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1. INTRODUCTION

Comparisons of Lhe ortho-/parahydrogen transition {o-p transition) and the
U:/Da/HD equitibrium have been valuable tools in studying the rates and mechan-
isms of tlte interaction of molecular hydrogen with surfaces. Further, data on
relative rates of Lhese processes have been useful in the characterization of solid
surfaces as leeir nature changes with heat treatment, radiation damage, and
deliberiate or nondeliberate contamination with impurities.

The o-p transition ean be aceomplished via dissocialion of the hydrogen
molecuie foltowed by recombination of the atoms; this is called the "chemical
mechanism. " In addition, interactlion of the magnetie field associated with the
gpin of the hydrogen nuclel with an external, inhemogencous magnetic field causes
reversal of one ol the spins, which is equivalent to the o-p transition; this is
ealled the "paranagnetic mechanism.” On the other hand, He/D2/HD equilibration
is produced by 2 surface only via dissociation of the molecules, so the equilibra-
lion is catalyzed only by the chemical mechanism. By comparing Lhe rates of o-p
trangition and . /D2 /HD cquilibration, it is therefore possible Lo determine
whether adserbing surfuce sites ave capable of chemisorplion and dissociation
{chemical mechanism) or operate vin molecular adsorption, for in the latter case
o-p trans#ien vecurs bul Hy,/Ds /HD equilibration doees not.

In this chapter, leading theories [or the paramagnetic and chemical mechan-
tsms are first consicdered, and prior studies on the conversion and equiiibration
reaclions over ¢arbon surfaces are reviewed, Then, our present and anpublished
studies on these reactions over diamond and graphitized carboen black surlaces
are considered in detail. 1L is elearly shown by our studies thal (he aetivity of
carbon for the eonversion and equilibration reactions stroengly depends on the
nature of earbon bonding (Letrahedral or trigonai) and the lemperalure and atmog-
phere which the carbon has seen. These reactions are shown Lo be uselul for the

characlerization ol carbon surtaces.

., LITERATURE REVIEW

Stadies on ortho-/parahydrogen conversion and He /D2 /1D equilibration have
been reviewed by Farkas up to 1435 [11, by Eley up to 1948 [ 2], by Trapnell up

to 1952 34, by Breanan up Lo 1861 [4] and, mosl recently, by Schimauch and
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Singleton up Lo 1963 {5). Only seme of the main references perlinenl to this
chapter are menticned,

Bonhoetfer and Harlteck {61 lound two distinel types of hebavior for o-p
transition: lor charcoal and platinum black. Over charcoal, transiion was rapid
at Jow temperatures and decreased with inereasing lemperatures. Over platinum
bizck, transitton was siow al low temperatures, bud increased with increasing
temperature. Taylor [T} explained that for charcoal, lransition vecurred by
interacticn of physically adsorbed hydrogen molecules with a inhomogencous
magnelic field in the surface. Since the amount of hydrogen physically adsorbed
decreased with increasing lemperature, transition also decreased with increasing
lemperature. For platinum black, Taylor [7] suggested thal transition primarily
occurred following dissocintive chemisorplion of hyvdrogen moelecules on Lhe sur-
face. Since this process is netivated, the rale of this dissociation inereased with
increasing temperalure, and, thus, the o-p lransition alse imcerensed with inereas-
ing temperalure.

From the effect of oxygen adsorption on charcoal on the o-p Lransilion,
Rummel] [8] showed thal the helerogencous conversion at jow temperitures is
analegous to the homogeneous cenversion produced by paramagnetic molecules.
He also concluded thal hydrogen is adsorbed on charcoal in the molecular form
and thal the o-p lransilion occurs in the adsorbed layer, In addition, Taylor and
Diamond [9] demonstraied Lhat the v-p conversion proceeds mueh more rapidly
on catalysts with permanenl magnelic moments (Crp0Qs, GdaOs, cle.) than on
diamagnetic sabslances such as #nO and Ag. Etey [10) and Farkas and Sandler
[41] alse showed that conversion takes place over paramagnetic materials.
Farkas and SBachsse [12] showed that the o-p conversion cceurred at room tem-
perature in the homogeneous phase in Lhe presence of paramagnetic molecules
such as oxygen and nitrie oxide. They concluded thal conversion is caused by the
influence of the inhomogeneous magnetic field of the paramagnetic moleeule on

the nuelear magnetic field of the hydrogen molecule during coltision,

A. Paramagnetic Mechanism

A theoretical treatment of the o-p conversion hy the paramagnetic mechan-

ism has been developed by Wigner {43]. In his treatment, Lhe hydrogen molecule
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approaches the paramagnetic center with infinite velocity to the distance of
closesl approach v, is stationary for the duration of the collision ts’ and then
withdraws with infinite velocity. By introducing a perturbing potential into the
Schrodinger equation, caused by the interaction of the magnetic moment of the
proton up with that of the paramagnetic center H, during the collision, he was
able to calealate the probability of the para-ortho transition, which may be
expressed as
2wt o pn®
Wo, = mé"fgzlis” (1)
H rom

where I is the amount of inertia of the hydrogen molecule, m is its mass, and h
is Planek's constant.

The overall collision efficiency @ of the para-orthe transition is given by
multiplying by a function G(T) which atlows for the endothermieity of the transi-

tions and the ortho-/parahydrogen equilibrium,
= Wor G(T) (2)
wiere

J 0, 1’MJ expi-E, /i\_‘l) ]
(2J + 1) LA])(-—Ej/ixT}

G = L] n (1).]]. (3}

_Jﬁ"l

where np('i‘)/no('l‘) is the ratio of the conceniration of parahydrogen to that of
orlthohydrogen in eguilibrium at temperature T, and Ej =J{J + ’1)112/8 71, This
eruation has been used to predict the bebavior of the homogeneous conversion and
has also been of some use in predicting behavior in the heterogeneous conversion,

The above treatment was refined by Kalekar and Teller [44], who showed
that it could be extended to the orthodeuter ktm eonversion by considering the
influence of Lhe nuclear spins.

Lelfler [45] caleulated theoretically the conversion raie on the basis of the
difference of proton-spin {lip rates caused by a paramagnetic ion in the surface.
Using 1 model in which the hydrogen molecule is adsorbed on the surface of the
calalyst and oriented perpendicular to the surface, he concluded that the spin-

fattice relaxation time of the paramagnetic ion greatly affeets the conversion rate,
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with ions having long relaxation times being better catalysts. However, the
caleulaled rates were found o be much greater than those experimentally
observed, and no correlation between the gpin-laltice relaxation time and Lhe
riate was found., Leffler atiributed Lhis to an error in the assumption of the para-
magnetic ion distribution, to the shoriening of the spin-lattice relaxation time
due Lo spin-spin interaction, and to cooperative behavior.

The conversion due to the Interaction of an eleciric dipole moment with Lhe
electric field of a dipole gas has been considered by Kalekar and Teller $44].
‘They showed that this Interaction would be about 10° times greater than the
magnetic interactions and that this would give rise to a reaction rale 10" times
greater than those observed in the calalysis by paramagnetic gases. Since such
an effect would make it practically impossible to keep parahydrogen or ortho-
deuterium at room temperature, they concluded thal this interaction could nol
exist. They also showed that an interaction belween an eleclric field and an
electric quadrapole is 107 % Limes smaller than that for a magnetic digole and thal
it would be necessary to {ake it into account when a very small rate is observed
‘in the absence of & magnetic moment.

OQvdinarily, the paramagnetie centers which are effecting the paramagnetic
conversion are attributed to unpaired electrons. The possibility that the para~
magnetic centers are the nuclei of the catalyst has been discountes because, other
things being equal, the transition probability ealculated on the basis of the Wigner
theory is lower for the interaction of a hydroegen nucleus with a eatalyst nucleus

than for interaction with an unpaired eleciron by a factor of about 107° .

B. Chemical Mechanism

The chemical mechanism occurs wien hydrogen bonds sufficiently strongly Lo
the suriace Lo lead to disscciation of the molecule. Tayior and Sherman [16] Tound
a parallel between the capacliy of metals to exhibil activated adsorpiion of hydro-
gen and their capacity to induce o-p conversion, The deizils of possible steps in
the chemical mechanisms can e conveniently discussed in terms of Lhe Hy /Do /HD
conversion since the chemical steps for this conversion are virtually identical to

those for o-p conversion. The proposed mechanisms are the following:
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1. Bonhoviter-Farkas 117, 18], iHssociative chemisorption on two adjacent
bare surface sites (8 * 8) to form a (possibly mobile) alomic layer; adsorbed

atoms recombine to form molecules:

I, + 8+ 8 = 251}
Dy + 8+ 8 25D
D+ 5« 8 SHH] + 8iD}

2. Mechanisms hivolving one strongly adsorbed atom reacting with a mole-
vitle.

() Rideal |19), Chemisorbed atom reacts with a weakly adsorled molecule:

iz + 8+ 8 & 28iH]

Dy + 885 & 28ih)

HD+ 8+ 8 & 8L} + S{D]

D+ 8+ Sli] « [HDIS « s1H] = 8« 8{b] + Hs
Hiz + 8+ 81 & [HDIS - 8tD} & 8+ 811 + Dy

h) EBley-Rideal {20]. Chemisorbed atom reaets with impacting molecole,
with no vacanl site required;

It + 8+ 8 & 28[H]
HD + SHIT & S 4 qEs

3. Bchwab~Killmann [21], Reaction between adincent adsorbed molecules:
HD+§+8 & 5 -8{HDJ
L= S0 SlHLl v Dy

HD + 8 « S[DH] s [HDIS « 8LUD] & [Ua)s » 81Da) 2
=8 s 8IDe] + Hy

A number of workers [22-25] have concluded that kinelie data alone do not

allow clear-cut differentiation of the mechanisms given above, because the same

rate forms can be obtained for different mechanisms.

C. Prioy Studies over Carbon Suriaces

Bonhoeffer et al. |26] found that o-p conversion on sugar charcoal was by a

paramapnetic mechanism at low temperatures and that conversion by a chemical
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mechanism occurred at higher temperatures. Rummel [ 8] found that low-
lemperature oxygen adsorption enhanced the low~temperature conversion rate
but that high~temperature oxygen adsorption poisoned it., Juza et al, [27]
measured the magnetic susceptibility of charceals covered with oxygen at various
adsorption temperatures. They coneluded that oxygen adsorbed at low Lempera-
fures was present in a paramagnetic form bul that adsorbed at high temperatures
was present in a diamagnetic form, iL.e., alomic form. Gould et al, 28] found
that charcoal did not eatalyze the 15/Po/HD equilibration at liguid air tempera~
tures. Farkas and Farlkas [29, 30! [ound thal no eguilibration reaction occurred
at -195°C on charconl, This again supports a paramagnetic mechanism for o-3
conversion ai these temperatures. [However, it is not ¢lear whether the inhomo-
geneous magnetic field causing the conversion arises [rom surface parmagnetism
due to the presence of unsaturated earbon atoms or Lo the presence of amall
amounts of surface paramagnetic impurities which are probably present on char-
coal.

Turkevich and Laroche {31] prepared o sel of charcoals by heal treatment of
rincose (rom 480 Lo 950°C. These samples were characlerized by electron spin
resonance (ESR} to delermine the number of unpaired elecirons and were used as
catalysts for the conversion and equilibration reactions. It was found thal the
charcoal prepared at 605°C had the maximum in arca {maximum number of frec
electrons) and the minimum in width of #s ESR line. This sample also showed
maximum activity for the o-p conversion at liguid nitrogen temperatures but a
low activity in catalyzing the Hz-Dg cquilibration al 50°C. As the Llemperature of
oulgassing was increased {rom 605 to 95()0(,‘, the snmples showed a decrease in
their ability Lo catalyze the conversion at liguid nitrogen temperatures bub an
increase in their ability to catalyze the equilibration at 50°C. Simuitancous
broadening of the ES1 Lline with increasing heal treatment lemperature indicated
increasing inferaction belween eleclrons. They suggesled thal Ha-Dy equilibra-
Lion is nol associated with the presence of individual noninteracling cleclrons, but
sather with a peol of interncling electrons, ltowever, Rossiter et al. 132] uscd a
graded series of pure supar charcoals stmilay (o that prepared by Turkevich and
Laroche and found that none of these charcoals was able to catalyze the equilibra-

Lion, not only at 50°C hut also up Lo lemperatures as high as 510°C. They
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concluded that pure carbon surfaces, with or without carbon-oxygen surface
complexes, are incapable of catalyzing the eguilibration and that the chservations
by Turkevich and Laroche must be the result of some catalytic impurity inadvert-

ently Incorporaied into their charcoal samples.

I3, The Surface of Carbon

1. Diamond

Diamond s an example of a crystal which is entirely covalent, as indicated
by the open structure and the cohesive energy of the crystal. When a crysial is
cleaved, the covalenl bonds spanning the cleavage are ruptured, and in vacuum
the surface atoms acqulre {ree valencies,

Koutecky and Tomasek [33] and Koutecky {34} have discussed the electronic
structure of diamend and atlempted to relate the existence of surface siates to the
normal bonds of the crystal lattice. The (111} plane intersects one of the local-
ized honds formed by sp® hybrid orbitals of each surface atom, glving rise o a
surface free valence as shown in Tig. 1. The (004) plane cuts through two bonds
of each surface carbon atem in the crystal. However, in this case, the interactio.
etween these two free sp” hybrids probably produces rehybridization of the hyb-
rid orbitals, They concluded that while the (111) surface is characterized by a
polyradical, the (100) surface is characterized by lone electron pairs which tend
to ferm donor-acceptor bonds with gas molecules.

Pugh [35] has discussed surfazce states on the (111) surface of diamond based

FIG. 1. Position of the 2sp” orbitals of boundary atoms in diamond. Crystal
bounded (a) by the (111) plane and {} by the (100) plane.



HYDROGEN INTERACTION WITH CARBON SURFACES

i
-~

on the iinear combination of bond orbitals. He considered that the surface bonding
arrangements are represented by a system of "dangling hybrids.'

Low~energy electron diffraction (LEED) studies of Ge and 8i suggest that the
atems on the (100} surface are displaced from their ideal positions in directions
perpendicular to rows in Lhe (110) azimuth, with the adjacent rows being displaced
in opposite directions i36, 37]. However, no displacement has been observed on
the (100} diamond surface {38]. Green and Seiwatz [39] have considered the
energetics of surface bondings for the model proposed by Schlier and Farnsworth
[36] lor clean (100) surfaces of Ge and 8i. From a comparison of the energy
released by formation of new bonds between surface atoms with the energy
reguived Lo distort the lattice inte the new structure, they have concluded that
little or no rearrangement should occur on the (100) diamond surface and that the
surlace atoms would be divalent rather than tetravalent, Further, they concluded
that the electrons which were in the projecting sp” orbitals would form a lone
pair of equal s and p character.

Marsh and Farnsworth [40] have demonstrated by LEED thal the surface of
clean diamond is far from ideal. Fractional-order diffraction maxima were
observed, indicating a regular shifting of surface atoms from their ideal posi-
tions, Lander and Morrison |41] have also observed that the LEED pattern from
the atomically clean {111) surface of diamond is characterized by exira {eatures
at hali-order reciprocal lattice positions, They have proposed & warped benzene
ring model to interpret their data.

The dinmond which ocecurs in the "blue ground" of the veleanic pipe of Kim-
berley is hydrophobic, while diamonds which occur in sediments are hydrophilic
{42]. Freshly powdered hydrophobic dinmond becomes hydrophilic after
treatment with caleium hypochlorite and forms stable suspensions In dilute
ammenia due to the formation of surface oxides {42].

Storfer {43]) investigated the chemisorption of hydregen on diamend, e
showed that no measurable amounts of hydrogen were adsorbed at either 155 or
205°C on powdered diamond which had heen outgassed at 330°C for 24 hr. How-
ever, he later used diamond powders which were outgassed at 800°C [44] and
found a measurable adsorption capacity. He attributed the discrepancy in these
two sets of results to the oxide {ilm which cannot be removed by ouigassing at

330%C.
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Barrer [45, 46] investigated the chemisorption of oxygen, hydrogen, carbon
dioxide, and carbon monoxide on diamond. He showed that diamond chemisorbs
hydrogen vigorously at temperatures above 400°C, with an activation energy of
13.7 to 22,4 keal/mole. By admission of g liltle oxygen, a very stable oxide
film is formed on diamond which peisons the surface for the chemisorption of
hydrogen. Even at —’ISOC, a slight chemisorption of oxygen took place and, at
temperatures between 214 and 370°C, carbon dioxide was liberated by interaction
between oxygen and uncovered diamond surface. Barrer concluded that oxygen
penelrates into diamond, but hydrogen is chemisorbed mainly on bare sites form-
ing C-H bonds. Ie further concluded that diamond powder before oulgassing can
be regarded as being covered on inlernal and external surfaces by a layer of
chiemisorbed oxygen.

The existence of suriace oxides on dinmond has been demonstrated by Boehm
and co-workers [42]. They observed that the heat of wetting of an oxkdized
dinmond by water was greater than that for dinmond outgassed or treated with
hydrogen at 800°C. Acidie properiies of the oxidized diamond surface were alsc
observed. They suggested that carboxyl groups are probably bound to the corner
and edges of the dinmond crystallites.

Marsh and Farnsworth [40] observed that neither the (100) or (111) surface
of diamond adsorbed oxygen readily at room temperature but that the (111) surface
adsorbed oxygen more readily than the (100) surface at elevated temperalures.

Lander and Morvison [11] observed that when the elean surface was exposed
to hydrogen {at 100()0(;'), the hali-orders in LEED patterns disappeared. They
proposed a structure with the "dangling bonds® of the idealized (111} structure
tied to hydrogen, assuming that carbon atoms can migrate over distances of
hundreds of angstroms in order to transform from a proposed "warped henzene
ring"” siructure to the idealizoed diamond siructure.

Bocehm [47] showed that oxidation created some oxygenated chemical
functional groups at the surince of dinmond. e predicted the presence of some
functional groups, that is, carbonyl on the {(100) surface and ether on the {1171}
and (H10) surfaces. fle concluded that under normal conditions theve are always
some surface oxides al the surface of the dinmend and that a pure and aimost

clean suriace of dinmond can be obtained and conserved only in high vacuum.
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Sappok and Boehm |48] studied chemigorption of hydrogen, fluorine, chlorine,
bromine, and oxygen on the surface of dinmond powder. In addition, they emp-
loyed heat of wetting, ESR measurements, and inlrared (IR} speclroscopy. They
showed that diamend with chemisorbed oxygen is hydrophilic, whereas dinmoend
oulpassed at 950°C or treated with hydrogen or halogens is hydrophobic. The
quantity of free radicals in the surface of diamond affer oulgassing al 590°C was
approximately 1% of the number of dangling bonds estimated [rom the number of
surface atems. Electron spin resonance studies showed thal spin concentration
and line width decrease on [ermation of surface compounds, Sappok and Boehm
eoncluded that most of the unpaired spins were situated in the surface and that a
considerable distortion of the crystal structure in the surface caused mutuzl
saturation of free valencies. The IR spectra showed Lhe presence of Cllz groups
and C-F bonds bul no C-C< honds. The surface oxides were found Lo give rise Lo
absorptions characteristic of carbonyl and cther groups.

Sappok and Beehm [urther extended their studies on surtace oxides of dia-
mond [49] and found that the guantity of chemisorbed oxygen inereased with
increasing temperature, After oxidation at 42(}00, the guantity of oxygen on the
surface was found Lo agree well with the number of dangling bonds estimated
from the surface area of low-index planes, provided that mest of the chemi-
sorbed oxygen saturates two valencies of the surface. They concluded that the
changes in the surface properties ohserved by others [40, 41 must be cansed

hy very small quantities of oxygen suflicient only for low surface coverages,

2. Graphite

The structure of graphite is characterized by 2 system of infinite layers of
fused hexagons., The short carbon-carbon distance {1.415 &) within Lhe loyer
planes shows that each of the three planar bonds is of one~third double-hond
character [50]. All the hinding energy of the fourth valence electron has heen
considered to be ulilized entirely within the ring network as resonance cnergy.
‘The layers are held parallel at a separation of 3.3538 & (15°C) by weak van der
Waals forces.

The free valencies in graphite are [ound at imperfections and also at the

edges of the graphite layers (Fig. 2). The electronic structure of the boundary
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FIG. 2, Atoms in a graphite layer plane, terminated in various configurations.

atoms was discussed by Coulson |51}, who proposed that there are three
types of boundary situations to he considered at the edges of a graphite layer.

Fhese are as follows:

1. There are isolated unpaired electrons in sp® trigonal orbitals at the tails
of the boundary atoms, e.g., atoms 20 or 1. Assuming thal these orbi-
tals would be noninteracting, there may be unused valence orbitals
occupled by one electron, just as in a free radical, These would give rise
to electron spin paramagnetism,

2. The straight edges distort, and pairs of adjacent atoms are displaced
inward te form linear boundaries, e.g,, atoms 2 and 3 or atoms 6 and 7.
The previousiy described sp® hybrid orbitals now become 2p, atomic
orbitals and can be paired together effectively to form an additional bond.
Thus, edge bonds may acguire a partial triple-bond character.

3. Isolaled edge atoms such as 9 or 13 may revert to a divalent state szpz.
This would limit the resonating # electron part of the molecular layer,
hut would leave no wnpaired electrons.

Bennett and co-workers [ 52] made calculations of the binding energy, binding

sites, and barrier-to-surface mobility exhibited by atomic hydrogen on a graphite
basal surface using extended Hickel theory and suggested that such rearrange-

ments of type (i) proposed by Coulsen |51) are energetically unfavorable.
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The surface properties of graphite with reference to chemical adsorption and
reactivily have been the subject of numerous papers. In adsorption studies on
praphite wear dust, Savage and Brown [ 53] found that a small part of the surface
{1 to 4%) was chemically active toward hydrogen. The confirmation of this work
fed Savage | 54] to conclude that carben atoms in graphite can be considered to be
of three main types (see Fig. 2): (a) edge atoms which lie at the houndaries of
the hexagons and which are covalently bonded te only one other carbon atom, e.g.,
20 or 21; {b) edge atoms which are covalently bended to two other carbon atoms,
e.g., atoms 1 or 2; and (c} face atoms or those which lie within the hexagonal
network and are covalently bonded to three other carbon atoms, e. g., atoms 11
or f2.

Smith and Polley [55] investigated the oxidation of graphitized [ine thermal
black and found that oxygen atlack occurred prefeventially at specific high-energy
sites on the surface which appeared to be edge carbon atoms in the layer lattice.

From the study of the formation and decomposition of the surface oxide on
wtificial graphites, Bonnetain and co-workers [56) postulated very reactive
dangling carbon bonds which formed upon decomposition of the stable surface
oxide to explain the high initial rates of combustion after degassing.

The reaction of graphitized carbon black with oxygen at low pressure was
studied by Laine and co-workers [57, 58], They proposed a carbon surface
which contained active sites on which oxygen could adsorb. These sites were
thought to be carbon atoms at the edges of the graphite crystallites.

Wualker [59] and Bansal et al. [60, 61} studied the chemisorption of oxygen
and hydrogen on ultraclean Graphon surfaces (cleaned by heating at 1000°C in a
vacuum of 10”7 torr). They found discontinuous straight lines in Elovich plots of
their data, indicating the existence of different kinetic stages. They suggested
that these definite and different kinetic stapges indicate the existence of different
types of sites and attriiJut'ed them te different C-C spacings hefween surface

carbon atoms on which oxygen or hydrogen could dissociatively chemisorb.

E. Electron 8pin Resonance Studies on Carbons

The origin of all spin centers In carbon is still unsolved despite many years

of discussion, Mrozowski {62] has shown that the ESR signal obtained [rom
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graphilic materials can be interpreied in terms of a dual origin, that of conduc-
tion carriers and that of localized spin centers. tle observed that the g value for
conduclion carriers is lower than the directionally averaged praphite value due
to the combined effect ol displicement of the Fermi level and the spreading apart
of the layers vceurring with inscriion of luns, atoms, or molecules between Lire
layers, both caousing a change in spin-orhil interaction. The nature and origin of
conduction carriers has been fairly well defined by single-crystal graphite
studies |63, 641, where the results are nol confused because the contribution of
tocalized spin centers is insignificant. As Lo the nature and origin of the local-
ized spin centers, it is not clear,

A number of studies have been earvied out on carbons in order to determine
Lhe nature ol localized spin centers. These studies have been concerned with the
influence of oxygen chemisorption {65), heat treatment temperature tes], and
change in surface area (by grinding) [67] on the number of spin cenlers. The
results oblained suggest considerable modification of the surface.

Sennor [68), using the parahydrogen conversion to study the spin centers o”
a series of earbon chars, found that there was a maximum in the plot of the
number of spin centers vs the amount of oxygen chemisorbed on Lhe char surface.
He suggested that small amounts of oxygen can form quinone structures which
place restraint on the amount of delocalization allowed via the 7 bonding.

Such maxima, at around 600°C, have been observed by several other
workers, although e explanations suggested are somewhat different {graphitiza-
tion 169], release of COz [70}).

Michael [71) showed that a direct relalionship existed between oxygen
chemisorbed on the Graphon surface and the intensity of the ESR absorption, le
coneluded that spins which cause the signal were localized on oxygen specles
chemisorbed on the cdge carbons of the graphite planes and suggested the exist-
ence of semiguinone and quinone-like structures in the graphitic layer plane.

It is clear {rom this and other work not described that the effect of chemi-
sorbed oxygen is very different on different carbons and may even vary for the
same carbon pretreated (i, e,, burn-off) in different manners. This complexity
makes a complete interpretation of the ESR data extremely difficult, It would

thus seem that if one is lo obtain a more detailed picture of the behavior of the
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oxygen-carbon system, it is important Lo understand how various pretrealments
might change the distribution of the various surface groups which can be present.
Studjes of B8R absorption and o-p conversion could yield information about
unpaired electrons i surface states and how these interact with electrons in the
7 conduction band. They could also yield information on certain oxygen speelies
with unpaired electrons, if these also exist in the surface., In theory, il is antici-
pated that ESR absorption will measure unpaired electrons in both the conduction
band and surface states, whereas o-p conversion will measure only unpaired
electrons in surlace states. Therefore, @ parallel study of ESR absorption and
parahydrogen conversion should distinguish unpaired electrons in surface staies

from those in the conduction band,

III. THEORY

A. Paramagnelic o-p Transition

As noted in the introduction, one of the problems with analysis of these types
of yeactions is that different mechanisms give very similar kinelic forms. Ilow-
ever, we shall compare 2 number of different mechanisms with special atlention
to the elfect of pressure and lemperalure, and the plausibility of the iransition
states. Let us {irst investigate the kinctic form that is expected for the para-

magnetic fransitien. The reactions can be written as follows:

l‘n .
> Sip-ll, ]
g

p-liz + 8

.
li,
B

O~ily v § o= Sio-Hzal

k
d

ke
Sip-tz] == 8lo-1L;]
12
This final step ought, perhaps, to be elaboraled in lerms of mobile adsorbed
mazlerial reaching a position whicl will cause spin reversal, llowever, for a

glven surface the probability of a transition depends on Lhe surince concenlration
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of [p-Hz] or |o-Hz], and other factors can be lumped nto the k_ and i;b values.

i

Since the guantity of gas transformed is large compared to the gas existing
un the surface, it can be assumed that the surface concentrations build rapidly
to almost constant values and that Lhe total pressure of hydrogen gas PT is

virtually constant,

P,=wP +P +P +P y
T P [¢] Ipe [#12] @

where Pp and PO are pariial pressures of the para and ortho forms, and subseript
e refers to eguilibritm.

Let Cs be the surface concentration of aclive sites (sites per centimeteraj,
with Bp and 60 the [raction of these siles oceupied by adsorbed para and oxtho

forms, and 1 ~ Bp - 80 the empty sites. Assuming a simple Langmuir kineties,
prtoraleperem® =k P (1~8 -06)C -k 8C
ap P o 5 dyp's
4 i
=k - k'P (t-8 -8
ky8 C - kP (i » o/ Ce

=gk8C ~k8C
['p’s ho's

1t is now assumed that the adsorption-desorption rates of orthohydrogen are
virtually kdeniical lo those of parahydrogen, which makes 8{) + 80 a constant.

Solving for BU and Bp and using Eg, {4) gives

8l I < (N ].
y d p/ml) ~ gl k1) (P b p ) 5
A ds (o BaPryj vl vk ) Ap Rtk T

where K, = k'l’/kd (units of pressure“l}, T: Is the mean temperature of the gas
i
in the total reactor, V is the volume of reactor, and A is the surface area of the

sample. Al eguilibrium,

K =p /P {6}
e g’ pe
= ]2 S T i
P 11)6(1 P {7}
re K is the equilibrium constant (k k k1)/(k K k). lenc
where i\c is the equilibrivm coastant (| ukfl d)/(l di\hl a} ence,
> /RT L (e, + I ! f k4 ko k!
v dyf p/Rll) ) CSI a(lE t l\b) [) % ldl bl‘a ]a ¢ dp
- T+ K.P Mk I . TR 4k < ]
A dt, (t+ K,E ,1,)(§\d 1 ¢ + l\b) p I\I l\h l{dl\bi a pe

(8
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Then,
k (k. +k
) v dP) _ CS a(i"[ i l\.b) o - ) )
ART, i (1 + 1\.3LI-‘,1,)(1:£i + kf + l{h} P pe
Dividing ly 1'—‘,1,,
" N X ~X ) (10)
F 4 4+ I I [ O 4 - “ =1
dt V ('t + I\sPT)U d l[ 4 E\b) [ ne

Putting the units of ka in (molecules per cubic centimeter at temperature '1‘1)"’
seconds™* and integrating gives a Y'specific rate" as follows:
P Chk,+k

s \a(‘f i _

T
[ =k P -
Ys T ek,p kP {11

P S R
IR S S
iere, ks is a specific rate constant and s given by

Y (k. + k
k= l—i = ! Cta " ) cm/sec (12}
] A 1+ KyPoype lcd + ki’ * kb

where ke has the meaning of gas molecules reacting per gas molecule present
per unit time {units of time™* }. As we shall see, ]ce is measured experimentally.

Also, then, L{e is equal to [{f/lib, and
2 < L {1 - <
it T CSl al f(1 2 1/1\[3)

= N .. PP 4 43 i
5 1HIGPL kot kot

v (13)

Antieipating our results, we nole that the dependence of lcs on P T is that found

experimentally and expressed in Eg. (50), where

] C ke k(1 +1/K J(1/K,)

= AT (1)
l‘d ¢ l\f * l\h
k
{ d
h o= e (15}
K 1 [\.a
CBl{ﬂiir/ix N Cskrkd .
@ = = (16

Ra thp el g ek,
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Two lmiting cases exist. H the rate of surface transformation is very [ast,
k.+k =k
[ e

Vku Csk"l
1{5 Sy ul ey 11)11‘ = Cska(‘l - 8) (17}

If, b addition, the raie of desorption is fast so that € is small, K; = 0, and
icc depends on the rate of collision of molecules with active sites (pure collision
mechanism). However, as will be seen, this dees not give the observed depend-
ence on pressure; inslead of b being large compared to P’l‘ it is more often
smzll, so that 8 =,

The other limit is for rapid adsorption-desorption compared to surface

iransformalion, k =k, +k ,
d f b

i DRk R ke L
K- ‘\_ii N (Jsk ’-(l\[ E ib) . Cs(l L I\b)e (18)
s A 1o ]{11",I, P,l,
g = E{('Cs molecules/em® « sec (18

This ts perhaps a more feasible limit,

1 should be noted that under these simplilying assamplions

12
T 1
b Tl T (20)
i’,l. th IR 5\19,1.

where P'l‘ and b are in units of molecules per cubice centimeters. When b is in
N . s 3 . N
units ol 1077 moleeules/em™  ancl [’,1_ is expressed in torr,

bl a oyl
1 ,[,(n.u)(]U }

8 = . . 2
P,l,(:'..:a)(-]U“’} + ots e

}
Py
bt 0/3.3)

[For the Langnmuir ease, the assumption Lthat the adsorption-desorption bhela-
vior of p~He is identical Lo that of o~ily feads to a constant value of 1 - Hp - 6(.1
al gonslant l’,l_, and bence the lirst-order relation Lo i’p must follow. Somewhat
more generaliy, this assumption can be bnmediotely applied to the rate eqguation

lo give



HYDROCEN INTERACTION WITH CARBON SURFACES 57

ate = k P CI(1-6)-k 8C 2
raie %\.aIDCSl‘(I 8 i(pr(Js (23}

=g
[&

I P T I 9,
8,C kP C T - 8) (24

where f{1 - 8) is some function of empty sites, Then,
c PoLel- 8) =k + 25
Iﬂl T 1 - 8) i\d(ei] 90} (25)

Providing the sum rate of desorption is independent of the relative balance of 8
I

lo 80; then, 9.]] + 90 nust be conslant Lo satis{y Eg. (25). Then, [rom
ate = k.8 - k 26
rate = ki ; l\h 80 {24)

we oblain

. - B -k
v QP /RT G R - ) H’)(p o N
A TTTw Lo+ k +k b e =0

{ 3] [i]

Comparison with Eq. (9) shows the same rale fufm, buf Lthe dependence on total
vressure now depends on its effect on {(t - §). Finally, it can be argued that the
relative rates of desorption to para or ortho forms are in the ratio Bp Lo BU, bt
the rate constant iid may he a function of surface coverage il non-Langmuir
kinetics apoly, i.e.,

lcd = icdci 1 -8)

where k(lc is a corrected specilic rate constant, Again, this would not alter fhe
hasie kinelie form of Eg. (27), bul the dependence on temperature and i)'l‘ would

include the effect on ;{1 ~ 8},

B, Chemical o~p Transition and liz /D /11D Equilibration

Lel us now consider chemical mechanisms applied to the o-p transition,
whers a chemical mechanism is deflined as the splitting of the original molecule.
Again, it will be assumed that the energetics of adsorption-desorplion are such
that at a constant 13,1, of hydrogen, the surface coverage by all lorms of adsorbed
liydrogen taking part in the mechanism is constant. Let us first consider the

special case of high mobility and/or rates of surface transformation. For these
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conditions it can be assumed that adsorbed para form Bp gomes into equilibrium

with adsorbed ortho form 60, where at a given temperature the equilibrium ratio

is sel. Then, 90 and Bp are set values, since Pp.3 and P o re not dependent on
2]

the proportions of the starting gas misxture. Then,

ky kg
p-Hz + surface & 8 + 8 = o-Iz + suriace
tg P © Ky

Any mechanism in which the rate of adsovption is preoportional to P can then be

treated as follows:

o= B - - 2
T iplu(‘f g} -u (28)

where u is lhe rate of parahydrogen desorption, which is constant since 81) is

gonstant, Al equilibriam,

=P k[¢- - 24
0 1iw§&1(l 8)-u (29)
Henece,
d(P /RT )
U A - P Y,
r=- o = i\al(l 6!)(1p Ipe) {34)

This s of the required rate form and would be obtained for 2ll the mechanisms
enumerated in See. 1, B, excepl the Eley-Ridenl mechanism, which does not
involve adsorption-desorption in the transition step. The function of the empty
surface varies with mechanism, but it s bound Lo approach unity as temperature
inereases, so that the agsumptiions made lead to a prediction of constantly
increasing ke with temperature. Equation (1%} is a special case of Eg. (30} for
simple Langmuir adsorption,

If we now introduce the effect of a slow surface transformation or [inite rate
of mobility on the surface (whichever is appropriate), it is not possible to give a
general treatment leading to an eguation corresponding to Eq. {30); the relative
values of 6!] and 8{} vary during reaction even though the tota] surface coverage
remains consiant, For example, the Bonhoeffer~TFarkas mechanism written with

a slow surince step is as fellows;
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9N
n-Ha +8 8 = [lI.]S - S[H-] r
i{d o
Kk
b
ke S[i-lii mobile, coverage BM
Ik ky, a
o-Hy +8-+8 = [H ]S siH | &1
kd ES E=

The surface rate of para to ortho can be writlen as
r=k8 c -k 6°c* 22
f'p’s bom s (32)
and lhe desorption velocily u is

u = kdepcS 33)

These lead to fhe reguired rate form,

k [(1 - 6)
TR (kd/k{) (Pp - Ppe) @)

As expected, when kf = ch, this reduces Lo Eq, (30}, 1f i{d Increases faster

with temperature than lc[, the value of [{e can fall at higher temperatures. Physi-
cally, this means that small 9[), due to immediate desorption without the adsorbed
atoms leaving thefr adsorption sites, gives a small chance of transition Lo the

other form. The Rideal mechanism with & slow surface transformation,

I,

p-Hz + 881, ‘r—’- [H_18 « S{p~Hel (35)
5
d

It
13
o-Hx  +8+ 81 | lerm* {H 18+ 8lo-Hz] (36)
£y o

kg
[H, I8 * Slp-Hal = lukJs + 8lo-Hz} (37)
- kyy

leads teo

d(Pp/RTl} i C ok 11 - @)k I )

\
s - = — P -1 } (38)
A dt kf + ixh t L{I n pe
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which is identical in Torm Lo thal of Eq. (27). However, il should be noted that
f(t - 8) as a funetion of pressure and temperature would be different bhetween Lhe
two cases because of the different mechanisms. For simple Langmuir kinelics
and mobile adsorption, (1 - 8) would be proportiional Lo the chance of a vacant
site vecurring next to a filled site, which is proportioma! to (1 - )8, where 8 is
total surface covered by [1H] and [H][1E.]. Assuming thal coverage by [H] is
much greater than by [H]1Hz], 8 would be given by P,;,('l - 9)"5 = I{UUBE, where
ch is the equilibriam constanl of adsorplion of [H].

The Eley-Rideal mechanism requires no vacant site next to a {illed site,

k
p-lla | HE o [ HE 5 o-Hy, {3
kh
aml, hence,
r=~kP 8C -k IP 8C . {10)
I'p s b o s
Using P /P sk andP + 17 =P +DP | weobtain
SO Y ¢ 0 P ve pe
g A /RT )
m s —B sk P -P g
! A dt (l' \IJHGCS){ P pe) (1)

Mote that Iis would increase with PT, as B would increase. Agnin, this agrees
with the experiment, as will be scen, but since 9 Lends Lo zero as the temperalure
iz increased, [cc may decrease with lemperature. As belore, 8depends on the
adsorption-desorption relation Hy & 210,

It is clear that replacing hydrogen by 11D and considering the reaction to Ha
and D would give an identical series of rale expressions, although the equilil-
rium pressure of 1L would depend on the initial makeup of the gas mixture as
well as temperalure. As developed above, the rale derived is for p-o conversion,
and k.[.,
conversion would obey the same expregsions but the rate would be negative.

Kc’ ete,, are defined in this direction, However, the process of o-p

Alternatively,

Netrateo*p = -netratep to=Lk P, N -X |
5 T pe P

Similarly, the nel rate for He + Dy - 2H1 would be
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X x (12)

v = kPl ane " ®up

T

iV, EXPERIMENTAL

A, Apparatus

Schematics of the experimental system are given in Ishikaws [74a]. The
apparatus will be described brielly, The reaction vessel, consisting of doubie-
walled fused quartz connecied through a graded seal to a Pyvex glass system,
had an apparent volume of about 4000 ml calibrated by helium at room tempera-
ture. The gas storage system consisled of four 3-liter bulbs, which were
connected to a gas dogsing line, and two 1-liter bulbs conlaining helium and
oxygen. The purifying system consisted ol a 2-liter bulh, a palladium-silver
thimble (General Elecivic Corp,), a vessel conlaining aclive charcoal, and a
10-liler bulb. A mass spectrometer (Consolidated Eleclrodynamics Corp,, Type
29-011) was connecled lo the reaction vessel threugh a variable leak. It was used
to measure the rate of Mz /D2/HD equilibration and Lhe partinl pressures of
gaseous spocies desorbed [rom samples during oulgassing. Resclion tempera-
tares above room femperalure were oblained by employing an elecirically heated
farnace operating off of a temperature controller. The temperalure-controlling
thermocoupie (chromel-alimel) was placed belween Lhe outer wall of the quariz
jacket and the furnace wall, Reaclion temperatures were measurcd with a
chromel~alumel thermocouple that was placed in the guartz thermocouple well on
which the sample holder rested. Temperalures bhelow voom temperalure were

obiained using low-lemperature baths.,

1. Gases and Carbons Used

Oxygen (for adsorption) and helium ({for calibration of the voiume) were Air
Produets and Chemicals, Ine., research grade. An analysis supplied with Lhe
axygen listed the major impurities as 11 ppm nitrogen, less Lhan 5 ppm argon,
and 0.76 ppm water. For helium, the majer impurilics were listed as 0.5 ppm
oxygen and less than 5 ppm nitrogen. Pure normal hydrogen (75% oriho/25%
para} and deuterium (677 orthe/33% para) were preparved by diftusing hydrogen

and deulerium from a eylinder through the palladium-silver thimble heated Lo red
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heat. Para-enriched hydrogen was prepared by adsorption on active charcoal
held at liguid hydrogen temperatures. About 4 g of active charcoal (Pittsburgh
Activated Carbon Co.) were outgassed at 350°C for 2 days. With the charcoal
vessel immersed in liguid nitrogen, pure normal hydrogen was adsorbed onto
the charcoal and, when adscrption had reached equilibrium, the liguid nitrogen
was replaced by liquid hydrogen. After approximately 5 hr, the liquid hydregen
was removed and the para-enriched hydrogen (80 to 95% p-Ilz) was stored in one
of the 3-liter bulbs before significant backconversion could oceur. IHydrogen-
deuterium mixtures were adsorbed onto active charcoal, at liguid hydrogen
temperatures, to facililaie mixing,

The equilibrium concentration of parahydrogen hetween 10 and 500 K, the
specific heat of ortho~ and parahydrogen, and the equilibriim constants for
Ha/Dy /HD equilibration were taken from Wolley and co-workers [72}. Values
are summarized in Figures 3 through 5.

The diamond used was a natural diamond powder produced in West Africa,
The powder was treated with hydrofiuoric acid and suluric acid and outgassed s’
900°C. A complete description of the diamond powder has been reported by
Sappok and Boehm [48], who supplied our sample. Table 1 gives a summary of
the dinmond powder properties. The diamond powder was ireated with oxygen,

hydrogen, or chlorine in the manner deseribed by Sappok and Boehm [48, 48],

[1se] T H T T

80 “

&0 '“

401 i

PERCENTAGE IN PARAHYDROGEN

20 1 1 i 1
o) 00 200 300 400 500

TEMPERATURE (K}

FIG, 3. Ortho-/parahydrogen composition ab equilibrium.
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SPECIFIC HEAT
tcaL, MOLE pEG™1}

1 5
] 100 200 300 400 500

TEMPERATURE (K}

FIG. 4. Specific heat of ortho~ and parahydrogen.

EQUILIBRIUM CONSTANT X

| 1 1 i
100 200 300 400 S00
TEMPERATURE (K}

.S

FiG. 5. The equilibrivm constant for Ha-Da & 2HD,

after outgassing at 950°C. An oxidized sample was prepared by healing diamond
powder in a stream of dry oxygen al 400°C for 30 min, fellowed by cooling in
oxygen., A hydrogenated sample was prepared hy heating dinmond powder in a
stream of hydrogen at 400°C and cooling to room temperature in hydrogen, A
chlorinated sample was prepared by heating diamond powder in a stream of
chlorine at 400°C for 30 min, after which the ehlorine was pumped away and the
sample cocled to room temperature.

The other carbon used was Graphon (Cabot Corp.), produced by the heat
treatment of a carbon black, Spheron 6 (Cahot Corp.), te aboul 2800°C, Table 2

gives 2 summary of properties of Graphon.
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TABLE 4
Summary of Properties of Diamond Powder
Property Bescription Method of delermination
Impurities 0.2 10 0.3% 8 Spectrographic analysis

Particle size
and shape

BET srea

L02 Lo 0,154 Al
L0 Lo 0,025 Ca
L0 Lo 0,029 Cu
L007 to 0, 01 Fe
LOGY: B

0. 001 to 0, 0044 Mg

oo oo

0.5 um dinmeter
200 A ihickness
Wedge or platelet shape

20 =2 mYy

Optical and electron microscopy

TABLE 2

Summary of Properties of Graphon

Property

Deseription

Method of determination

Impurities

Particle size
an¢d shape

BET area

5ppm Ti
5 ppm Ca
1 ppm Si
20 ppm 8

0. 25 mm dianmeter agglom-
erate particles of chain-like
structures made ap of 250
i average dinmeter
particles

76 m 2/f,f

Emissfon spectroscopy

XN-ray flucrescence analysis

Optical and electron micro-
SCOpY

In order to obtain samples of differing activity, Graphon was oxidized at

500°C in a stram of dry air for different lengths of time up Lo 215 hr to obtain

different amouals of burn-off. These samples were then hedted at 950°C in a

siream of argon and ouigassed at 950°C to 1072 Lorr, The amount of oxygen

chemisorbed by the samples at 356°C at an oxygen pressure ol 1 lorr was

measured in order to calculate active surface 158] areas. The active surlace

areas (ASA}, calculated by assuming that every chemisorbed oxygen atom
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TABLE 3

Surface Areas of Activated Graphon Samples

Burn-off (%) BET (Ng) ABA (0g) ABA (%)
6.0 6 0.2 0.3
3.7 88 1.6 1.8

15.9 99 3.9 3.9
24,9 115 5.4 1.7
37.9 128 6.7 5.2
70.5 135 7.4 5.5

. 2z v : N
vecuples an area of 8.3 & 58], and the BET suriace areas are listed in

Table 3.

C. lydrogen Analysis

Ortho-/paraliydrogen analyses were carried out by employing a micro-Plrani
gauge similar in design to that used by Boliand and Melville [73]. It consisied
of a fine lungsten wire (part of an electric light bulb filament of about 90 {1 room
lemperature resistance) spot welded to two tungsten leads, this being sealed in a
uranium glass capillary. The gauge was connected to the compression {imb of a
McLeod gauge, which was in turn connected to the gas dosing line by a greased
stopecock. In order te reduce local temperature fluctuations, the gauge was sur-
rounded by a small metal bucket filled with mercury prior te immersion in liguid
nitrogen.

The calibration of the gauge was carried oul by measuring the resistance at
T, 198, 273, and 300 K with a very low bridge current to avoid heating the wire.
A battery {2 V), with a 3000 I resistor in series, was used to provide the poten-
tinl. The resistance of the wire at 170 K was interpolated from the resulis.

or resistivily measurements, gas samples were compressed to a pressure
of 50 torr and the resistance of the wire was measured at constant potential by
means of a modified Whealstone bridge network. The maximum sensitivity of the

gauge was obtained at 170 K, since at this temperature the difference in thermal
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conductivity between ortho- and parahydrogen is greatest [1], This temperature
was obtained by applying 10 V to the bridge cirenil, the circuit being controlled
by three potentiometers (Leeds and Northrup) of 100, 10, and 4 0O resistance,.
The gauge resistance was measured on a resistance box (Leeds and Northrup Co.),
which could be read to ¢.004 O by means of a galvanometer (Rubicon Instruments).

In order to analyze unknown mistures of hydrogen, the value of the resisiance
at {170 K was set on the resistance box and the gauge was [illed with normal hydro-
gen at 50 torr. In the case of parahydrogen conversion measurements above 90 I,
the para-enriched hydrogen was used. The heating current was supplied by a
storage battery until the wire reached the required temperature, and the polenijal
across a 300 {I resistance was measured. This was the working potential and was
kept constant during the analysis. Then the gauge was switched off and the normal
hydrogen was pumped off. The mixture was then admitted into the gauge and com-
pressed to 50 torr, and the resistance box and heating curreat were allernately
adjusied until the resistance remained constant at the working potential set up
before the analysis. The working potential was regularly checked with normal
hydrogen before the analysis.

In hydrogen-deuterinm equilibration experiments, samples were taken from

the reaction system and analyzed by a mass spectrometer,

D. Rate Measuremenls

The kinetics of the parahydrogen conversion and the H5/Ds /HD equilibration
were studied as a funetion of pressure and temperature in a constant-volume
reaction system,

The normal (or para-enriched) hydrogen or Hz-Dz mixture was left in
contact with a carbon sample for known fimes at known pressures. The reaction
mixture was analyzed in the micro-~Pirani gauge or the mass spectrometer, as
described above. During rote measurements, levels of the low-temperature bath
and ligquid nitrogen traps were kept constant and the resistance of equilibrium

hydragen was frequently checked.



HYDROGEN INTERACTION WITH CARBON SURFACES 47

V. RESULTS

A, Over Diomond

Both the conversion and equilibration reactions were measured in the reacter
in the absence of a sample al 77 and 297 K, alter cutgassing at room lemperature
or 950°C for at least 14 hr. No significant reaction was found.

It was found (Fig. 6) that the kinetlic data for o-p conversion or Hy /Dy /HD
equilibration obeyed a [irst-order rate equation with respect to the concentration

of para~hydrogen (or HD). That is,
X ~ X(=) = {X(0) - X(=)}] exp(-'lcci) (13}

where X{t) is the molar fraction of reactant preseat in the gas at time  and X{=)
is the equilibrium concentration. Under some condilions, the rate of Ha/Dz/HD
equilibrivm was almosl the same as o-p conversion, Indicaiing that a chemical
mechanism was responsible for the major part of the o-p conversion rate,
Equation {43} is, of course, readily derived for a unimolecular, reversihle

hemogeneous reaction, and ke has the meaning of gas molecules reacting per gas

QO T T T T T T T T T T T T T T

fog ! [X{0)~X (=)} /[x{t}~X{eo}];

TIME {(MIN}

()
FiG, 6, Tesls of lirst-ovder rate equation over diamond ouwlgassed at 950°C;
tolal pressure, 7 Lorr., Open symbols, o-Hz/b-1ls conversion; solid symbols,
Hg/Lg /1D equilibration, Temperalure (K): O @, 77; & A, 195 8@, 273;
7, 4735,
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molecule present per unit Ume {units of time™"), However, the meaning of ke
with respect lo a heterogeneous reaction at constant gas volume is by no means

self-evident. Equation (43) arises [rom the rate expression

BB i - X(ed (1)
dt [

Expressing the rate of reaction in terms ol molecules of gas reacting per cent-

meter:
V dCt) -
ri{) = _K i -1}

where V is the volume of reactor, A is the surface aren of carbon, and C(t) is
Lhe mean concentraiion of reacting gas in molecules per cuble centimeler in the

reactor volume, Then,

V (L‘-\'(L! .
. - _ 2 p ]
vy = -y P Ty (46)

and from Bg. (41},

k PV

ri) = LA [X(L) - X(e) ) molecules/em” + sec (47

where P, is the tolal gas pressure in units of molecules per cubic cenlimeter.

T
{Note that, since the major part ol the gas is at reom lemperature, conversion
from pressure in lorr to molecules per cubic centimeter used room Lemperature,
not reactlon temperature.) Since the use of V and A converts values of kc to a
comparable basis for all samples, we deline a speeific rate constant by Eq. (12),

as wiven previcusly:

I(UV
2{5 = cm/sec
Then,
N =k PoIX - N{w f
iy =k PIX() - X( M (18)

Ashmend and co-workers [74] define an "absolute rate ol conversion” by

ko o=k P, molecules/em® » sec 4y
m s T
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oK} T

1
i

tog ! [x{0)-X{==3] /[ X (1) -x (20)]

0 5 12 15
TIME (MIN)

FiG. 7. Tests of [irst-ovder rate equation for o-Il:/p-1l; conversion at 77 K

. . o .

over treated dinmond; tolal pressure, 7 lorr, Key: O, culgassed al 950°C; a
treated with Op; [, treated with H.; v, treated with Cl. .

where km is given the physieal sipgnificance of the nonalgohraic sum of the rales
of ot pand p + 0, Toavoid using k symbolism for a rale, we use rq for a
"speeilie rate," defined as the rate for X{) - N(=) = 1, as given previously in Eg.
{11):

o= kSP, melecules/em”™ « sec

T

Figure 7 shows plots lor diamend samples reated with Cly, lg, and Og, as
previously described, 1L is apparent that the reaction still obeys B, (433, although
the rate conslant is reduced in the following order: clean, trealed with Qa, [ .
Cla. In general, it was lTound that Eq. (43) was obeyed Lo the equilibrium poinl for
the o-p canversion and H./15 /11D equilibration in the range ol lemperalures
sludies (TTDK to SU(JOC) and for initial gas phase composilions varying [rom at
teast 25 Lo 5% parahydrogen.,

If a lrue specific rale is being measured, r, or ks should be conglant
irrespective of A, when everylbing else is held constant, The elfeet of varying
sample weight (or bed deptly on specilic rates was studied. The sample was oul-
gassed al 950°C belore kinelic measurements were made. As the sample weight
wits decrensed [rom 500 myg Lo 200 mg (a bed beight of 0,7 em) Lhe speeific rales

of bolh the conversion and equilibration reactions al 77 and 195 K mereased.



T Y. ISHIKAWA ET AL,

Further decreases in sample weight down Lo 10 my produced insigniicant changes
in rates. The process is considered Lo be controlled, in part, by diffusion when
more Lhan 200 mg of sample are used, Since negligible porosily is expected
wilhin the diamend particles, the shape of the particle is presumed Lo be the cause
of significant dilfusion resistance, When the pintelst-shaped particles are aligned
parallel to each other, diffusion through "pores' formed by these contacts is con-
sidered to be at feasl in part controlling the reaction rate. All data, which will
be discussed below, were oblained using approximately 180 mg of sample. There~
fore, the process should not be signilicantly influenced by diffusion,

As discussed in Sec. 111, theory suggests that the dependence of las on total

pressure for constanl V and A might be of Lhe form

l{c\f a
ks B GLA 53,1, + b (50)
or
E)
SoA L LT b 1)
V ok k.~ a o oa

Thus, a plot of 'I/l(c at constant V and A vs PT should give a straight line,
Figures 8 and 9 show the resuits with a dinmond sample outgassed at 950°C for
reaction at various temperalures. Similar plots were obtained for the samples
treated with Clz, Hy, and Oa, and outgassed at various temperatures. I is
conciuded that the results agree with the form of Eg. (51), ab least as a reasonable
approximation, The values of a and b are given in Table 4, & will be noted that
the siopes, and hence @, can be measured with reasonable accuracy bul that the
values of i cannot be measured acceuraiely al low lemperalures. The value of a is
a new rate parameter which summarizes values of ks over a range ol pressures.
1t PT is converted Lo units of molecules per cubic centimeter, a is in units of
molecules per cenlimeter® « seconds, I should also be noted that when b is small
compared Lo 1’,}:, Lhe specilic rate 1'S defined by Eq. {11) becomes 1‘5 = 4, Fhat

is, the specific rate is almost independent of PT'
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TABLE 4

Parameters Giving Dependence of ks onn Pressure for Diamoned

Para-
o~ /p-t Ha/Dy/HD magnetic
Tg;]p ﬂlu o la b.lb a:aﬂ jia) za IJ:-:b ’pab
Ouigassed at 950°C
g 2,28 1,14 3 1.52 1,26 8 0.18
49 2,067 1, 52 0.3 2,30 1, 8% 5.5 0.21
44 4,30 3.05 3 3.84 2.78 1.3 0,33
190 5. 26 3.89 1 4. 76 3.50 1.6 0,37
273 2.28 1,79 22 T.00 0,76 18 —_
85 - - - 0. 95 0,74 48 —
175 0.95 0. 71 41 - - - -
Covered with Chemisorbed Ifvdrogen
77 0.06 (.03 0,03
Y 0.08 0,05 Negligihle G, 05
146 0.1 0. 08 reaction 0.08
195 .13 0,49 0,09
273 U, 05 0, 04 0.04
a

L 13 2
In unils of 10 molecuies/em” » sec.

In unils of 10*° molecules/em”,

It is lurther concluded that the specific rate of Hz /Do /HB equilibration is
always less than that for the o-p transition under the same conditions, Assuming
a neglivible isotope elfect, the difference can be attribuied to the addition of
puranmgnetic mechanism lor the o-p transition. Assuming that all three reaclions

have the same kinetic form, then
{ig)s = (Bg)y - (Kg)e (52

where (kg); is the paramaguetic centribution, (ig), is the measured rate para-

meter for the p-o trangition, and (kg), is the chemical mechanism rale parameter.
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Thus,

Az =~y ~ An
when b Is small or constant for all mechanisms,

The elfect of Lemperature on the specific rale paramelers was lreated ns
follows, As discussed in See. 111, theorctical Eq. (14) supgests thal a may ¢ot-
tain the term (1 + ‘I/[\:c}, Kc baeing the equilibrium constant of the resction, Thus,
a new specilic rale parameter ¢ was defined hy

B =1/ ) (53

or
o+ ’!/GC)

5 !

)T 413

Table 4 gives values of @;, @z, and @s. The variation of p as a lunclion
of temperature is shown in Figure 10, It should e noted that ]{e never differs
greatly from 4, so the general conclusions regarding ¢ as a function of I' also
apply to a as a function of T, 1t is concluded thal from 77 to 195 I, the tempera-
ture effect is small, with a low equivalenl activation energy of Lhe erder of 0,3
keal/mole, The values al 273 and 473 K show a pronounced drop, ndicating that
some new feature is invelved in the kinetics, The values of b also show a rap i
increase in the same region (see Table 4).

Table 5 gives the kinelic parameters. The results for o-u lransition on the
diamond sample treated in hydrogen (see Iig, 7) are also shown in Figure 10,
The rate of Hy/Dy/HD eguilibration on this sample, under comparabie eonditions,
was too small to measure. It is concluded that the o-p conversion in this casge is
via a paramagnetic mechanism, It would appear that strong chemisorption of
hydrogen poisons the chemical mechanism.

Additional results on the effect of chemisorhed gases are shown in Table 6.
The surface coverage by gases waz estimated by heating to 950°C and measuring
the pressure of desorhed gas mass spectrometrically; since this treatment un-
doubtedly removes only part of the chemisorbed layer, the estimated values are

too low {especially for hydrogen). Because the dependence on temperature was
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TABLE 5

Kinelie Parameters for Reactions over Dinmond Belween 77 and 195 K

Sample treatment

Reaction

Equivalent
activation energy
tkeal/mole)

Preexponential
13
factor (107 mole-
cules/em” » sec)

Cutgassed at y50°C

Covered with chemi~
sorbed hydrogen

o-F /p-ile
1 /D /110
Paramagnoetic
o-Hg/p-1lg

{paramagnetic)
Hy/Da /1D

0.3
0.3
0.1

0.3

Rate too low
Lo measure

= - o ;|
. "

= =7 Qo
3

Rate too low
lo measure
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TABLE 6

Comparison of specific rates at Y7 I with ESR
Measturements on Diamond Surfaces

Specific rate, rg

{1 0™ mole-

Estimated N cules/em” * sec)
surface coverage Unpaired spins
Surface treatment (10*° atoms/om®) 0™ em™ %) p-Hz HD/Ha/Da

With hydrogen (900°C) 0.9 1.1 0.4 <0, 01
With chlorine {(£00°C) 0.6 4.1 0.8  <0.01
Witk oxygen (200°C) 1.2 2.4 135 <0, 01

Outgassed at 950°C 1 3.5 205 157

aIJatu from Sappok and Boehm [18].

not measured for all of these samples, the resulls are given as comparative

specific rafes rs. at P = 7 torr, T = ¥7 K, However, plots of 1/l:e versus P

T
(see I'ig. 8) showed that the intercept was usually near zero for all of these

T

results al 77 K. The specific rate r is almoest independent of pressure and can
he equated to a in Figures 11 and 12,

1t is concluded that chemisorbed species cover nearly all the surface; that
this eliminates any chemical mechanism since Hz/Dz/HD equililration is very
slow; and that the paramapnetic o-p conversion rale is also reduced for the cage
of chemisorbed hydrogen or chlorine, but for oxygen the paramagnetic conversijon
rate is almost as high as for the chemical mechanism on the cutgassed sample.

Mixtures of paramagnetic and chemical mechanisms were sludied by partially
degassing the treated samples and measuring o-p transition and Hy/De/HD
equilibration at 77 K, PT =T lorr, on the partially degassed samples. The rate
of paramagnetic conversion was estimated by subtracting the Ha/Dz/HD rate
frem the o-p rate. The results are shown in Figures 11-13. For chlovine-
treated samples, removal ol adsorbed chlorine increased the o-p rate in close
relation to the amount removed, Figure 44 shows the relation; the intercept of
the upper siraight line corresponds to the paramapgnetic rate, under these condi-
tions, for the outgassed sample {seec Table 6). It might he tentatively concluded

that as chloxrine is desorbed, both the paramagnetic and chemica] rates increase
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linearly, but the paramagnetic rate reaches a maximum when 0.2 % 10'° chlorine
mums/cm2 have been removed, Figure 45 shows the result for desorption ol
oxygen, Again, it would appear that the chemical conversion rale inercases
roughly linearly as oxygen is desorbed, bud the paramagnelic conversion rate

also decreases voughly linearly, so that the total o-p rate varies only by a laetor
of 1,5 over the complete range of surlace coverage. IL can be seen fvom Figures
12 and 15 that the spin concentration also Increasces as oxygen Is desorbed, 1L
might be concluded that desorption of oxygen freed unpaired cleclrons to the extenl
of about /20 eleetron per oxygen atom,

Figure 16 summarizes the results for the velation between rates over diamond
and amount of hydregen desorbed, The equilibration (or chemical conversion) rate
inereases sharply wilh inereasing amounts of hydrogen removal, HNowever, unlike
the case of the surface contaminated with oxygen, the conversion reaction also
inereases sharply with complex removal, Thus, the conlribulion from the para-
magnetic conversion decreases more slowly with hydrogen complex removal than
is the case with oxygen complex removal,

Figure 17 shows hydrogen isolherms on the sample degassed al 050°C. No
detectable adsorption was found al 273 K. Using the Clapeyron-Clausius equatien,
the isosteric heal of adsorption is estimuted Lo be 0.5 keal/mole lor coveraves
belween 0,04 <10 and 0,03 # 10*° muluculcs/cme. It is coneluded thal the rale
measwrements on degussed diamond described above are for fractional coverages

less than 0.1, based on the BET area,

13, Over Graphon

As for digmomd, the results Fil the firsl-order expression ol By, (43) lor al}
conditions studicd, including temperalures up Lo 00 K. As before, the possibilily
ol a dillusien effect was investigaled, bul no ehange in specific rate rs wus oh-
served as Lhe sample weight was changed from 420 to G0 my,

The pressure dependence ol Eg. (51) was again observed (sce Figs, 18
Lhrough 20) as a reasonable First approxinmation, Figure 20 is for Graphon reacted

1 oxygen to aboul 165 bhurn-off and then degassed al various temperatures. The



FYDROGEN INTERACTION WITH CARBON SURFACES 81

10! MOLECULES/CM3 SEC) AT 7 TORR

1

g

o

=4

w

o

e}

a

R I ] ) i 1 1

[¢} 0.1 0.2 0.3 0.4 0.5 0.6 a7

HYDROGEN DESORBED (10'® ATOoMS/cM?)

FIG. 16. Change in specific raltes of conversion and equilibration at 77 K
over diamond with amount of hydrogen deserbed by heat treaiment.

o.08

0.07

0.06

c.08

0.09

0.03

HYDROGEN ADSORBED
(30" MOLECULES/CM2 BET}

-0.02

0.01

FRACTIONAL COVERAGE [BASED OGN BET AREA}

1. 1
0 5 10 15 c.00

PRESSURE {TORRI

Q

- - s . 5 ~ )
FIG. 17. Isotherms [or hydrogen adsorption on diamond outgassed al $50°C.

Adsorption temperature {K): O, 77; 4, 90,



300+

T ¥ T T ¥
/
2001 420
16OF / 10
1 i 1 ]
2 3 4 5 6

PRESSURE {TORR}

17k, (MIN}
g (MENY

FI1G, 18, Dependence of k, on the total pressure for the o-fle/p-il: vonver-
gion over original Graphon outgassed at $50°C, Temperalure (K): O, 77 ¥, 90,
{1, 1465 &, 195; @, 207, v, 633; =, T3,

150G T | T T T 300
— looop ~200 ~
Z z
2 £
Jﬁn ‘D
= =

Z
: —/ 100
Al 1 1 i 1
2 3 4 S =} 7

PRESSURE (TORR}

FIG. 19. Dependence of !{e on the total pressure Tor Lhe U /DL /D equilib-
rilion over original Graphon oulgassed at 956°C. Temperature (K O, 7%; ¥,
00; 03, 146; 5, 195; o, 297,



HYDROGEN INTERACTION WITH CARBON SURFACES 83

301 .

_ 20 .
z
Z
xﬁ)
>

tof -

630
350
] 1 H 1 i 1
03 3 4 5 & 7 8

PRESSURE {TORR}

FiG, 20. Dependence of kg on the total pressure at 77 K over 6% burn-off
Graphon samples containing various amoeunts of oxygen {oulgassing Lemperature
B N P . .
indicated in "C): O & Vv, o—pHz; ©, Ha/Ds/HD,

sample at 16% burn-off was also annealed at 1760°C in nitrogen for 15 min and
owtgassed al 950°C. The same [lrsl-order rate expression and form of pressure
dependence were obtained with this sample. The specific rate parameters a, b,
and @ are given in Table 7,

The temperature dependence of © values is shown in Figure 21 [or the
original Graphon sample and for culgassed Graphon atb 16% burn-off, annealed and
nonannealed, The results are similar in form to those deseribed ahove oy din-
mond, bul beeause higher temperalures were also investigated the resulls show

the presence of a new vegion in Lhe Arrhenius plot. Decause of experimental
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TABLE 7

Kinelic Parameters for Graphon Outgassed at 150°C

Para-
o-lttu/p-ila i, /Do /1D magnetic

Temp

) alu ® ):1 blh aza " ﬁu I)nb lpu‘.l
Qriginal Graphon

T 0, 20 0,10 1ol 0.0 0.03 1.1 0,07

G0 0, 26 0,15 5.8 ¢, 00750 0.05 9,2 0,10
446 0,458 U, 32 3.7 0, 26 0. 18 8.2 0.4
195 o, 63 0.6 G.u 0,91 0.37 40,2 .09
205 0,1 .41 (e 9,11 0.08 57 -
Et U, 03 0,82 — —_ —= - -
183 — — — 0,02 0,017 - —
(TR ) 0B 28 23 —_— — - —
T %] 37 23 5.2 6,0 -— —_

16% DBurn-off nonannenled

T d.1 2.0 7.0 1.2 0.8 kL .4

Bl 4.5 2.6 13 1.9 1.9 & 1.5
146 8.4 .0 15 [P} a4, 3 1.6
145 11,0 8.1 —_ 9.0 7.4 17 i1
27 G, 1.0 20 1.4 4.1 - -
GO0 - - 0.0 0.6 0.5 _ -—
[tpH] 1.8 3.0 it —_ _ o —_
] — -— - ;6.2 4.9 22 —
843 44, 6 10,9 34 —_ - —-— —

46 Burn-olf annenled ot 4700°C

T7 2,0 1.0 1.0 0,06 ¢, 22 0.7

90 2.5 1.4 —_ 1.0 0.7 11 ¢.8
44 5.2 P 11 3.0 2,0 26 1.1
195 G, 7 [P 12 6.6 1.8 20 0.2
298 6,0 4.5 17 - - - -
297 4.4 3.0 44 2.4 t. 6 - —_
418 2,2 4.7 7 —_ — —_ —_
53 J.d 9.0 52 0.7 0.5 - -—
610 — — — 1,2 0.9 —_ -
473 3.8 2.4 30 - — —_ -—
T 7.8 5.9 a4 5.0 6.3 —_ -

a. . 2 2
Tn wnits of 10% molecules/em” * SCC.

) . &) 3
in units ol 40" molccules/em .
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variability and suificien
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£ date, iL is not possible Lo distinguish o-p transition

rates from iz /Dy /1D rates in this higher-lemperature region, Thus, a single

sel of specific rate paramelers is assigned {see Tahle 8).

Preatment of Graphon wilh oxygen at 350°C

produced a radically dilferent

effect on rates at 77 K thuan that observed with dinmond (compare Fig. 22 with

Fig. 12). The s /B /11D equilibration could not be measured on the oxygen-

treated Graphon until the degassing temperature excecded GDUGC, even Lhough

slgnificant desorption of CO and COp started at 100%C. |

centimeter® BET area desorbed al 950°C is two ord

the Graphon than for dinmond, ) In addition,

the Graphon sample covered with maximum oxygen.

Similar resulits were obtained for Graphon

of burn-off hefore oxygen trealment (see Iigs.

small degree ol burn-off

Kinetic Parameters for Reaclions over Graphon

Note thal the ovxygen per
ers of magnitude lower for

only a small o-p rate was [ound for

samples taken to various degroes

23 and 24). However, oveh &

{3, 7%} is capable of producing a gsurface which has o

TABLE 8

Samples Outgassed at g50°C

Equivalent Preexponeatial
activation factor
Temp Graphon energy Iyl 0**% molecules/
(K) o, B. O Reaction (keal/mole) em® + sec)
77 to 200 0.0 o-Hg/p-1a 0.4 .2
Hz/De/UD 0.6 .8
Paramagnetic 0.2 1, 04
15.9 o-la/p-ilz U,4 20
ile/Da/HD .5 34
Paramagnetic 0, 46 2.0
15,9 o-1la/p-Ha 0.3 8
(Anncaled) g /D2 /HD 0.6 4
Paramagnetic 0.1 2.5
>450 All samples o-Ha/p-lz B
13.6 4.2 x 10

s /D /HD

aB.O. denotes burn-ofl.
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F1G, 22, Effect of oulgassing temperature on the conversion and eguilibra-
Lion rates at 77 Ik over original Graphon previously lrealed with oxygen: O,
conversion; @, equilibration; 4, oxygen desorbed (@s CO pius COz).

significant injljal o-p rale despite no desorpiion of oxygen-containing pases,
Figure 25 shows the relation hetween chemisorbed oxygen and burn-off, ¥igures
23 and 24 indieate Lthat although the quantities of chemisorbed oxygen vary with
sample burn-off, as shown by Figure 25, Lhe form of the variation of o-p and

U /D /WD rates with coverage is similar for all eases, bul rates are lower for
lower burn-oifs. Since the active site aren per coniimeter” BET area varies in
the same order as the rates, the resulls were reploited as rate per ASA vs
oxygen desorbued per ASA (see Fig, 26), 1t is coneluded Lhal except for the o-p
reaction on lhe original Graphon with no bura-off, all the specific rates on his

hasis were the same function of exypen desorbed per ASA.
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Fignre 34 also shows data for a1 G5 purn-off Graphon, heal anneaied for 15
min ok '17000(.3 pefore oxygen rreatment, al various slages of oxymen removal.
Annenling ohviously reduces the mumber of active sites and, hence, Xy gen
adsorption. The Tates decredse accordingly- However, annealing also produced
the low initial value of o conversion noted with the original Graphon.

pahle 9 summar izes the kinetic paramelers at 77 K for Graphon gamples of

various purn-oils, exposed L0 oxygern, and then degasscd at various pemperatures.
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TABLE 9

Kinetic Parameters at 77 & for Graphon Samples of Various Burn-Offs,
Exposed Lo Oxygen, and Degassed al Various Temperatures

O"Hz/p—ﬂg !iz/Dz/“D
Outeassing comrers'mna ec;uiiibraLiona Paramagnetica
tempera- e

Caso ture 1Y Wi a2 [FoF-] P3a
Original 25 0,07 ¢. 04 - — 0.04
Graphon 270 0.14 0.09 - - 0.07
500 0.25 0.2 — - 0.12
G40 0. 21 0.12 - _ 0.12

800 0. 21 0,10 0,03 0.02 0. 09

950 4. 20 0,10 0. 04 0,03 0.08

4,7% B.O, 350 1.6 0.8 — — 0.8
100 2,3 1.2 —_ — 1.2

G40 2,2 4.1 - — 4.1

FH0 2,0 1.0 0.6 0.0 ¢.9

a60 1,6 0.8 0.35 0. 23 0.7

165 B.O. 25 5 0.8 — — 0.8
350 2,6 1.3 - — 1.8

190 4,4 2,2 — — 2.2

630 1.7 2.4 0.03 0,02 2.3

0 1.5 2,2 0.3 0.2 2.4

950 1,1 2.1 1.2 0.8 1.5

25t 13,0, 25 2.7 1.3 — — 1.3
150 3.8 1.9 — — (Y

480 5.1 2.6 — — 2,6

R1 5.3 ) 0. 01 0. 007 2,7

TH 4.5 2.2 1.0 0,97 1.7

9540 3.8 1,9 1.8 0.9" 1.2

984 B.O. 350 9.9 2.0 — - 2,0
510 5.5 2.7 - - 2.7

540 4.9 2.5 — — 2.5

790 4.3 9,2 0.4 0.5 2,0

960 2.8 1.9 1.1 0,8" 1.4

7O, 3.0, 350 4.9 2.4 - — 2.4
470 6.3 2.2 - - .2

G40 6.7 5.3 - — 3.3

80U 6.0 9.0 0.5 0.3P 2.8

950 5.0 2,5 1.1 0,7 2,0

& . . 1a 2
paramcters in uniis of 1¢ moleeules/em” * Sec.

Bigh,
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Figure 27 shows hydrogen adgorption isotherms for the 169 burn-off Graphon
with and without chemisorbed oxygen. No adsorption wag detected al 273 K. Al-
though Figure 22 indicates that there is still a significant fraction of adsorbed
oxygen lefl after degassing at SS}GOC, the isotherms for this sample are virtually
identical Lo that for the sample degassed al 950°C. The sample degassed al
350°C has lost little chemisorbed oxygen, bul the guantity of hydrogen adsorbed

(ol 77 K) is almost as great as for the desassed sample.

VI, DISCUSSION OF RESULTS AND CONCLUSIONS
A. Diamond

1t is of interest to consider the basic surface structure of dinmond in terms
of ree valencies before Interpreting the experimental results, In an ideal, un-
distorted (t11) crystal {ace of diamond there would be a free bond per 5. 51 A%
in the (110) face, there would be one per 4.50 ;12; and in the (100) face, there
would he one per 3.18 i¥. The arrangement of atoms in the (114}, (110), and
{100} faces is shown in Figure 28.

e ealeulation of frequency for each plane was made assuming that the
specific surface energy is proportional to the number of free valencies per unit
aven and that there is an exponential relationship of expesed surface aren and
specilic surface energy {75]. As shown In Table 10, for 1 em” of diamand,

9.0 %10°° {ree valencles at 1.9 % 10*® carbon atoms would be expected. On the
(100) surface, the interaction between two [ree yalencies is likely Lo produce
rehybridization, and the most probable valencies are based on the divalent con-
liguration 52132 of a lone electron pair Laaj,

These [igures seem Lo agree quite well with the interpretation of chemi-
sorption of oxygen on diamond, as put forth by Sappal and Boehm [48, 46}, They
abserved that 1,17 x« 10*° oxygen atoms could be chemisorbed on 1 em” of
diamond surface and that infrared speetra indicate the presence of ecarbonyl
groups and ether-like bound oxygen, It was concluded that oxygen chemisorbs
on the ¢141) and (110} surfaces with an ether structure (-C-0-C~) and on the (108)

surface with a carbony! structure (C=0).
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FIG, 28, Arrangemenl of atoms in diamond (a) ¢11-1), (b) (110}, {(c) (100}
surfaces. Figures indicate cavbon-carbon spacings in angsiroms, Open civele,
carbon atoms in the surface. Closed circle, carbon aloms bheneath the sarface.

TABLE 10

Physical Properties of Three Diamond Crystal Faces

Expecled surface Expecled {rece
No. of bonds Area Frequency atoms/em” of valencies/em”
cut/atom A A diamond powder X
100/2 G116 10.4 0,15 0. 30
140/1 4. 50 33.5 0.75 0.75
111/ 5. 51 56, 1 1.0 f.0

I their conclusion on the presence of these surfuce groups is applied to our
cajeulation of expected surface free valencies, that is, one oxygen atom saturates
two surface [ree valencies, 1.03 X 10 oxygen aloms are expecied to chemisorh
on 1 em® of diamond surface. The small discrepancy between this figure and that
found experimentaily by Sappok and Bochm may arise [rom the presence of
another surface group in which an oxygen atom does not saturate Lwo free valen~
cies, but ene, The presence of lonized oxygen aloms on Lhe {(111) surface

-C-0'y is likely and will be discussed later,
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All the kinetic results very well [it the expression

Xit) - X@) = [X(0) - X(=)] exp(-k 1) {43)
where X(=) is the caleulated equilibrium molar fraction. This means that the
rate of reaction per unit BET area is given by

k PV
r(l) = —%"" [X(t) - X{=}] moleeules/em® « sec 47}

A mspecilic rate’ can be defined by seiting X(t) - X(=) cqual to 1,

kp_V
e T

r,F T3 molecules/em® + sec (55)

and a specific rate constant can be defined, as shown in Eq, (12), by

kY
¢

k = — cm/see
s A /

1t was [ound thal, as a reasonable approximation, the variation of ks with
total pressure (since the total pressure alfecls Lhe degree of surface coverage
with adsorbed ortho- and parahydrogen or Ha, D=, 1113 was of the form [Bg. (50}
a
P, th
5 T
A theoretical Lreatment, assaming simple Iangmuir adsorption kinetics to
apply, gives a rate expression of Lhe correct form |Eq. @3)], wilh

i (,Sliu}ir{’! 4 1/1\0)

ks — il (56)
s 1+ Kby l\(l 4 l\.l. i l\b

€k k(1 1/K )
kg (- O = - — (57)
U S ¥

for a paramagictic mechanism invojving nondissociative adsorption. All the
chemical mechanisms investigated led Lo the correct form of Fq. (43). ltowever,
the Eley-Rideal mechanism can be ruled out beeause it produces 8 in place of the
4 - B8term of Eq. (57); hence, ks would increase with PT or would be gonstant if
8 -+ 1, whereas all the resulls showed kS to decrease with higher PT. Any mecha~-

nism which produces ks = {(1 - B} is feasible, but the experimental resulls,
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which fit Bq. (50}, are consistenl with £¢1 ~ 8) = 1 - 8 rather than the more
complex [unctions expected.

Because of the forms of Bgs. (50) and (57), ics was expressed as

o+ 1K )
ko= e (51)
8 PT R

and the temperature dependencies of @ and I» were investigated. As b increases,
8 decreases [ = PT/(PT + b}, Bag. {22)}]: ¢ should be relatively independent of
the variation in 8 with temperature.

The results for diamond {Table 4) showed that the o-p conversion and the
Ha/Dz/HD equilibration had closely similar specific rates, demonstrating a
chemical mechanism as predominant in the o-p conversion, The equivalent
activation energies for chemical conversion, equilibration, and paramagnetic
conversion are all low, less than 0.3 keal/mole, demonstrating that the slow step
in the chemical reactions does not involve a high activation energy of splitting the
hydrogen molecule. Although the values of b cannot be accurately determined and
show considerable variability, they indicate that at the pressures used 6 was
close Lo 1 at low temperatures but decreased sharply at 273 K. Figures 8 and 9
show that the rate censtant ks decreased al these temperatures, Part of this
decrease was due to the decrease of 8 as shown by the higher b values, but Figure
10 also indicafes a decrease in the specific rate conslant ¢.

The most likely reason for this is that there are lwo types of sites involved,

so that

_oa H 1KY e (1 1/K)

Prthy P+ by

ks
Due to a larger activation energy or a smaller value of CS, type 2 sites would
have a small value of &; at low temperatures, so that the resuits are dominated
by type 1 sites, However, as Lemperalure is raised a poinl is reached where the
value of 81 is no longer near 1, and ihe next higher temperature tested gives a
kigh value of Iy and low 8:. Without fype 2 sites this would lead to a small value

of E{S, but type 2 sites come into play and dominate the value of lts. The values

of b at the higher temperatures indicate a fow value of 8z, This line of reasoning
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would predict that both @ and b should mcrease with further increase of tempera-
ture, probahly with a higher activation energy for @a. Alterantively, desorption
of strongly adsorbed, ias-blocking Lype 2 siles might also aceount for them
coming into play al higher temperatures,

Il is not pessible to compare the vajues of the preesponential factor for ¢,
with theoreiical expressions because it contains Lhe unknown factor Cs’ the
number concentralion of active sites, llowever, since the chemical mechanisms
operate via adsorbed gas at 81 {at PT = 7 Lorr, low temperatures), the con-
contration of active sites must certainly be less than the eorresponding total
surfnce coverage by hydrogen at these conditions, Flgure 47 indicates a voverage
of aboul 0. 04 [raction ai these condilions or Cs less than the order of
(u.o-x)(z}(-w‘“) T sitcs/cmz. The measured preexponential factor of
about (8){1 0+ molecules /em® + sec indleales, as usual in results on conversion-
cauilibration, either that the pumber of active sites is very much jower Lhan the
quantity of adsorbed hydrogen, or that there is a large entropy of activation in the
Lransilion.

The adsorption of Iydrogen at high temperatures followed by cooling and
testing at 77 K virtually climinates the chemical mechanism. The estimaled
surlnce covered by chemisorbed 1L, approximalely 10% utoms/cm:, is prohably
close Lo saturation, The paramagnetic results are also reduced (see Tables 1 and
6) both by fower @ and by higher b (lower 8 values). This is strong evidence that
dissocialive adsorption of hydrogen either locks the siles active for the chemical
mechanism or prevents mobilily of wonkly adsorbed specices over Lhe surface.
Therefore, any chemical mechanism involving chemisorbed dissoc fuled atoms
appears Lu be unlikely, unless it is ;)qs{uluiud (1) that an active sile can dis—
sociatively chemisorb weakly at low temperatures bul strongly (Firmly bonded) al
high temperatures, Lhus being puisencd, or () Lhat dissociatively chemisorbing
weak sites slill exist aller high-temperatuere hydrogen adsorplion but can no
lenger promote renction bocause they cannol be reached by mobile weakly
adsorbed speeies, In case b, il is presumably not chemisorbed 11 aloms which
are mobile since it would be expected thal these woukd proceed Lo adsorh firmly
ob strong-bending sites, in the first resulls withoul high-lemperature Lo Lreal-

muent, lhus also poisoning the surince.
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Adsorption of chiorine or oxygen also poisons the chemical mechanism.
Chlorine appears to behave similarly to hydrogen, but oxygen gsreally inereasces
the paramagnetic conversion rale, almost to the level of the chemical mechanism
on the untreated surface, No relation Lo unpaired-spin concentration is apparent.
The chemiecal mechanism was parlially restored as Llhe samples were outgassed.
It appears that with 1z~ and Cla-treated samples o [ractional removal of coverage
compleiely restores the paramagnetic conversion, and even enhances it, whereas
the chemical mechanism increases sleadily as moere poisoning gas is removed,
This indicaies thal (a) the paramagnetic sites are poisoned by the more weakly
adsorbed fractions of the poisoning gas, and (h) the adsorption involved in the
chemical mechanism may itself peison paramagnetic conversion,

For Og-lreated diamond, an incretse in the rate ol paramagnetic conversion
is accompanied hy desorption of water and COgz, and the rate reaches a maximum
al an outgassing temperature of 350°C. Purther removal of oxygen atoms causes
a decrease in the rale of paramagnetic conversten, while Lhe rate of equilibration
increases and is roughly proporiional lo the number ¢f CO molecules absorbed.
This suggesis that the same paramagnelic mechanism is operating on the dinmond
with differenl amounts of surface oxygen complex, Therefore, the change in Lhe
rate of paramagnetic conversion must come lrom the change in the number of
paramagnetic sites,

The number of unpaired electrons determined hy ESR slarls Lo inerease at
an culgassing temperature of 100°C; the desorption of CO alse increases, as seen
in Figure 12, In conirast, the rate of paramagnelic conversion siarts to decrease.
Thus, the desorption of CO melecules secems to invoive the removal of paramag-
netic cenlers aciive in conversion, wille at the same time active sites for the
equilibration are created, together with unpaired eleclrons sensitive for ESR,
This leads to the conclusion that there are two kinds of paramagmelic sites present
on & diamond partially covered with chemisorbed oxygen; one is responsible for
the paramagnetic conversion and the other is respongible for the ESR signal.

The paramagnetic site for the conversion may be identified with chemisorbed
oxygen itsell. Some {ractien of chemisorbed oxygen on the (111} surface may
ionize to form paramagnetic ~C~0", which would be effeclive in bringing about

the o-p transition. This paramagnelism would nol be observed by ESR if the
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Hfetime of this species were less than the order of 10"% sec |76]. Based on the
estimate of de Boer |77}, when the heal of adsorption is aboul 0.5 keal/mole,
the average lifetime of the hydrogen molecule on the diamond surface would he
1,4 X 4107+ gec, This sels a lower limit on the time during which the conversion
can occur on the surface. Therefore, if the l{etime of this species were between
4077 and 107 sec, this species would not be ohserved by ESR, bul would be
effective for the conversion. The assumplion of the existence of this kind of
gspecies on a dinmond structure is not unressonable, since on germanrjum the
initial increase in conduciivity by chemisorption of oxygen can be explained by
the existence of Lhis specivs (the oxygen chemisorbed as 07)178], The magnetic
moment of this species has not yel been defermined, but based on the observation
that the magnetic moment of Oz in polassium superoxide is close to that of the
free electron {794, it is reasonable to assume that the magnetic moment of
-C-0 is also close to that of the free electron,

It is known that addilion of water causes a decrease in the conversion rate at
low temperatures |80, 81). The sites active at low temperatures are considered
to be particularly susceptible to water. Sappok and Boehm |48} found that the
number of hydrophilic centers for water adsorption on diamond increases from
0.57 x10 em™® for a sample outgassed at 900°C to 1.9 16 /em”™? for a
sample with chemisorbed oxygen. This hydrophllic center may be identified with
an ionized oxygen chemisorbed on dizmond,

The inability to catalyze the equilibration on the (111) surface with the para-
magnetic oxygen ion is probably due to the absence of interaction between para-
magnetic sites because of the low probability of finding two adjocent paramagnetic
oxygen ions., Turkevich and Laroche {31) have suggested that the catalytic
activity for the eguilibration is not associated with the presence of isolated
noninteracting electrons but rather with a pool of interacting electrons. Sappok
and Beehm [49] concluded that the ether group (-C-0-C-) is expected malnly on
the (111) surfoce with chemisorbed oxygen. According to the previous caleulation,
there ave 1,0 x 10° surface carbon atoms per em® in the ¢111) surface, while the
total number of paramagnetic sites is only 1.9 X 10* em™, This is only 20% of
Lhe humber of surface carbon aloms in Lthe (111) surface, It is likely that all these
paramagnetic siles are randoemly distributed on the (111) surface. Three possible

modes of oxygen adsorption are shown in Figure 29,
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FIG. 29. Possible modes of Oz adsorplicn. (@) Oxygen chemisorbed as Q7
(b} oxygen chemisorbed ether-like with the removal of two [ree valeneies, (¢)
oxygen chemisorbed as a carbony! with the removal of two free valencies.

In all cases, the variation of bonding strength of chemisorired Ha, Clg, and
O, species is very evident, since aboul 50% of the measured desorption occurred
hetween 200 and 600°C and the remaining desorption occurred from 640 Lo 950°C
for Cla, from 300 to 450 to 050°C for Oz, and {rom 500 to 700 to 450°C for Ha.
The original conversion-equilibration rates were completely restored by oub-
gassing at 950°C.

For Ha treatment, the values of paramagnetic rate parameters a and @
observed at degassing {emperatures below the peint al which much desorption of
He occurred were assoclated with high values of b, indicating a low coverage 8
at active sites. Since b is determined [rom tests under sel conditions with PT as
the only variable and Is not, therefore, alfected by the number of sites available,
this is evidence that the specific rates of adsorption-desorption are affected hy
the poisoning species in addition lo the area or number of active sites available.
The low value of 6 would indicate a higher specific rate of desorption, implying a
weaker bonding of the active chemisorbed species. Since activated chemisorption
of hydrogen would be expected to polson the stronger bonding siles preferentially,
the unaflecled active sites might be expected to be of a weaker bonding nature

than the original surface.
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Partially covering the surface by trestment with 1z at 900°C did not give
exictly the same relations belween amount remaining adsorbed alter partial
degassing and rates, presumably because the suriace composition as a function
of degree ol bonding was not independent of Lthe path taken to reach a given sur-

fuce coverage,

B, Graphon

The resuils lor Graphon show many similarities to Lhe dinmond results, but
also some striking diferences. The o-p and Ho/De/HD rates ave no longer close,
and the paramagnelic and chemical mechanisms are of comparable magnilude.
The values of i for the chemical rates are ne longer small, indicating a fractionzl
coverage ol active siles, even at 77 K. The values of & for the o-p rate, which
are effective means ol the paramagnetic and chemical mechanisms, are low at
77 Kk, indieating 8 = 11 lor the paramagnetic mechanism,

Because higher reaction temperatures were investignted, the increase in
rate with temperature for the second, higher-lemperature portion of the
Arrhenius plot (which was predicted in Sec, 1) is now experimentatly confirmed
(see Fig. 21). The activation energy and preexponential factoy ol @ in this region
are 13,0 keal/mole and 1. 2}('1916) molecules/em” ¢ see.  This clearly demon-
strates a new chemical mechanism (although the same forms ol rale and kinetic
equalions still apply) involving a transilion stale of high activation cnergy bul
lower activation entrovy.

Unlike dinmond, high-temperatare poisoning by oxygen destroys the low-
temperature paramaspnetic conversion as weil as the chemical conversion on the
Graphon (Fig., 22), lowever, if the Graphon is partinlly burnecd oul, oxygen
poisoned, and relested, there is an initial paramagnelic rate belore oxygen
desorplion, and the results become more comparable to these of dinmond, The
paramagnetic rale is somewhat enhanced by partial removal of oxygen as CO.
and possibly water., Carbos dioxide continued to be desorbed up Lo an ocuigassing
temperalure of 650°C, and desorption of COs is vonsidered to ereate paramagnelic
siles, llarker and co-workers |70 studied the reaction of celinlose carbons
with oxygen by ESR. They found a maximum in the number of unpaired elec-

lrons when il was plotled against heat treatment temperature. They have
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suggested that this maximum is due lo release of CO,, since release of CO; also
hins a maximum al the same heat treatmenl lemperalure near 600°C. In Lhis case,
however, release of COz is nol likely to be vesponsible for a maximum, since Lhe
cumulalive amounl of CO» desorbed & less than one-tenth of the cumalative CO
desorbed upon aulgassing at 6U0°C. The desorhed CO, could be coming [rom
lactone or anhydride structures [82], and since Lhese groups are less common

on the surface, the free valencies produced on Lhe surface would be isclaled with
little possibility of interaction. The probabilily of rehybridization to delocalize
these elecirons would be low due Lo the remaining chemisorbed oxygen which
would place resiraints on rehybridization,

Turkevich and Larvche [31], sludying a graded scl of sugay charcoals pro-
jpared at 300°C and then heat treated in vacuo, found maxima at §05°C in plots ol
the rate of conversion at 77 K and the number of unpaired electrons, as deler-
mined by ESR, against heal treatment lemperature. The gradual conlinuous
increase in the rale of equilibration at 50°C above o heat breatment temperature
of 605°C was also observed and attribuled Lo an inerease in Lhe interaclion bel-
ween eleclrons. Bul this work can be criticized since lhe enuse of the maximum
is not clear; it could he due bolh Lo Lhe removal of oxygen on the sarface and to
some reorganization of the carbon bulk resalling from an increase in the heat
[realment lemperature.

Seanor |68] studied the conversion ai 90 Ik on Lthree differend charcoais and
found behavior similar Lo Lthat observed by Turkevich and Laroeche {31, In the
case of Seanor’s work, however, il is possible Lo uncquivoeaily associnie the
maxima in both the rale ol conversion and number ol spins versus lemperature
of heating in vacuum wilh osygen chemisorbed on the surface of the carbons, since
lits samples were previously treated at 1000°C. Scaner regarded Lhis as esplic-
able only if smalf quantities of exygen can form quinone slruclures, which place
rveslrails on the amount ol delvealizalion atlowed via Lhe 7 boading,

The maximum raies of conversion ealeulated in lerms of aclive surface arca
and BET area are given in Table 11, The rale expressed per unit of aclive area
is aimost constant [about 2.6 » i moleeuies/em” (ASA) « secl for ali samples.
This indicates thal Lhe getive surface area (edge carbon aloms) [or oxygen

chemisorption is responsible lor paramagaelic conversion. llowever, afler
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TABLE 1

Variation of the Maximum Conversion Rate with Burn-0Off of Graphon

Graphon 10*? molecules/ 10% molecules/

% B.0.) em” (BET) * sec em® (ABA) » see
0.9 U.'OT 2.25
3.7 0.53 2,93
15.9 1.02 2.1
24,9 1. 20 51
37.9 1. 30 2,50
70.5 1.47 2,52
15.9 0. 50 2,95

(heat treated)

outgassing at GUOUC, about 30% of chemisorbed oxygen atoms remain on the
surface, Further removal of surface oxygen compiexes causes a decrease in the
rate of paramagnetic conversion while the rate of equilibration increases,
According Lo the work on decomposition of surface oxygen complex on Graphon

hy Bansal el al. (83], who have proposed thal chemisorption of oxygen takes
piace on different discrete eonfigurations of sites on the carbon surface |59, 60,
the oxygen is desorbed (as CO and COg) from different sites. They have suppgested
that upon outgassing up Lo 600°C, the oxygen is desorbed primarily [rom sites
having a carbon-carbon spacing of 2.8 A in the (1120) surface, with & small
amount of exygen coming from siles having carbon-carbon spacings of 3,62 and
3.85 &, The oxygen desorbed during outgassing at temperatures higher than
600°C could be coming from sites having spacings of 2.46 A in the ('l(ﬁ()) surface
and 1,42 & in the ¢1120) surface. This would lead us to suggest thal spins which
cause the conversion were locallzed on oxygen specles chemisorbed on the edge
carbons in the (1 (ﬁ(}) surface, probably in the form of paramagnetic O ions, and
al free valencics al edge carbons In the (1120) surface. Coulson [ 5t] has sugpes-
ted that the bond of edge carbon atoms in the (1‘172,0) surface may acquire a partly
triple-bond characler and saturate the free valencies, However, recent theoreti-
cal caleulations by Bennett et ab. [52] indicale that the edge arvangement with

saturated [ree valencies in the (1 '1.72{)) surface is energetically unfavorable.
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When chemisorbed oxygen on the edge carbon atoms in the {4 050} surface
desorbs, free valencies on the edge carbon atoms are likely to interact with each
other, and rehybridization inlo an s [)2 configuration, as propesed by Coulson, is
probable. These sites no longer cause the conversion through a paramagnelic
mechanism, bul may cause the conversion and equilibration through the Schwalb-
Killmann mechanism because of thejr favorable geomelry and strong interaction
hetween [ree valencies. Michael {¥1] found in his siudies on the effect Lhat
oxygen complexes on Graphon have upon ESR that the number of anpaired elec-
tlrons decreases with increasing outgassing temperatures above 600°C and thal
this decrease is accompanied by an increase in line wiith, indicating an increase
in the interaction between electrons. Turkevich and Laroche (3] found that the
catalytic activity of the carbon for the equilibration increased monotonically with
increasing heat treatmenl temperature above 600°C and Lhat the ESR of these
carbons showed an increase in line width. They suggested that the aclive sites
for the equilibration are associated with the presence of a domain of interacting
electrons.,

The rate of equilibration on samples oulgassed at 950°C and the number of
oxygen atoms desorbed during outgassing after the rate of conversion passed
through the maximum are shown in Table 12, The rate is linearly proportional
to the number of desorbed atoms. This is consistent with the conclusion that
removal of chemisorbed oxygen al the edge carbon atoms in the {1 0“]0} surlnce
creales active sites for the equilibration.

Singer et al, [84] found that chemisorption of oxygen on sucrose char al
£50°C decreases the spin-lattice relaxation time by ‘|(}2, whereas Lhis investiga-
tion shows that the rate of paramagnetic conversion increases by chemisorption
of oxygen., As discussed before, Leffler |15] has predicted that paramagnetic
ions of longer spin~lattice relaxation time should be a belter calaiyst for para-
magnetic conversion than ions of shorter relaxation time. The results of this
study, which are adequately explained by Wigner's original theory extended (o
cover conversion in an adsorbed layer, do nol support Lhis prediction,

A most striking feature of the results for Graphon is that the rate expressions
all {it the same simple rate expressions, whether the chemical mechanism or

paramagnetic mechanism was dominant, or whelher the low-femperaiure or
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TABLE 12

Equitibration Rate at 77 1 and Desorption of Oxygen
from Graphon Belween 600 and 950°C

Graphon 10 molecules/  Oxygen desorbed
4 BL0L) em® - sec Ieliae atoms/em”)
(U] .06 o, 09
3.7 1.4 0.70
15.9 2,38 1.55
21,9 2,3 .05
37,4 2,48 1. 60
70.5 2.30 t. 560

high-temperature regions were considered, or whether peisoning species did or
clidd not exist on the surface.

This fealure plus the comments made above concerting the rote of dis-
gopinted hydrogen specles sugyesls that the chemical mechanism should be
simitar in structure to the paramagnetic mechanism, involving reaction of
adjacent adsorbed hydrogen molecules. This is the Schwab-Killman mechanlisn.
However, 1 logical problem exists for this mechanism in that the low-lemperaiure
chemical mechanism has a low aclivation energy.

The poisening mechanism does not scem Lo be solely related to blocking of
mobility on the surface, since poisoning wus very evidenl even at appreciable
desorption of poisoning molecules. Since the [irst molecules Lo desorlh arve from
weakly bonding sites, lhese are the sites expected to be effective In surface
mobility., I seems more reasonable to explain poisoning via hlocking of the active
sites. A major logical probiem, however, is thal Lhe zetive sites opened on
desorption appear to behave similarly Lo each olher irrespective of the ingrement
of lemperature necessary Lo open them up. Fhus, the temperaiure cocfficients
of the degassed, anpoisoned surftce ure consistenl with two types of site for

the chemical mechanism rather thin a whole range of sites of varying honeding.



HYDROGEN INTERACTION WITH CARBON SURFACES 105

The sites involved must make up a very small Iraction of the total surface.
The low preexponential coefficienls, combined with the above statemenl on the
roie of surface mobilily, would suggest an lmmobile mechanism, with a low
probability of a surface structure with just the right features Lo promote a low

activation energy exchange of atoms belween adjancent adsorbed molecules,
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