results prviously reported by Krinchik et al. In

the temperature range 25 < T < 95C, the activation energy for the

carbonylation reaction is found to be 0.21±0.05 eV, independent of magnetic

field. A detailed discussion of this work ~ppears in Appendix A, which

has been accepted for publication in Surface Science.

1± IThi:il ~TThThI~Th~ 
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III. Magnetic Phase Dependence of Chemical Reactions

It has already been demonstrated that the reaction rate for a number

of chemical reactions undergoes a discont inuous changa as the temperature

is increased across Tc~ so tha t a tran sition is made from a magne tically

ordered state (ferro magne tic, antiferromagnetic) to a magnetically disordered

state (paramagnetic , diamagnetic). Mt .~xa~iiple .~~ this. discontinuous increas,

in reaction rate is shown in Fig.l for Ni oxidation (Sales and Maple, 1977). 
J

This effec t, known as the Hedvall Effect, was discovered in 1935 in the conte ct

of catalytic chemical reactions. In the intervening years, this effec t has -

been studied on a small number of catalytic reactions. We show here that the

Ni(CO) 4 system offers particular advantages for the study of this effect. 
- Our

preliminary results indicate that for magnetic materials the chemical reaction

rate (which predominantly involves surface species) depends on the exchange

energy (a bulk phenomenon). Because of the -fundamental significance of this

observation, we are now focussing our full effort for the coming yea on i

detailed study of these phenomena, as described below.

The nickel carbonylation reaction is ideally suited for th~ ~cudy c~

the connection between the magnetic state of the reacting materials and their

chemical activity for the following reasons. Firstly, since Ni(CO )4 is a

gas, the reaction product leaves the surface after formation, leaving unreac ted

metallic atoms on the surface for subsequent reaction with the incoming CO

gas. Secondly, Ni forms a simple substitutional alloy with Cu, Ni1_~
Cu
~ 

over

the entire composicion range x, thereby allow tng linee~ variation of the

Curie tempera ture from 631K for x 0 (pure Ni) to OK for x — .56. Thirdly,

for temperatures high enough so that Ni(CO)4 
is readily formed, but low enough

so that Ni(CO)
4 is no t decomposed back to Ni and CO , the reaction of CO with

the Ni1 ~Cu
~ 
alloy is limited to reaction with Ni and not with Cu. Thus , for

the temperature range over which the nickel carbonylation rate is conveniently

•tudisd, 280<T<440K, the alloying of Ni with Cu provide. a ~~‘~as for variation 3f
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the Curie temperature over this temperature range~with l~~28OK for x — .31

and T
~ ~ 

440K for x .18. Furthermore, there is only one magnetically

ordered species in the nickel carbonylation reaction , namely ferrc~agnetic

Ni, in contrast with the situation in Fig. 1 for the oxidation of Ni (previously 
—

studied by Uhlig, and later by Sales and Maple) where the reaction product is

antiferromagnetic NiO which adheres to the surfa.:e. I~ is a~-3o of Interest thit

for the carbonlyation reaction, Ni can be either ferromagnetic or paramagnetic,

while Ni(CO)4 is diamagnetic. (For convenience in the following discussion we

will use the following notation: T = 280K, T = 440K to denote the
- mm max

carbonylation temperature range).

In this study we have used the same basic system that was designed to

measure the time, temperature and magnetic field dependence of the nickel

carbonlyation rate (see Fig. 1 of Appendix A). For the Hedvall Effect studies, -

the sample is a disc of Nil_xCUx 
(0 < x < 1) and the same surface treatment

as described in Appendix A (p. 4A) is used to activate the sample surface

prior to the carbonylation reaction.

The carbonylation reaction with the Ni Cu alloys differs from that
l-x x

with pure nickel insofar as the reaction in the alloy system exhibits an

exponential time decay e
_t
~
’T associated with the depletion of Ni from the

surface. Our on—line photoionizatiQn detection system conveniently provides

this decay rate which is typically monitored for 10 minutes at constant

temperature. The temperature dependence of the carbonylation rate is then

found by measuring the reactior. rate at a series cif tempeiatures. In making -~

this measurement, we note the change in reaction rate on switching from

temperature Ti to Tf and then correct for the exponential time decay while the

system is at T
1 and at Tf. These results are then plotted in an Arrhenius plot

£nR vs.1/T to find the activation energy ~E for the reaction (R ‘~‘ e~~~~
(T
).

For copper- concentrations such that the sample is ferromagnetic throughout

the temperature range for which the carbonylation reaction is measur ed

I- ~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~L.t~~A .L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - .. .
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(e.g. x — 0 where T
~ 

>> Tmax)~ the Ln R vs l/T data fit an Arrhenius plot

- with a single activation energy. A single activation energy is also found

for samples that are paramagnetic between T and T . In contrast, whenmm max

T~ 
falls within the temperature range over which the carbonylation reaction

is measured (T
mi 

< T~ < T ) ,  the £n R vs. l/T data exhibit two activation

energics, one for the ferromagnetic region, a second for the pmra~iagvetic

region. For example for x = .30, the results of Fig. 2 èhov that

• ~~para 
— .17eV , while ~E~~~tO 

— .34eV. From these measurements of the

temperature dependence o f R , we can plot as a function of x (the atomic 2

para ferro
Cu) the activation energies AE and t~E for the ferromagnetic and

paramagnetic phases , as shown in Fig . 3. An extrapolation of the data on

the “paramagnetic” curve to low x and on the ferromagnetic curve to high

- - x is consistent with the two limiting cases of interest:

for x O;

~~para 
— ~~E~~~~

1
~
t 0 

— Exchange energy for pure Ni (0.364eV)

f~r x 0.r6 (where T — 0);

~~para 
— AE~~~~~~

0 
—

These observations suggest that the difference in activation energies

~~ Para — ~~ferro ) at Cu concen tration x gives a direct measurement of the

exchange energy for that concentration.

This connection between the exchange energy for the magnetic state and

the activation energies for a chemical reaction can be understood on the basis

of the following elementary argument. The transition to the ferromagnetic

state is accompanied by the transfer of electrons from the spin up band to

the spin down band , completely filling the spin down band and leaving the

spin—un band with ~.54 holes/Ni ion. This transfer of electrons result in

— •
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a lowering of the Fermi level, so tha t more energy is requried when the

Ni is in the ferromagnetic ra ther than the paramagnetic state to modify

— the electronic c~afiguration (and thereby form a chemical bond).

To establish that the activation enrgies thus measured are characteristic

of the bulk alloy concentration, repeated determinations were made of the

activation energies for a given Ni
1 

Cu
~ 

sample, during a time period over •

which the reaction rate dropped in absolute value by an order of magnitude.

It is significant that the activation energies measured in this way are

independent of the absolute magnitude of the reaction rates. After heat

treatment to reactivate the nickel surface, the reaction rate returned to

approximately the initial value and again no change in the activation

energies was found.

Auger analysis of the surface compostion of the x — .30 sample

before and after reaction using the 920 eV line for Cu and the 848 eV

line for Ni indi cated a large depletion of the Ni atoms in the first few

monolayers. This analysis is being made more quantitative using the

105 eV line for Cu and the 102 eV line for Ni , taking advan tage of the

dependence of the penetration depth on the energy of the Auger electrons .

The Auger analysis will allow us to determine the Ni and Cu composition (1)

on the surface (firs t monolayer) using the low energy Auger electrons and

(2) within several monolayers of the surface using the higher energy Auger

.l•ctrons. Our preliminary work shows that the surface Ni atoms are most 
•

f~~w~~tant in detc.mt~ fng the m~~nitud. of the reaction rate , though the

activation energy for the carbonylation reaction is more sensitive to the 
-

bulk concentration .

We are now initiating a series of careful temperature measurements on

a number of samples covering a range of Cu concentrations to obtain quantitative

$ data for Fig. 3. Further improvements are also being made on our techniques for

Auger .pe ctro.copy measur.m~nts tn character t~e the Ni/Cu concen tra tion as a

function of oen~-tr*~ion into the fiLst few monolayer..
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FIGURE CAPTION S -

Fig. 1. Rate of nickel oxidation vs. l/T in the region of tlv Curie

temperature for nickel (631K). An abrupt change in the

- slope of the reaction rate curve is found at Tc~ 
The chanje

in activation energy is ~E~~rr0 = 61 kcal/mole , ~Epa
~~ — 36.8

kcal/mole. (After Sa~~s and Maple, ?hys. Rev. Lett. 39 ,1636 (1977)).

Fig. -2 Plot of Ln R vs. l/T for the nickel carbonylation reaction in

- 
a Ni 70Cu 30 sample. An abrupt change in activation energy

from ~~E~~~~~
t 0 

= .34eV to ~E
pat.a 

= .17eV is found near the

Curie temperature .

Fig. 3 Plot of activation energy ~E~~
rt

~
o and ~~para vs. x for a series

of Ni Cu samples. We note that [~ E~~
r1

~
0 

— ~EP~~
a ) ~l-x x

as T~ ~‘ 0 and that for x 0 (pure nickel) [~~E~~~~~
0 

— ~E~
8
~~ J = 

- 

-

exchange energy for Ni. Work is in progress to obtain the — -

ferrci , p~raquan titative dependence of ~E anu on x.
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On the Possible Magnetic Field Dependence
- of the Nickel Carbonylat ion Rate

‘
5

R.S. Mehta, M.S. Dresselhaus, G. Dresselbaus and H. J . Zeiger
-
. 

- - 
Massachusetts Institute of Technology

Cambridge , MA 02139

:~BsmAcT

The interaction of Ni with CO gas to produce Ni(CO)4 
at 1 atmosphere

press ure , has been studied as a function of time , temperature (25 < T < 95C)

and externally applied magnetic field (H � 500 Oe) . We find no significant

magnetic field dependence of the nickel carbonylation rate, in sharp contrast 
-

with results previously reported by Krinchik , et al. The activation

energy for this reaction is found to be 0.21± 0.05 eV independent of magnetic

field.
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On the Poss ible Magnetic Field Dependence
of the Nickel Carbonylation Rate

R.S. Mehts?*~, M S .  Dresselhaus*, C. Di~~sselhaus i and H.J. Zeiger~
Massachusetts Institute of Technology

- 

Cambridge, MA. 02139

1. Introduction - 
-

During the last few years cx tensive effor t has been devoted to the

experimental and theoretical study of the chemisorption of simple molecules

on the surfaces of metals and semiconductors (i—5 ] . These exper iments

and the resulting theor ies have generally dealt with the low coverage

regime where the adsorbed molecules do not interact with each other.

In contras t, the work repor ted here focusses on the high coverage regime,

which is the regime of importance for catalytic surface reactions (6j.

The implications of the results in the low coverage regime on behavior in

the high coverage regime has not been well established.

The particular - reactiou that is addressed in this work is the chemi—

sorption of CO on a nickel surface , one of the most extensively studied

reactions in the low coverage regime. However, above 5mm CO pressure

4 which is the high coverage regime, CO reac ts with Ni to for m Ni(CO)4- [7]

Ni + 4C0 4’ Ni(CO)
4 

-

We report here studies of the reaction rate as a function of time,

temperature (25 < T < 95 C) and externally applied magnetic field

(H ~ 500 0e). This reaction has recently attracted considerable attention

because of reports taat the nickel carbonylation rate can be greatly enhanced

# This work was initiated under support by the MIT Energy Laboratory and
later supported by AFOSR grant 77—3130.

* Department of Electrical Eag. and Comp. Sci. and Cen. for Mat. Sci. & Fag.

~ 
Francis Bitter National Magnet Laboratory, supported by NSF.

1’ MIT Lincoln Laboratory~ The Lincoln Lab. portion of this work was supported -~
- - by the Dept. of the Air Force.

~ IBM predoctoral fellow. -
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by the application of weak magnetic fields and that this magnetic field

dependence is oscillatory (8—113.

The nickel carbonylation reaction is particularly interesting with

regard to possible magnetic field dependence both from a practical and

a theoretical joint of view. Frum the practical side, nickel carbonyla—

tion is an intermediate step in the commercial purification of n ckel [12].

Thus any mechanism which could significant ly enhance this’ reaction rate

could have commercial impact. Furthermore, because of the extreme

toxicity r13,l43 of Ni (CO )4, any significant enhancement in its formation

rate is of importance to the setting of occupational safety standards for

toxic materials. From a theoretical point of view, nickel is a ferro—

magnetic material with an unfilled 3ci -band while Ni(C0)4 is diamagnetic,

with a fully occupied 3d level . This major difference in the magnetic

properties of the reagents before and after the chemical reaction suggests

that the nickel carbonylation reaction is one which would emphasize magnetic

field dependent phenomena.

4 S....ce the nickel carbonylation reactiouhas been reported to be very

sensitive to temperature (11,15], magnetic field (8—11] and previous surface

preparation (123, a convenient on—line detection system was developed for

the study of the dependence -of this reaction on theie various parameters.

A summary of the experimental procedures is given in Section 2, and followed

by the results in Section 3. -

. Experimental Proced ure -

Because of the dependence of the nickel carbonylation rate on several

interrelated parameters, convenient on—line detection is highly desirable.

The design of an on—line system is however constrained by several factors.

Firstly, it is well—known that Ni(CO)4 is extremely toxic (13,14] and for
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4A

this reason we tried to work in the regime of low reaction yields (
~ 2ug/min).

Thus high sensitivity in the ppb to ppm range was required for the detection

system. The second constraining factor on the detector system is associated

with the small quantity cf Nl(CO)4 that must be detected m a  huge CO

background (‘ -lO
s greater concentration of CO relative to that of Ni (CO)4

).

Thus the detection system must be designed to be highly sensitive to

Ni(CO)4 
while discrituinatin~ sensittvely ag,tinst CO. 

-

4 T’o meet these constraints, a photoionization detector (PID) was

used to detect Ni(C0)
4 
(161. This instrument consistsof a H2 ultraviolet

light source providing photons of 10.2eV energy. Since the photoionization

energy of Ni (CO)
4 

is 8.28eV while that for H2 and CO are 15.42 and 14.01eV

respectively, the detector only resp&~ds to Ni(CO)4 (in the ppm range) in

a huge CO background.

This detector is central to the system (shown schematically in fig.1)

that was set up to study the nickel carbonylation process. Since the

carbonylation reaction is extremely sensitive to t~.ace impurities (lii,

high purity gases are used in all parts of the system shown in fig.l.

4 Even the highest purity CO tha t is commercially avai1e~ le in gas cylinders

has trace concentrations of Ni(C0)4. To remove these trace concentrations

a copper trap heated to 300 C and a cold trap (400 C) have been incorporated

into the system (see fig.lA), The heat trap decomposes Ni(CO)4 while the 
-

cold trap freezes the gas. To remove trace concentrations of CO2 an

Ascarite trap is also inserted in the gas line. Th~’ opez ition of the system

- 
- and the puzity of ~ha gas sd’~itted to thc reaction chamber are checked 

by

th. response of the photoionization detector when the reaction chamber is

by—passed (see fig.lA). -

The reaction was carried out with a variety of nickel samples in the

1- 
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- - 
- form of polycrystalline nickel rod, nickel discs, single crystal nickel -

- - -

samples and nickel coated on glass beads, all samples starting with nickel

- of 99 9 to 99.99% purity. To obtain flat surfaces , the samples were first

* 
- 

- mechanically polished with diamond paste and aluminum oxide powder . This

procedure was then followed by chemical cleaning (17]. These mechanical and

chemical procedureswere used for initial pre ’aration of the sample surfaces.

- 

~Each sample was theu heat treated at 400 C in a stream of hydrogen i~..t

4 hours in a vycor reaction chamber placed between the poles of an

-
. I 

- ~ electromagnet . The necessary heat is provided by an oven which is placed

- around the reaction chamber. The hydrogen - gas used to reduce the nickel
I

surface is of the highest commercially available purity. As shown in

* fig. 1 this hydrogen gas is~ passed through a gas purifier and the f low rate -

4 is held at 200cc/mm during the reduction reaction. After a 4 hour

heat treatment, the sample is cooled down and th~ought to a steady temperature

* by circulating temperature—controlled water or oil through the walls of the

oven surrounding m e  reaction chamber. After this hydrogen reduction

procedure is completed, the hydrogen gas is shut off and CO (200cc/mm )

is introduced into the system. At the end of the run, the sample is

3 kept in the reaction chamber under a hydrogen or helium environment (see

fig. IM . The next run is carried out without opening the system; In this

case the initial mechanical and chemical surface preparation procedures

• 
are omitted and only the hydrogen reduction heat treatment is employed.

With these procedures fully reproducible results were achieved.

The system shown in fig.l permits on—line measurement of the nicket

carbonyl formation rate as a function of temperature , magnetic field and 
-

CO flow rate. The system permits both control and measurement of these

parameters. A typical value for the Ni(CO)4 formation under steady state

~~~ 
~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
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conditions at 50 C is 2pg/mmn . Although the photoionization detector

can detect trace amounts of Ni (CO) 4 in a large background of CO, the

photoionization response is not specific to Ni(CO)4. F3r this reason ,

the photoionization detector is calibrated against, two detection systems

that are specific to Ni (CO )4. For this purpose , effluent gas samples are

bubbled through a solution of ethyl alcohol and iodine and are collected

(see fig.1A) . These solutions art ’ ~ubsequen~~.y t.~~.ed for nickel content

using the çolorimetric t 14] or atomic absorp tion techniques 1181.

Since the colorimetric and atomic absorption techni4ues both depend on the

collection of effluent gas samples , time dependen t measurements are very
- - difficult to carry out with these techniques. In the context of the present

work, both of these techniques were used as calibration standards when

a new experimental technique was instituted or a new phenomenon was

observed. In addition , the response pf the photoionization detector was

t periodically checked against calibrated quantities of C4H8 in air (see

I ig.l). Because of the extreme sensitivity of the nickel carbo- .yla tLon

reaction to trace amounts of oxygen (11]~ the various gases used in the

experiment were checked for oxygen content by an oxygen a’- ly2er . This

instrument was in turn calibrated against a known concentraUonof 02 ~~

N2 (see fig.lA) .

A vycor reaction chamber was used to avoid contamination in carrying

out the nickel carbonylation reaction ; for example the use of a stainless

• steel reaction chamber could result in the forma t ion of iron carbonyl

(19], which would also be dete~ted by the UD. For similar reasons, we

avoided using nickel plated parts in our system, so that the Ni sample

would be the only nickel seen by the CO gas stream.

A megnetic field up to 500 Oe was provided by a solenoid and a Varian

d.ctromagnet with homogeneities better than 12. This degree of homogeneity

-. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~ — ~~~~~~~~ 
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is required to look for oscillations with periodicies comparable to those

- 

- 

reported by Krinchik et al (8—113 
-

3. Results

Vs now report our results for the dependence of the Ni (C0)4 formation

t rate o~ time, temperature and magnetic field. As shown in Fig.2A , on

interacting CO with a hydrogen treated nickel sample , the rate of Ni (CO)4
formation initially increases rapidly and then slowly decays to a steady

I - 

state value. The initial delay after the introduction of CO gas into the

system corresponds to the time needed to sweep the 112 gas from the system.

Colorimetric and atomic absorption tests on the effluent gas samples have

confirmed that the initial peak in the reaction rate , shown in fig. 2A dots

indeed correspond to Ni(CO)4. Similar time dependent data have been observed

with a variety of different nickel samples and under various operating

conditions , including variation of sample temperature and externally

applied magnetic field. These results are discussed more fully below.

We have carefully checked that the transient behavior in fig.2 is

not instrument—related. We attribute the drop in the reaction rate during

the first few minutes to a rapid decrease in the number of activated

reaction sites on the nickel sample. After about 20 minutes the reac—

tion -rate R approachesa constant value R,, which is fully reproducible.

We have observed that trace impurities in the system cause a generally lower

valis, for R, and a continued decrease in I for time t > 20 mm. Both the

megnitude of the carbonylation rate and its constancy_ with time after the

initial rapid drop indicates that surface poisoning of our nickel samples

is not severe.

Similar t ims—dep.ndent behavior for the nickel car bonylati on rate was

observed by Trivin et *1 (203 who studied thi s reaction as a f~isction of

t~~~erature using Ni powder and a sp.ctroscopic on—line detectio n system .
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(Their measurements [20] however did not include any studies of the magnetic

field dependence of this reaction.) Our measurements show that within exper—

imental error the time dependence of the reaction is not sensitive to

whether the reaction is initiated in zero magnetic field or in the presence

of an external magnetic field for H < 500 Oe. Nor is the time dependence

curve (f±g.2A)sensitive to the application of a magnetic fi,.ld durin~ the

course of the reaction. Thus, fig.2 also describes our results in the presence

of an externally applied magnetic field. Because of the reproducibility

of I, under similar experimental conditions, it is this quantity that is

considered in studying the dependence of the nickel carbonylation rate on

external parameters. Our reiults of fig.2A show that if the Ni(CO)4

detection scheme should involve time averaging (and not be on—line) then data

collection should start only after the initial transient period is over

C o~ 20 mm . for our system). -

The dependence of the Ni(CO)4 
formation rate on temperature is shown

in fig.3Awhere ln vs 1/T is plotted. In constructing this figure

deno~.es the carbonylation rate normalized to room temperature, R R,/R~, ..

In the temperature range 300 < T < 370K, a monotonic increase in R.,, with T

is observed, in qualitative agreement with -results reported by Trivin et

al (201. It is also significant that our reaction rate data are consistent

with an exponential temperature dependence as is illustrated in fig.3A

Vhen ’interpreted as a catalyzed activation process, the Arrhenius pl~t of

fig.3Ayields an activation e~n~rgy of 0.21 + 0.35eV which is of the order

of magnitude of surface exchange energies for magnetic systems.

On the other hand, the data reported by Krinchik [11.] and Goldbergsr

(15) indicate that the temperature dependence of the react ion rate has a

nr.ximua at 75 C. The reasons for this discrepancy with our data are not known to us.

- 
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4 It may be noted that neither Krinchik nor Goldberger used on—line techniques

- to monitor their reaction rates, 80 that thçir measurements correspond to a

tiiae average (e.g. over a 5 mm . period) of actual reaction rat~s.

-~ 

- 
Our observations of the magnetic field dependence of the nickel carbonylation 4

- - rate areshown in fig.4aAfor a variety of nickel samples (single crystal,

— t 
- polycrystalline rods and discs, and nickel ~oated glass beads). No striking

- 

magnetic field dependence of the Ni(C0)4 
formation rate was observed for

4 - 
magnetic fields H j  500 Oe. These measurements were made for a variety of

- temperatures and orientations of the samples and of the magnetic fields.

4 
- 

For each measurement the normalization was made to zero magnetic field at that

I temperature. Both homogeneous and inhomogeneous magnetic fields were - -

I applied to the samples. As i~ ntioned above, the application of magnetic

I • fields H < 500 Oe yielded no significant influence on the temperature and

time dependence of the reaction rate. A search for a magnetic field depen—

4 deuce of the nickel carbonylation rate has also been made by Groff [19] and

Crabtree [21].

In conflict with the data in fig.4aAare the highly magnetic field 
-

4 
- 
dependent nickel carbonylation rates reported by Krinchik et al (8—11]

using a variety of different types of nickel samples, including single

crystals, polycrystalline materials and powders. Of the many field dependent

- trace s shown in their work we have selected one trace (fig.4bA)covering the

same magnetic field range as shown in fig.4aA. b r  each type of nickel

aeterial, that. authors report that the presence of ~ small exte’ nalty ipplied

magnetic field (
~~. 3 k0e) significantly alters the 

reaction rate. ~~~~~

room temperature the reaction rate is claimed to change by as much as a

factor of 6, and at 70 C by as much as a factor of 40. With single crystal

nickel, these authors found the rate to oscillate as a function of applied H.

- 
_
~u

_____ _ 
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- (See Vi~.4eA taken at 20 C). 
-

The reason for the dtacrepancy between our data and those reported

by Zrinchik et al [8— 11) is not understood. It is of interest to note in

4 this connection that magnetic interaetio—i euergtes 
~~ 

H at 500 Oe (where

— Bohr aagneton) are < 10 5eV while the thermal activation energy of

fig.3Ais ‘~~ 0.2 eV. It is therefore difficult to see why such low fields

should have a significant effect t.i the catalytic activation energy.
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_Captions -

I - Pig.1~— Schematic diagram for the nickel carbonylation system. The

nickel balnple is contained in the vycor reaction chauber and can be heated to

400 C by the oven. The bath provides the constant temperature enviroruaent

I - for reacting Ni with CO. The Ni(CO)4 formed is absorbed in the alcohol/iodine

solution for disposal or analysis for nickel content. C
4
0
8 

and 02 gases

are used to calibrate the photoionization detector and the oxmen analyser

I respectively.

- Fig.2A— Plot of nickel car-bonylation rate R vs time. After an initial

heat treatment of the nickel sample at 400 C for 4 hours in a stream of

I hydrogen gas, CO gas is introduced. The zero on the time scale denotes the

I onset of Ni(C0)4 detection after the time ( “ -‘ 2mm ) needed to sweep the

gas from the system. After about 20 minutes a constant reaction rate

denoted by R,, is found.

Fig. 3A--- The temperature dependence of the nickel carbonylation rate R~(see Fig.2i

at H 0 presented as ~n R in(R:,/Rw
300) vs liT where the

I 
normalization of the temperature Jependent rate is to room temperature 

- 

-

4 T — 300K. This Arrhenius plot yields an activation energy of 0.21eV. Though

these data were taken on a polycrystalline Ni sample, similar results are

Obtained on single crystal nickel and on nickel powder samples. 
-

Fig.4A— (a) The magnetic field dependence of the nickel carbonylation

rate R plotted as R , (H)/~~(O) vs H, where R~,,(0) is the reaction rate

- at R O. -
- 

(b) Nickel carbonylation rate R[iig g~~ min~~ ) Lor Ni powder
— 

- 

reported for the same magnetic field range as (a) by Kipnis, et al in ref.[8]

- 

- 

- - (c) Oscillatory magnetic field dependence of the nickel car—

bcnylation rate R[i~g Cm
2 min~~~J in a single crystal nickel sample at 20C

as reportc-d by Krinchik et al in ref.[113.
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