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The reactions of methanol on a size-selected nickel cluster igh(iNi= 3—11), were investigated at collision
energies less than 1.0 eV in a beam-gas geometry. Dominant reactions were methanol chemisorption,
demethanation, and carbide formation. The absolute cross sections of these different reactions were measured
and found to change dramatically with the cluster size; the demethanation proceeds preferentially;, on Ni

the carbide formation on Ng", and the chemisorption on §i A kinematic model explains the size-dependent
characteristics that the chemisorption proceeds efficiently if the barrier height between the physisorbed and
the chemisorbed states is low, and the demethanation and the carbide formation proceed otherwise. The rate
of the carbide formation depends sensitively on an Nii distance of Ni* so that it proceeds only on Ny

1. Introduction ®) (e)
Reactivity of nickel cluster ions, NT, has been investigated \

with particular attention to their size-dependent reactivity, | !

because nickel is one of the most important and frequently used | (a) //Eﬂﬂggﬁlﬂﬂlilﬂﬂffgéﬂﬂﬂﬂ

elements in practical catalysis, in which the size distribution of N ﬁﬁ}ﬂﬂ\:ﬂﬂ};

nickel aggregates is closely related to their reactivity and -

selectivity. In this connection, several studies have been reported \_ﬁ

so farl=® For instance, Irion and co-workers have investigated © \

dehydrogenation of ethylene onNi(n = 2—15) and revealed (&)

that Ni;t with n = 2, 5-15 reacts with ethylene to form Ni-

T : : Figure 1. Schematic drawing of the apparatus used. (a) Xenon ion
(CoHo)m, whereas Nj4" is nonreactive. Their measurements beam, (b) nickel target, (c) helium gas, (d) octopole ion beam guide

have b_een pgrforme_d in-an 1on CyCIOtror_] resonance Cfav'ty’ SO(OPIG), (e) first quadrupole mass filter, (f) collision chamber filled
that Ni* collides with ethylene many timésSimilar size- with methanol gas, (g) second quadrupole mass filter, (h) ion-conversion
specific reactions between Ni(n = 4—31) and CO have been  dynode, and (i) secondary electron multiplier.
reported by Wete and his collaboratofs;, Ni(CO)*t is
produced in the entire-range studied, while NIC(CO)," only equipment used in the present experiment is described in detail.
from Nigs7". The studies of this kind have been undertaken As shown in Figure 1, a xenon-ion beam was produced from
more or less under multiple collision conditions, which intro- an ijon source (CORDIS Ar25/35c, Rokion lonenstahl-Tech-
duces undesired complexity in understanding the reaction nologie), accelerated to 10 keV, and divided into four beams
mechanism. by a series of acceleration plates. Each Xeam was collimated

To elucidate the size-specific reactivity, we have investigated by water-cooled 30-mm long tubes of 9 mm in diameter and
reactions of methanol on size- and energy-selected nickel clusterwas allowed to bombard one of four different nickel targets
ions, Niit (n = 3—11), under single collision conditions. (Nilaco, 99.7%) cooled by water. The ions sputtered from the
Methanol was chosen as the reactant in the present studytargets were focused by conically shaped electrodes into the
because methanol is one of the basic chemicals and oftenfirst octopole ion guide (OPIG) with an opening of 18 mm in
emerges as a reaction intermediate and a precursor in synthesigliameter. The ions were decelerated in the OPIG and cooled in
decomposition, and oxidation reactions involving hydrocarbons, helium gas £10°3 Torr) at a temperature of 7300 K.
such as the Fischefropsch process. Reactions between Impurities in the helium gas were removed by passing through
methanol and various metal clusters have been investigated bya tube in a form of a helical coil, which was immersed in liquid

use of infrared photodissociation spectroscopyand by Car- nitrogen. The cluster ions thus cooled were transported in the

Parrinello calculatior®1# second and the third OPIG’s and mass-selected in the first
quadrupole mass filter (Extrel, 162-8). A size-selected cluster

2. Experimental Section ion was admitted into a collision region in the fourth OPIG

surrounded by a reaction cell filled with methanol gas at a
pressure ofv5 x 107° Torr. The pressure in the reaction cell
was measured by a spinning rotor gauge (MKS, SRG-2). Product
T Cluster Research Laboratory, Toyota Technological Institute: in East ions in the collision re_glon transported through the fOL.Inh OPIG
Tokyo Laboratory. were mass-analyzed in the second quadrupole mass filter (Extrel,
*East Tokyo Laboratory. 162-8) and were detected by an ion-conversion dynode biased
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A part of the apparatus employed in the present study has
been reported in our previous papéts'® so that only the
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- Figure 3. Branching fractions of the product ions as a function of the
NigH(CH30H) cluster size: ©) Ni,™ + CH;OH — Ni,"(CH3;OH), @) Ni,™ + CHs-
OH — Ni,O" + CH,4, and @) Niy™ + CHzOH — Ni,-;C" + NiO +
S 2H,. The collision energy and the internal temperature are 0.1 eV and
p ;
400 450 500 550 300 K, respectively.
Mass Number (m/z) : : : :
Figure 2. Mass spectra of ions produced in the collision of Nin = 20 — (a) I - F
4, 6, and 8) with CHOH at a collision energy of 0.2 eV and at an e LAY A
internal temperature of 300 K (see text for the definition of the internal 10 Y

temperature).

o

-

by —10 kV, which was followed with a secondary electron
multiplier (Murata, Ceratron EMS-6081B). The signal from the
detector was amplified, discriminated, and processed in elec-
tronic circuits based on a microcomputer (NEC, PC-9801RA).
The translational-energy spread of a parent cluster ion was

o
&

Cross Section / A2

measured to be less than 3 eV (laboratory frame), by changing 4f-(© A . 4
a retarding potential of the collision region in the fourth OPIG. b A i
This energy spread gave rise to the collision-energy spread of 3 / E
0.2 eV in the center-of-mass frame for the collision o™i o2 &~ i & é é A 1£0 —

with a methanol molecule.
The parent cluster ion, Nf, passed through a region of 400
. ) . ! i 03
$m |nTIEngth f'”.ed.W'th f;ell_u+mfgas_ having a pressur_ d a), NiO' (panel b), and Ni-;C* (panel c) as a function of the cluster
orr. The transit time of Nk, for instance, was estimated to size. The collision energy and the internal temperature are 0.1 eV and

to be~1 ms at the translational energy of 0.5 eV. The kinetics 300 K, respectively. The open squares in panel b show the calculated
theory of gases gives200 collisions with helium atoms when  cross sections (see section 4.3).

the collision cross section is obtained from the geometrical cross

Cluster Size (n)

Figure 4. Cross sections for the production of NiCH;OH) (panel

sections of Ni;t and He. This number of collisions=Q00 respectively. Figure 3 shows the branching fractions as a
times) is sufficient to thermalize Ni*, on the basis of the fact ~ function of the size of the parent cluster ion. The branching
that Al,™ in He gas is reported to be thermalized whenjAl fraction for Ni,*(CHzOH) production has local minima at cluster

collides with He atoms=100 times'® Hereafter, the temperature ~ sizes of 4 and 8, while those of N0 and Nj,-1C* production
of the helium gas is regarded as the internal temperature,6f Ni  have maxima ah = 4 and 8, respectively.
A total absolute reaction cross sectien, was obtained as

3. Results
Figure 2 shows typical mass spectra of ions produced from _ E n I+ E i @)
Nin™ (n = 4, 6, and 8) following collision with a methanol %= p |

molecule (CHOH) in the collision region. In this measurement, '

the resolution of the quadrupole mass filter was sacrificed to \yhere|, represents the intensity of a nonreacting parentfon,
gaining intensity of the product ions, so that, for instance, the anqT are the pressure and the temperature of methanol vapor,
Nin"(CHzOH) peak was not clearly resolved from the,Ni respectively| (=120 mm) is the effective path length of the
(CHO) (x = 3) peaks. As shown in Figure 2, every mass cqjlision region, andks is Boltzmann's constant. A partial

spectrum has a peak assignable tg'KCH;OH). The mass  gpsolute reaction cross sectian, for the formation of a given
spectrum of product ions from i shows a peak assignable product ion is given by

to Ni;O", while that from Ni™ shows a peak assignable to
Ni-C". . . . . . Op = fp-o~r 3
Let us define the branching fraction for a given product ion, ' '

i, as . . . .
B Figure 4 shows the partial reaction cross sections for the

f= /ZI 1) production of Ni;*(CH3OH), Ni,O™, and Nj—;C" as a function
PR : P of the cluster size. The cross section for the,"\CHzOH)
production reaches local minima at= 4 and 8, and a global
wherel, and} I, represent the intensity of the product iop, p  maximum atn = 6 in the size range studied. The cross section
and the sum of the intensities of all the product ions observed, for Ni O™ production increases abruptly at= 4 and then
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ollision Energy /e Ni,*, whereE; andE; represent the potential energies at the transition
Figure 5. Cross sections for the reactions 4Ni+ CH;OH — states.

Ni,O" + CH, (panel a), Ni* + CH;OH — Nigt(CH;OH) (panel b),
and Ni* + CH3OH — NigC* + NiO + 2H; (panel c) as a function of  into a shallow potential well (physisorbed state) due to
the collision energy. The internal temperature of the parent clusters is g|ectrostatic interactions, such as chardimole interaction, and

300 K. then is transferred to a much deeper well (chemisorbed state)
60 ——— attributed to superposition of the electron clouds betweeg CH
: P OH and Nj*. It is concluded, therefore, that Ni{CHs;OH)
50 - — results from chemisorption of GG®H on Ni,™. In some cases,
x o / ] the chemisorbed species,N{CH3;OH), further reacts to form
cor P [N A NiO" or Ni,_1C* (see Figure 7). All the reaction pathways
Baok foon fo B are given as
‘3 * ; ,"/ b
goop e A oé SN e Ni * + CH,OH— Ni "(CH,OH)  (chemisorption) (4)
10 :_ ,."’l," .\\ /"/ % _
. [ .? e T L Ni," + CH,OH—Ni,O" + CH, (demethanation) (5)
2 4 6 8 10 12
Cluster Size () Ni,"” 4+ CH,OH— Ni,_,C" + NiO + 2H,
Figure 6. Total reaction cross section as a function of the cluster size. (carbide formation) (6)

Solid and open circles exhibit the cross sections at the internal
temperatures of 300 and 77 K, respectively. The collision energy is

fixed at 0.1 eV. In these reaction processes, the neutral products are not

identifiable, because only ionic species are detected in the
present experiment. Hence, the most stable and plausible exit

decreases gradually with while the cross section for Ni;C* - o h .
9 y with iz reaction channels are exhibited. In the chemisorption process,

r tion is sharpl k =~ 7-8 and almost zer . - . - . o .
gtrc])gx/(\;is% s sharply peaked at 8 and almost zero CH30H is chemisorbed either intactly or dissociatively op™i

Figure 5 shows the partial reaction cross sections as afunction-”.1e chemlsorbeq species can be |dent|'f|ed bY the comparison
of the collision energy. The cross sections for,@if and with those on a nickel surface as argued in section 4.3. Methanol

. ; : - . is likely to be dissociatively chemisorbed onNi In the
NigT(CH3OH) production from the parent ions, Niand Ni™, ! . :
respectively, decrease monotonically with the collision energy, demethanatlpn process, the formation of (sl thg product.
as shown in panels a and b, respectively. The monotonic channel having the lowest energy. In the carbide _format|on
decrease indicates that the reactions for thgONiand the process, on the other har_1d, NIO shoulql be a major neutral
NigT(CH3OH) production have no sizable energy threshold prodgct, b_ecause the reaction proceeds V|aacr_1em|sorbed_ CH
within the energy resolution at0.1 eV. A small hump#0.17 OH, in which the oxygen atom is bonded to a Ni atom ofhi

: iy : d NiO is readily separated from the parent cluster ion
eV) in the collision-energy dependence of the cross section for an n - '
the production of NjC™ from Ni;™ indicates that this reaction Nin™(CHsOH), together with two hydrogen molecules.

. . N
has an energy threshold as low=.1 eV. In summary, the production of Ni(CHsOH), Ni,O*, and

. . . . Ni,—1C™ corresponds to chemisorption, demethanation, and
Figure 6 shows the total reaction cross section plotted against . . X ; .
. ) - . X carbide formation. It is unlikely that Nt(CH3OH) detected is
the size of the parent cluster ion having two different internal hvsisorbed species. because the bond is too weak to allow
temperatures of 77 and 300 K. Both the size dependences at 78 Py P !

and 300 K exhibit peaks at the same sizes of 6 and 9. The crossmg ggés;?:rrbed species to survive sufficiently long to reach

sections tend to increase with decreasing the internal temper- 4.2. Chemisorption. The cross section for the chemisorption

tarfg;ee; ;Tesgéozs sections at 77 K are about twice as large aSs estimated by assuming that a methanol molecule;GEH

temporarily trapped in the physisorbed state is either desorbed
or is transferred into the chemisorbed state by surmounting an
energy barrierAE. The cross section for the chemisorption is
4.1. Reaction Schemelet us consider a collision event given from a cross section for the temporary trapping and the
between a methanol molecule, gbH, and a nickel clusterion,  rate constants for the desorption and the transfer to the
Ni,*. Upon CHOH approaching Nir, CH;OH is at first trapped chemisorbed state. The rate constants were evaluated by RRK

4, Discussion
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theory (kinematic modef} which is simpler than RRKM theory SARE AR AR AR AR RN RN R
and does not necessitate provision of the vibrational frequencies. : ]
The cross section for the physisorption is approximated by
the Langevin scheme in which a polarizable projectile is
assumed to collide with a charged target. In the present analysis,
the correction by a charge-permanent dipole interaction between
Ni,™ and CHOH is disregarded, because there is no established
procedure of the correction and even the upper limit of the
correction was found to chang¢E by less than the fitting error
of 0.3%. The collision cross sectionm, (Langevin cross section),

is given b ob bbb bt
9 y 100 140 180 220 260

2o \1/2 Temperature / K
o= ”( E_) (7) Figure 8. Total reaction cross section for Nias a function of the
col internal temperature of bi. The collision energy is 0.1 eV. The dashed
. . . line shows the calculated cross sections WH#/E,nys andAdi/A; as the
wherea is the polarizability of CHOH (=3.23 x 10-24cn?)* best-fit parameters (see text for the definitions); the best-fit values of
and Eqq is the collision energy in the center-of-mass frafhe.  AE/E,nsand AJ/A; are 0.96 and 42.8, respectively.
For example,o, is equal to 95.8 A aE., = 0.1 eV. The
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collision occurs effectively at an impact parametenwhich is o171 1 1

less thand/)Y2 As shown in eq 7, the Langevin cross section [ +

is independent of the cluster size and the internal temperature 0.95 + } —
of the parent cluster ion, whereas the experimental cross i ! ]

sections, which are smaller than the Langevin cross section,
depend on the cluster size and the temperature. In the framework
of the kinematic model, the dependences on the cluster size
and the temperature are introduced from the rate condtant,

AE/Ephys
o
©
o
l
. =
:\~
._._.
——
——
|

_ _ 0.85[ -]
for desorption from the physisorbed state and the rate constant, i ]
ko, for transferring to the chemisorbed state. Then, the total 1 | | | |
i i is gi 0.80 .

reaction cross sectiow, is given as 5 7 5 8 10 12

o K K Cluster Size (n)

= 2 4 1 exp(k; + ky)t) (8) Figure 9. Energy barrier,AE, between the physisorbed and the

o ktk ktk chemisorbed states relative to the physisorption ené&gys is plotted

against the cluster size. The errors were estimated from the uncertainties

In the present experiment, the reaction tirhegiven by the in the fitting and the internal-energy evaluation.

flight time from the collision region to the second quadrupole
mass filter, turns out to be several hundred microseconds. In
the RRK theory, the rate constariésandk, are given by

by eq 8, leavingAE/Epnys as the variable parameter. Figure 9
showsAE/Epnys thus obtained as a function of the cluster size.
The size dependence AE/Epnys exhibits the global minimum

E, + E.y N-1 at size 6 and the two maxima at sizes 4 and 8. The size

kl:Al(E +”;E :?E ) 9) dependence oAE/Epnys shows a clear contrast to the size
in phys * —col dependence of the reaction selectivity (branching fraction vs
_ size, see Figure 3). Namely, chemisorption is dominant at the

_ + [Bin T Bonys 1 oo — AEINTE (10) size of 6, at whichAE/Epnys is @ minimum, whereas demetha-
2 2\ E,+ Ephys T Ecol nation and carbide formation are dominant at sizes 4 and 8,

respectively, at whictAE/Epnys reaches a maxima. The sharp
whereA; is the prefactor obtained from the degeneracy and the contrast indicates that (1) chemisorption proceeds more readily

vibrational frequency of an internal mode related to thg"Ni when the barrier height is low and (2) demethanation and carbide
CH30H bond dissociation; is the prefactor related to transfer  formation proceed more readily when the barrier height is high.
from the physisorbed to the chemisorbed st&tg, Ephys Ecols In Ni,"(CH3OH), CHtOH may be present as an intact

andAE are internal energies of the parent cluster ion, the energy molecular adsorbate, GBH(a), a pair of methoxy and hydro-

of physisorption, the collision energy, and the energy barrier gen adsorbates, GB(a)+ H(a), or some other species. A study
from the physisorbed to the chemisorbed state, respectively, andn ion-stimulated desorption of methanol adsorbed on a nickel-
N is equal to the total number of the vibrational modes of (110) surfac& has revealed that methanol is molecularly
Nin"(CH3OH) less the internal modes of GBIH. It turns out adsorbed on the nickel surface below a surface temperature of

thatN = [3(n + 6) — 6] — [83 x 6 — 6] = 3n. 140 K, while it is dissociatively adsorbed as gbH(a) —

In order to examine how the internal-energy evaluation CHs;O(a)+ H(a) above 240 K. A similar conclusion has been
influences theAE value, the internal energy of Ni was derived from an electron energy loss spectrum of adsorbed
estimated from the Jarrold and Bower médeind the equi- methanol on Ni(111%% a molecular adsorbate below140 K

partition model. TheAE value obtained from the Jarrold and vs methoxy and hydrogen adsorbates alze¥80 K. These facts

Bower model was found to be larger by 2% than that obtained imply that CH;OH in Ni,"(CH3sOH) is adsorbed as G#(a) +

from the equipartition model. Therefore, the equipartition model H(a), because the temperature ofNCH3;OH) rises by=~200

was employed to evaluate theE value. K as a result of methanol chemisorption, where the energy of
Figure 8 shows the total reaction cross section foff Mis a the chemisorption is evaluated by assuming that it is equal to

function of its internal temperature. The temperature dependencethe chemisorption energy on an Ni(110) surface 14 kcal/

of the cross section was fit to the theoretical dependence givenmol.?® It is possible that CEDH is also chemisorbed as GH
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(@) + OH(a) by analogy with methanol adsorption on a 2.30 I I
polycrystalline Ni foil above 140 K7 r
4.3. Demethanation and Carbide Formation.The demetha- < 228~ e

nation, ) i .

é 226 [ //‘ —

Ni," + CH,OH— Ni,O" + CH, (11) &) .

€ 224 —
is considered to be exothermic as described below. The g i
energetics of the demethanation was obtained by using all the Lol o -
available thermochemical data and the binding energy between - I ]
Ni,* and O, which was approximated by the binding energies 290 | | \ | 1 |1
of Cr,"—0O and \,T—0.2829 |t is then concluded that the 2 3 4 5 6 7 8 9

A . : S Cluster Si
demethanation is exothermic by 6:3.2 eV in the entire size uster Size ()

range studied. It follows that merely size-dependent energetics
cannot account for the significant size-dependent reactivities
of the demethanation.

As described in section 4.2, the barrier heigkE/Eynys has

Figure 10. Nearest interatomic distances of,Ncalculated by a density
functional method?

CO(a) formation depends critically on the surface morphology;

a strong correlation with the cross sections for demethanationf_ﬁ: mts)tan(;:e, a thCh ]!aéggr rate orll N|(I;k11|) tthart; on N'(izﬁﬁ?g

and carbide formation, that is, the cross section for demetha- € bond rupture o (a) is also likely to be morphology-
dependent, because CO(a) should occupy two nickel sites in

nation is highest at a size of 4 and that for carbide formation is the t iti tate. B | o th ¢ "
highest at a size of 8, where the barrier height reaches maxima. € ransition state. by analogy to the surtace reaction, one can
explain the size-specific reactivity of methanol o Nin terms

L nsider hematic reaction ntial along the reaction . . ;
et us consider a schematic reaction potential along the reactio of matching of the Ni-Ni distance with the €O distance. In

coordinate for physisorption, chemisorption, and demethanation carbide formation, the reaction system (Ni- CHsOH) passes

(see Figure 7). There are three valleys corresponding to the o ; - . i
physisorbed, the chemisorbed, and the dissociatively chemi-through a transition state, in which GBH occupies one nickel

sorbed states. Two peaks correspond to the transition states WitHﬁ"tOm for its carbon atom'and anqther nickel atom.for Its oxygen
the energies oE; andE,, which were measured relative to the atom. Th_e energy barrier Ieadlng t_o the Carb'd.f _formatlon
initial state, Nji* + CHzOH. In the calculation of the demetha- pathway is lowered when t_he NNi d's_tff‘”ce of Ni* is _the
nation cross section, the energy of the physisorbed $aig, most comfortaple to CkD H in the transition .s_tate, that IS, th?
is approximated to be 0.4 eV by the energy of a charge-induced rate of the carbide formation changes sensitively with the Ni

S . s o
dipole interaction, while the energy of the chemisorbed state, erw d|stanc§t.h'1l'othex§m|rl\ll§ dhotw the AN dllstaln(;edog N .
Echem is calculated to be 1.5 eV by using a density functional changes witn, the NI distance was caiculated by using

theory® Throughout the calculatiofs, Epnys andEgnemof CHg- Fjensity functiona! metho.d§,§1nd it was found that thg digtance
OH to Niyt are assumed to be independent rof On the is elongated at S'.Ze$6 with Increase im as shown n Flgure__

assumption that only the potential energy,(=AE — Egnyg), 10. 'I_'h_e comprinson of this finding with the S|_ze-spe0|f!c
changes with the cluster size, the demethanation cross section{actVty of Nl“ _I(-Eads us to C%nCIUde”thaththﬁ interatomic
were calculated by using the potential energy surface on thed'St"’mCe of Ni with n = 6 matches well with the %O pond

basis of the kinematic model (see Figure 7). The relative cross length of CHOH in the transition state, whereas,Niwith

sections for the demethanation thus calculated reproduce the&i< Egﬂ?igfgns?\utbat the carbide formation proceeds only on
7,8 .

size-dependency of the measured cross sections in thet .

range (see Figure 4). This agreement supports a mechanism that Obn the oE(her ?aTﬁ’ tmer.aég ?f dem;thanatlocgetjﬁgs r:r?t seem
the size-dependent demethanation cross section is controlled b}o € Sensitive 1o the Il distance because t8H in the.

the barrier heightAE. The size dependences of the chemisorp- ransition state r_espon5|ble for the demethanz_mon occupies a
tion energy and the energy of the transition st&te should be S|Ingle snaﬁn l\3+N.Tr+1er|_¢|efore, thethde(rjneth?i?anop CO(;"d tak?
taken into account to obtain a reliable size-dependence of theP'@ce on andirg . However, tne demethanalion does no

L T e

demethanation cross section. The cross section at size 3 doegrgcged on Nig N grobabl%/ becatl)Jlsebth((;;\IA .S'tfﬁ OtrhNW{.[h

not agree with the measured one, probably for this reason. N = © are occupied more favorably by &HiH In the transition
The carbide formation, state which leads to the carbide formation.
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