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ABSTRACT -

‘This thesié is concerned with the épﬁlication of infrared
spectroscopy Eo studies'of {(a), the ;ature and reactiﬁity of silica surfaces
which have been degassed at elevated tempgpafures (400 - 1200°C) under
vacuum conditions and (6), with studiés of reactions of cataiytic i;terest

s+on silica supported platinum (Pt/SiOZ). A summa;y-of results is given
below. _ ' | B '
A éi%ica o ' o

ao The %golated hydfoxyl groupsion silica give rise'to a strong

T infrareduabsorptioﬁ bandlcentered'at 3748 cm_l which is slightly asymmetric
to the 1pw“wayenumbe;‘side and has a half widtﬁ of.about 8 - 10.cm_l. A
high resclution inffare& spectroscépic~examination of this band has failed
to show.that any resolvable fine structure can be detected when atmospheric
c;ﬁpensation in the double beam spg;trémeter is perfect. This result
contradicts some, but not all,.earlier work where observed fine structure

has been attributed to the presence of both géminal and isolated hydroxyl
groups. It has been found that when the double beam compensation has
been intentionally disturbed so as to give a net absorptibn of water
vapour in the reference beam, the spectra reported by others, with
apparently resolvable.fine structure, can be reproduced, It is concluded
that the spectra obtained by s&me other workers may be distorted for
similar reasons and that there is no spectroscopic evidence which allows

.

one to distinguish between geminal and isolated silanol groups if one

-

o

\ or both are present.
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- When a silica surface is evacuated at a-.temperature beyond

3

AOOOC{ a new reactive site, possibly a strained bridge, is formed és a-
resqlt'of the collapse of isolated hydroxyl groups. This site was

_égtive.for the chemisorption of sz and NH3 and the reaékicn stdichiometrj

. was envisaged as follows:

/o\ . - NH, ‘ > SioH - + D> S':liNHz

Si Si HZO C > Si0H  + > S5i0H

//\ /N o e
B " b ’ ' ° '

The silanols generated in the above abserb at 3741 cm_l ahd-eée-distinct

bl

from the aforementioned isolated hydroxyls. Isotopic Substitution data

1

has been used to prove thgi SiNHé gfbups were formed when NH3 is the reactant.
Howeyer, pyridine and trimethylamine adsorb fwithout disrupting éhe bridge

via simple coordiﬁation at a centre capable of acting as a Lewis acid.
Additional evidence suggests that Ehe site ié not symmetric as drawn above
and that one side of the‘bridge is Qoré reaqﬁive than.the,other. A caréfull

examination of the adsorption of WH, indicates that reaction also proceeds

3
preferen;ialiy on one of ‘the silicon atoms.
‘Another type of reaction between dehydroxylated silica and

either NH3 and H20 has also been observed when higher pressures of these

reactants are added and althoigh 'the active sites themselves are not ¢
responsible for this secohdary regction, the regions of the su{face in the
neighbourhood of the sites are also iikely to belstrained to_SOmé degree
and may facilitate such a reactiom.
Other reactions on silica have been studied and used as a
-précursor to the Pt/5102 studies. At high temperafures (>6000C), HCN and
N have been found to react extensively with silica and three major bands

272
between 2300 - 2000 cm -1 are formed. Using isotopic frequency shift data

(W
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- in conjunction with force constant calculations, the species were'

shown to be SiCN, SiNC and SiNCO.

»

B. Pt/siQ,

The regctions of even simple méiequles'on supported metal surfaces
are often not well cﬁaracter;sed by their infrared spectra®becausg of
extensive energy losses due to scattering by the dispersed metal. However,
in this work, good quality spectra have been obtained as a result of the
dgéglopmenﬁ of refined procédures for catalyst preparatlien and definitive
¥esults'have been obtained for the first time for the adsorption of ammonia
and pyridine on Pt/SiOz. Isotop§£ substitution techniques have shown

that ammonia adsorbs as a single species Pt:NH Controlled oxidation

3"
of this species gave a partially oxidised product, possibly Pt:NHO, whereas

the adsorption of ammonia on an oxidised Pt surface produced different

species which were thought to be PtONH2 and PtOZNﬂf However, pyridine

does not attach to Pt by means of a simple coordinate bond and it is
believed that a single spécies is adsorbed through a m electron interaction
with the surface. .

In general, complex spectra resulted from the adsorption of
various amines and nitriles on Pt/SiO2 and only tentative conclusions

could be reached. A strong v

c=N band was always observed following the

adsorption of HCN and CHBNH2 accompanied by several bands in the Vyu and

Yeu regions. It was concluded that extensive dissociation must have

occurred and that a complex variety of adsorbed species could have been

generated from reactive CN radicals. However, in nitriles possessing a
\

C-C bond sueh\as CHSCN, C6HSCN and CF3CN, less complex spectra were

observed and it appeared that C-C bond cleavage did not predominate,



th“i préventing the formation of CN radicals.' The main mode of
adsorption of C6H5CN, CF3GN and CH3NC was via coordination, whereas

CH3CN dissociativefngdsofbed.



. CHAPTER 1
INTRODUCTION

In the past twenty yéars, the study of the chemistry of
surfaces has undergone a revolution as a result of an enti}ely newl
approach to cﬂemical structure determination.

The development of new and sophisticated physical methods
in diffraction techniques, electrochemistry and spectroscopy has pro- °,
vided the means of obtaini%g a direct "view'" of the behaviour of
molecules, radicals and ions that are reacting at surface sites. i
Such information can be correlated with macroscopic properties of a
system (such as heat of absorption) to give a much more complete
p{sture of surface phenomena.

Great advances' have been made in the resolving power of ‘_
instruments'and in LEED, field ionization, fieid emission, and electron
microscopy,the surface under study can be s¢rutinized on an atomic
scale. H;wever, each of these methods requires ultra high vacuum
conditions which precludes a simultaneous study of reactants and
surface species. With some spectrosopic techniques though, in particular
infrared spectroscopy, the solid phase, the interphase and the gas {

(or 1liquid) phase can be monitored together which is an invaluable

advantage in any study of hetefogeneOus catalysis.



) Physically adsorbed species (which cannot be studied by
high vacuum metﬁods) are generally easily identifiable in the infra-
red because of only small changes in frequency from their gas phase
analogues, but chemisorbed specles may exhibit complex spectra as a
result of a strained configuration or dissoclation of the édsorbing

molecule and quite often there are no models for comparison.

In cases where t?e adsorbed species cannot_be ildentified
by a reference comparison then different adsérption conditions may be
used to tgst some of the properties of the species. F?f iﬁstance,

" variations in pressure and temperature, the effect "of c;tadsorption
o% other molecules or adsorption of an isotope of the molecule may
help to identify the species.

From adsorption studies much can also be learnt about the
" nature of the solid support. For example, hydrogen bonding of wvarious
molecules of the surface hydroxyl grouﬁs of silica causes shifts in
position of the SiOH absorption band from which a value of the basicity
of the groups may be ascertained. Chemisorption of molecules, on the
other hand, may distinguish different types of surface‘hydroxyl groups
on silica.

In general, a study of the intensity shape and frequency
of the spectral bands of the solid and the adsorbate may reveal in-
formation about th; nature of adsorption, the configuration of the
adsorbed species an@ the type of site involved.

Some of the prerequisites of a successful surface study by

infrared spectroscopy are that the solid be transparent over a wide >

range of the infrared spectrum, and that it has a high surface arqf



such.that there are é sufficient number of sites for the adsorbed

b
molecules to produce a measurable absorption spectrum. As well, a
high surface area material will necessarily have small particle size

(in this work from 20-50 A°) which will reduce scattering of the

incident radiation.

[y

A majority of infraqsd studies have been with oxides such
as siliéaf'ilumina and silica-alumina, in fact, the first successful
spectroscopic experiments of adsorbed molecﬁles were carried out in
Russia, using porous g}assl, and silica gelz. Since then other oxides
such as Ti0, Mg0, Ca0, Ni0 and Zn0 have been loo#ed:at, and,;s well,
the technique has been extended to studies of the metals themselves.

In order to obtain transmission spectra of adsorbates on
metals, the sample must be either very thin or finely dispersed. The
latter condition has been employed in this thesis. But finely divided
metals tend to reform as aggregates and it is necessary to support
them on a high surface area material which has greater stability, such
as silica (5102). Again compromises must be made to minimize scattering
and absqrption by the adsorbeant, and in favourable cases the transmission
of supported metal samples may approgch the same level as with the
support alone,

The extensive use of silica as a gupport for metals may be
attributed to its relative inertness to chemical attack which allows a
representative study of the material to be conducted without the inter-
ference of metal-silica interactions or support-adsorbate reaction.
However, this does not mean that silica does not interact with ad-

sorbates, in fact the popular use of silica in chromatography illustrates

¢
[



that it is capable of physically adsorbing many molecules and in the
- presence of other materials, such as A1203, may even be an effective

catalyst (e.g. hydrocarbon cracking).

'

Therefore in any study of a supported metal-adsorbate
systems it is important to have prior knowledge of the extent of the
support-adsorbate interaction by first studying the infrared sRgetrum

of this system alone.

Perhaps the most important use ?f silica as a support is

tﬁat it is commercilally availaﬂie as a very high surface area méterial
which subsequently allows that the metal can also .be v;;y finely dis-
persed, resulting in good quality spectra.

| This thesis concernslboth studies of silica and of silica
supportéd metals, in particular, platinum, and though thes; studies are N
not unrelated, as alluded to above, an overall appreclation of the work ‘
done may be better achieved by discussing them initially, in separate

parts. A separate introduction to metal studies is to be found iIn

Chapter 7.

SILICA STUDIES

Sﬁudies concerning silica surfaces are very extensive,
but several excellent reviews3_7 have been published which summarize
the important aspects of the field. Most of these studies  are con-
cerned with the nature and concentration of surface functional groups
which play a critical role in determining the extent and nature of

adsorption.
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Infrared Sﬁéctra

When finely divided silica is pressed in a die at about
70 kg cm-z,it.becomes self supporting and can then be placed into a
suitablé infrared cell so its transmission spectra may be observed.
Providing the optical thickness of the pressed disc is not too large
(ca 40 mg cm_z), then absorption features of the type shown® in
‘Flgure. l-la can be observed,
- Figure 1-la shows the principal bands obtained when an aerosil
silica (see 1ater§ is placed in a vacuum inffared cell and evacuated
to 300°C for 1 hbdr to remove moisture. Thé vibiational modes giving

rise to this spectrum are:

810 cm Si-0 symmetric stretéﬁ
1100-1200 cmfl ~ 51i-0 antisymmetric stretch
1875 cm
-1 combination modes
2000 cm
1640 c:m_1 overtone
[ )
3748 cm._l
1 S1-0H
3500 cm

The main interest in surface.studies is with the region
from 3800-3400 cm—l éince it 1is here that hydroxyl group absorption
occurs. HiLroxyl groups have been shown to exist bécause they readily
interact by hydrogen bonding with adsorbed molecules, and quickly ex-

change with D,0 at a rate which is not consistent with slow bulk

2

di]‘ffusicm.g-.13
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In Figure 1-1b, this region of the spectrum is shown for
% .

various stages of degassing of the surface. Initially the spectrum con- °

tains a broad band centered around 3500 cm—l and a single sharp band

at' 3748 cm-l. As the degassing temperature 1s réiséd, the broad band
1

~

1s gradually removed and at 800°C only a narrow band at 3748 cm
remains. This latter band is attributed to a.free hydroxyl group
unperturbed by its neighbours.14 The absence of rotational fine
structure implies that these hydroxyl groups are not freely rotating
though, and some interactions,‘either with neighbouring groups or with
lattice modes, prevents free rotatidn15 (though there may be restricted
rotation). The assignment of the free hydroxyl species to the 3748 cm—l
band was made by comparing spectra to those of dilute solutions of
alcohols in non-polar solvents where sharp narrow contours of unper-

turbed hydroxyl groups have been found.5

The broad absorption feature centered around 3500 cmrl
(Figure 1-1b(i)) which persists with degassing temperatures up to 400°C
has been attributed to both molecular water and hydrogen bonded hydroxyl

groups. F;E;iat et a116’17

contended that molecular water was retained

on silica gel up to 300°C, and Balkin et a173 have reported that molecules
of water remained on previously degassed aerosil silica samples (from

200 to 800°C) up to 200°C but were removed at 400°C. Howeve%, studies

by Hockey26 and Klier et al78 indicate that physically adsorbed water

may be removed at room temperature from aerosils and Hisils (wet
precipitated silica). Youngl8 first characte?ised the Interaction of
water with aerosil silicas. He found that the major portion of the

surface 1s hydrophobic, based on the considerably lower surface area



observed for water vapour absorption compared to a ‘nitrogen determined
surface area. The actual amount‘of water adsorbed could be directly
relhte& to the number of free hydroxyls present18’19’21‘27;28'69_75.
Recent-spectrbscopic studies of water adsorption by
Galkinlg support Young'slB contention of the direct interaction between
water and hydroxyl groups because the intensity of the'3748 cm-l band
was observed to diminish proportionately with the prégsure of adsorbed
water vapour, when the silica sample was placed ip a monochromatic beam
of radiation (prevénting radiative heating of the surface). An alternate
hypétheses for molecular adsorption of water at non—hydroxyl surface
centres had been earlier proposed20 because no observable loss in
intensity of the 3748 cm_l Band occurred when water was adsorbed, how-
ever as shown by Galkin et a121, the temperature of the surface can be
raised to as much as 80°C in the sampling area of cerﬁain types of
spectrometer which makés ic impossible to accurately assess the per-—
turbation of hydroxyl groups at. room temperature.

Hambleton. et a122’23

discussed two possible assignments

for the 3500 cm_l band of silica. In order to avoid inéerfefence from
atmospheric water, the spectra of a deuterated surface was analyzed,

in particular a band at 2620 cm._l (3550 cmfl is the OH analogue). It has
been observed that if’molecular DZO is dosed onto an evacuated surface

-1
at room temperature, two new bands appear at 2550 and 2690 cm = which

are assignable to the 0-D stretching frequency of adsorbed D20 and to

24
the perturbed surface deuteroxyl groups respectlvely . Assuming
-1
these agsignments are correct then the band at 2620 cm = might cor-

respond to the OD stretching frequency of strongly hydrogen bonded




molecules of DEO.' If 2620'cm&l was to be assigned to perturbed Si0D .

groups, then the perturbing agent could not be D.0 because the 2550

2

and 2690 cm—l bands can apparently be removed at higher temperatures of
degassing than that at 2620 cmrl and It seems uqlikely that a systeﬁ
which produces strbnger hydr;gen bonds, i.e; that produces a sﬁift*of
. the surface 0D groups to 2620 dm-% should be more easily evacuated than
a system which shifts the normal OD frequency‘from _?.760'cm-1 to only
2690 cmf;. However, 1f the 2620 cm-l band is due solely to bound
molecular water then there should be a bro;d bandlcorresponding to the
perturbed OD groups lying at a frequency below 2620 cm-l. Such a band
is not'observed. The only other possible gssignmen; can be made by
assuming that other sites are initially present on the surface cér-
responding to surface hydroxyl groups which are held in closely
adjacent positions producing strong interaction and a consequent shift
away from the frequency of non-bonded hydfoxyl groups; the broadness

of the band is a result of there being an.array of these sites where

the hydroxyl groups may be at varying distances from each other.

H
\\\0" \\\T Diagram 1-1
A A
Anderson and WiCkersheim69 have shown that by studying the
combination and overtone regions of the hydroxyl absorption spectrum
it can be definitely determined that the appearance of a band at

4420 r_'m_l indicates the presence of a new hydroxyl specles. This band

has been interpreted as a combination of the stretching and bending
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modes of.;he S10H group which must -have a fundamental stretching fre-
quéncy of,ébout 3500 cmfl. |

Other suppo;t for this hypothesis is the experimental
result that no obse;vable'change in the 1640 c:m-1 region occurs when-
a silica containiﬁg‘normal hydroxyl species (and the 3550 ém_l band)
1s subjected to deuterationz?. If the 3550 cm_l band had been due to
hydrogen-bonded water molecules, some change should have been observed
in tﬁé intensity of 1640 cm_l (80H for HZO)' Hambleton et al22 claim
that once a powdered silica has been degaésed at room temperature,
virtually no change occurs in the intensity at 1640 cm_l and that the
amount of molecular water remaining on the surface is ﬁiniscule: Wth
a powdered aerosil silica is presséd into a disc at relatiﬁely high
pressures, up to 5 tons cﬁ-z,small amounts of water may'be trapp‘ﬁd22

22, but at lower pressures \\\\

(e.g. 70 kg cm—2) most water is removed. . //

and remain in the disc even up to 450°C

More important perhaps, is the observation of Galkin_et al
which shows that the amount of water which remains on thé surface is
dependent on the original‘surface hydroxyl concentration. They found
that more wafer was retained after pumping at 25°C for 8 hr on a silica
surface which had been previously degassed at 400°C,than one which had
been degassed at 200°C {(higher hydroxyl concentration). Coﬁversely
more water was initially adsorbed on surfaces which had high'initial‘
hydroxyl concentrations. Water which i1s observed to emanate from a
surface that has been degassed at highe; temperatures, subsequent to
the initial 75°C degassing step, arises from the collapse of the

18,26,27

hydrogen-bonded hydroxyl groups shown in Diagram 1-2,

25

-
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Providing the degassing temperature does not exceed 400°C, water can
be reversibly adsorbed and de.sorbedl8 which suggests that siloxane
Bridges formed on'dehydroxylation can be reformed, i.e. disséciative
chemisorption of water

1.e.

H H
\ ,/I
T \c'> s1 Si + H,0 Diagram 1-2
-— -
- 81 Si ’74‘ F¢\ I
/N /N ‘ ; -
Once degassing temperatures exceed 400°¢C, caoling and rehydration does

not regenérate all of these hydroxyl sites and the 3550 cm-l band does

_not-fegain it's original intensity, i.e. the surface becomes partially
5,26,29

resistant to vapouf phase hydrolysis (Figure 1-2a)}. Beyond 400°C,

the number of hydroxyls reformed by hydrolysis is further diminished,

until at 800°C, the surface becomes totally hydrophobic (see Figure 1-2i1)

At this 'stage of degassing there are known to be about 1.4 % 0.1
Q4 . .
hydroxyls/100 A2.41- Further degassing up to 1100°C-continues to remove

hydroxyl groups, though the mechénism for removal has not been clearly

resolvedze—zg. The nutber of hydroxyl groups remaining at this stage

is very small30.

Polymorphs of silica and model surfaces *
| The silicon atom has the same outer electronic structure as
>
carbon but differs from that element in a number of ways, particularly
in its inability to form multiple bonds. Only one oxide is stable at
.25°C (SiOz) although 1t can exist in a number of crystalline forms.

In each of these forms there is a tetrahedral arrangement of four bonds

»

¢
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FIGURE 1-2

(a) Percentage of origina] Si0H groups at various stages of
degassing and facility for subsequent rehydration by water vapour,
(saturatio? vapour pressure).

(i) hydroxyls condensed; (ii) hydroxyls rehydrated.
(From G.&. Young, J. Coll. Sci., 13, 67 (1958).)

(b) Number of hydroxyls on silica surface at various degassing
temperatures. (From G.A. Galkin et al., Russ. J. Chem.,
43, (8) 1117 (1969).) ) :
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from each silicon atom‘extendiﬁg‘into an infinite 3-dimensional net-
works}. The faet that silicon doés not form simple.moleculés like
0=5i=0 at ordinary temperatures has been attributed to the fact . .that
the silicon-oxygen bond Eas about 50% idnig charaeter32, which does
not allow for multiple bond (covalency) formation. Thus silicon may
be regarded as being present as Sia+ ion and the oxygens as 02_ ions,
in éhich, according to BraggB;‘the distance between oxygen atoms of any
one structural group is always 5.6 - 2.8 8.
{ The three principal érystalline'forms of silica, cristo-

balite,tridymite and quartz are built up in networks in which every

oxygen atom is common to two tetrahedral SiO4 groups. This process of

- oxygen. sharing 1s just an extension of a silicate ion sheet with cross-

linking to neighbouring sheets above and below the blane. In eristd-
balite and tridymite,only the manner in which the crosslinking is made

diffe%s; but in quartz the regular arrangements ame distorted into a

) 4

spiréi'of 0-S1-0-8i~0 chains which lie on a trigonal screw axis34

(Figure 1-3). The ‘three polymorphs are not readily interconvertible,
ag 1s shown by the fact that all 3 forms are found as minerals and the

stable temperature ranges of the silicas are well separated.

870°C ——————» .1470°C

5 —— (-]
Quartz tridymitée (‘ cristobalite. L710°C

) g
Furthermpre, each of the‘3 forms exists in.a low and high temperature

modification (o and B respectively).with the following transition points:

a-R quartéj 573°Cja - B tridymite 120-160°C and o - B cristobalite
i

! 7 '
200-275°C,/ The fact that, in the last two cases, the transitions-can

- be studied at temperatures at which the particulaf polymorphic forms

~
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Tridymite . Cristobalite (juartz

FIGURE 1-3
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are metastable, is an indication of the difficulty of interconverting

the three forms of silica31.

o The difference between tridymite and cristobalite is like
that between wurtzite and zinc-blende, the two forms of ZnS, but the o

and f forms of any one of the three SiO2 varieties differ only in

:

detail, there being slight rotations of the tetrahedra, without any

alteration in the way in which the tetrahedra are linked. The change

- from quartz to tridymité is sluggish because it involves the breaking

and rejoining of 51-0-S1i Bq‘ds whereas the change from o + B Quartz occurs
without bond breaking and is easily reversible. .Q

i; The idealized structures of B tridymite and B cristobalite
are given in Figure 1-4. In these representations the oxygen atoms are

placedfmidway between, and on the straight line joiming the pairs of

silicon atoms. Such a structure, however, renders a smaller than usual

0 -
$1-0 value (1.54 A). A somewhat deformed structure, where the O atoms

do not lie exactly along a straight line joining the Si atoms, gives a

more satisfactory $i-0 distance>> (see Table 1-1).

Amorphousg Silicas

s

e The silica which is used in the léboratofy for infrared

,studiés consists of two types: gels and aerosils. Although these silicas

are ostensibly amorphous in appearance, a great deal of effort has been

spent by some authors in trying to ascertain to what degree crystallinity

exists and: how closelx these silicas cap be related to the properties

of the polymorphs described above26’ ' '

Although only aerosil silica has been used in this laboratory

it is ilmportant to recognize the differences between aerosils and gels



TABLE 1-1

Bond Distances and Angles in Cristalline Silicas

S§i-0 distance 51-0-51 angle
o
. (A) (degrees)
0 quartz - 1.61 142
0 cristobalite 1.59 150

(from Reference 29)

i
1
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FIGURE 1-4 _ : 62

Models of the silica surface.
The solid black dots represent silicon atoms.

{i) The 0001 face of g tridymite. First layer *
silicon atoms are asterisked.

{ii) - B cristobalite.
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since a great deal of the foundation studies of silica surfaces have
been performed on gels. The precipitation of an amorphous gel can

be effected by acidifying an aqueous solution of sodium silicate; or

by the hydrolysis of silicon tetrachloride.

Na,$10, + ont o S10,% + H,0 + oNa’ reaction 1
or SiCl4 + 4H20 -+ Si(OH)4 + 4HC1. (a)
) reaction 2
S1(OR), + §10, + 21,0 - ®) ,

Gels which are formed by wet hydrolysis or precipitation
have comparable properties, in fhat the.surface is totally hydroxylated
in the freshly prepared state although the porosity of the sampile ‘
depends on the rate of formation of the silicé36. The properties of
gels have been found to be dependent on the number of different types

of hydroxyl groups present and to the variation in pore sizel4’37’38.

Aerosils however are somewhat different. They are pre-
pared by the flame hydrolysis of silicon tetrachlofide in a stream of
hydrogen and air ( at ~1000°C), the ratios of each of the three com—
ponents in the flame controlling the particle size and surface
characteristicsls. Aeroslls are basically non micro-porous materials
as is illustrated by the rapid equilibrium achieved with water vapour
(compared with gels)ls, and 1t is probable tﬁat the only pores and

crevices which exigt at room temperature are as a result of pressing

39

, and in samples

the powder into a dise for infrared studies
pressed only to70 kg cn2 (as in this werk) there is only a weak
infrared band at 3650 c:m_l (see below) that is characteristic of the

existence of internal pores (see Figures 1-1b). /
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In any case, thermal dehydroiylation above 500°C
irreversibly removes the species responsiblé for the 3650 cm—l band
"in gels (they cannot be regenerated by treatment even in liquid water).
This according to Hockey22 corresponds to a process of "annealing"

whereby relatively weak hydrogen bonds .are replaced by the regular

‘siloxane lattice. ~
f

The 3650 cm_l band appearing in silica gel spectra is .
representative of hydroxyl groups which aré perturbed as a result of
interparticle contact. As the particles are brought into closer
proximity (higher pressures of disc.preparation) the intensity of the
bandAincrease523. In this sense, the 3650 cmfl hydroxyl species is
unlike the 3748 and 3550 cm-l species because it is reliant on bulk
density and is observed to be unavailable for reactions with some
molecules which readily attack the other surface hydroxy1522’23’39.
The aerosil spectrum only has the 3650 cnrl band if the
powder 1s first éreated in boiling water and then dried below 150°039.
Under such treatment the specific surface area decreases while the
size of the silica globules grows to such an extent that a large
‘amount of water is retained inside them39. In aerosils so treated
and in all gels, the loss of water on ignition (to 400°C) does not
solely represent the number of hydrogen bonded hydroxyl groups, but,
as well, the amount of bulk water or bulk hydroxyl groups which are
held internally and which will not react with common surface reactive
molecules like DZO' Hence a‘false estimate of the number of hydroxyl

groups held at the surface is obtained if gravimetric determination

of water 1s the only probe used. Davydov et a139 showed that by
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observing the amount of exchange of a known amount of DZO’ a measure

of the surface hydroxyl content can be échievedi

Earlier work by Hockey36 and DeBoer and Vleeskens40 had
indicated that silica gels approach a constant surface coverage of
about 4.6 hydroxyi groups per 100 22 when the surface is rehydrated
after degassing to 450°C. This is close to that of the 100 surface
of B cristobalite and the 0001 face of B Eridymite (see Figure 1-4).
They both concluded that on freshly prepared silicaslthe surface
musé approximate either one of these crystalline forms because the
lattice movement which gives rise to the loss of water by dehydroxyla-
tion must be small. In this model each surface silicon atom is
attached to one hydroxyl group. Peri and Hensleyél hoﬁever disputed
ﬁhe model given by’BeBoer and Vleeskensao because it could not be
reconciled with the observed stoichiometry of reactions with mole-
cules like AlCl3, BCl3 and SiClA, (on an identically prepared surface
to that of DeBoer and Vleeskens) since only oné hydroxyl group should
be expected to react with each halide molecule, yet often the reaction
appeared so as to consume two hydroxyls éimultaneously.

In a study of silica gels previously degassed at tempera-

tures ranging from 100°C-800°C, Peri41 measured the amount of HC1

produced on the initial reaction of the particular chloride used and

compared it to the amount of HCl produced by the subsequent hydrolysis

of the chlorinated surface. From this data he estimated what he
thought was the number of paired hydroxyls initially present on the

surface of the g;l.
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For example, if an AlCl3 molecule reacts with n surface

¥

hydroxyls then the ratio, R, for the amount of HCl produced before

and after reaction, is: a AN

HC1 on hydrolysis

R = HC1 on initial reaction
For AlCl R = 30 '
3 n
» n:i v
v R+1

and percentage of paired hydroxyls is

*

_ 200(n-1)
‘paired n :

Using this calculation, a high incidence of paired
hydroxyls was calculated for sampleswhich were preafied'at low
temperatures. Peri also used Monte Carlo statistical techniques to
simulate the ‘random dehydroxylation of a surfacé which wa; initially
totally hydroxylated. The faces of two possible crystal models
(Figure 1-4) were thought to resemble his silicas. The 000l face
of B tridymite if randomly dehydroxylatedwould, according to Peri,
have conly 1.5 hydroxyl groups SEr 100 KE after reaction of all
possible neighbouring pairs, which is well below ﬂﬁ:,;:erage of 4.6
hydroxyls per 100 22 cbgerved. On the otﬁer hand, the random de-
hydroxylation of the 100 face of B cristobalite, (which is initially
totally hydroxylated, with each silicon atom having geminal hydroxyl
2

o
groups attached), produced a surface of about 4.6 hydroxyls per 100 A

which exist as either vicinal or geminal pairs. -
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<4
i.e. ’
HO 0 OH HO OH
\\\Si/// \F\Si///’ \\\Si Diaéram 1-3
7\ N 7\
vicinal pairs - peminal pairs ’

Each hydroxyl would then be close enough to react in a 2:1 ratic

with AlCl,, BCl, or SicCl,.

3’ 3 4

However, Hockey42 has recentiy discounted the theory of
PeriAl and of previous wo}keréAO, on the grounds that any attempts
to find one crystal plane to represent a finely dispersed silica
cannot be correct. It has been shown by electron microscopy and
small angle X-ray diffraction43, that silica gels exist as primary
aggregates of 10 K in "diameter" which can be clumped tdgether into

: )
bulks of up to 100 A "diameter".

Even if a powdered silica does exist, as, for example, B

-

rcristobalite, it should still expose different faces since, in a

lower ordered crystalline structure of this t§pe the anion-cation

arrays are not the same at each face. One must assume that a number H

of crystal planes exist. Hockey42 further illustrated'that Peri'sal
asséssﬁent of paired hydroxyls based on the HCl hydrolysis ratio
was also invalid because the HCl produced in the reaction of the
chloride (e.g. BCl3) with the surface hydroxyl groups may be less

; than the amount of HCl actually measured. This possibility may M
arigse due to a further geaction of the adsorbed surface chloride

species with water molecules, which can form from the collapse of

internal ﬁydroxyl groups, up to 600°C, thus producing more HCl.
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A much better method.for the determination of the number
of surface hydroxyl groups is by'the chemical analysis of the solid
phase after reaction of (e.g.) BClB, for the chlorine content.

Using probe molecules BCl3, SiCl4 d MeZSiC14, chckss:y['2
determined that on a fully hydroxyla;ed surfaczgof a silica gel, there
are 4.6 hydroxyl groups per 100 22 of which 1.4 £ 0.1 groups exist as
single non-bonded speéies, and the remaining 3.2 groups are paired
hydroxyls, On the basis of the residual chlorine détermination, no
scheme could be adapted to compromise Peri's model of the surface

where all the hydroxyls are paired.

Thas, in the following scheme

—>51-0H ﬁsro\

+ BCl, - B-Cl + 2 HCl  Diagram l-4
==si-0H $1-0
e

-7

only one chlorine is expected for each hydroxyl pair. However the

number of hydroxyls determined by assuming this scheme is higher than

the number determined by an independent thermogravimetric study44. :
Calculations which are consistent with the observed chklorine con-

tents, can only be obtalned i1f another reaction is included which

produces two chlorines for each hydroxyl group.

—>81i-OH + BCl, + >$1-0BCl, + HCL Diagram 1-5

3 2
As the pretreatment temperature 1ls raised, the ratio of
C1:B increases, which is consistent with the increasing predominance

of the latter reaction as paired hydroxyls become progressively

removed. (Fripiatfs45 work with diborane supports this scheme).

\
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At a degassing temperature of 500°C, all paired hydr;xyls are removed °
(Figure 1-1b) léaving 1.4 hydroxyl groups per 100 R% which remains
constant up to 600°C. Hockey has named these remaining isolated
hydroxﬁis as "Type A" and those which are palred and can be more
easily removed,‘as "Type B". The value of 1.4 single hydroxyl groups
(A sites) obtained froﬁ 25°C up to 600°C45-&'8 indicates their tempera-
ture stability, whereas the progressive removai of{B sites implies a
sterically controlled dehydroxj}ationzz. It should be noted however
that when a range ' of silicas Is used thag have varying pore size and
different surface areas, the situation on degassing is complex and
there is no really clear cut differentiation between free and hydrogen
bonded hydroxyl types37. The fact that the infrared band for hydroxyl-
absorption extends continuously from 3748 cm_l to lower freq;encies
demonstrates this. The term 'A-type' hydroxyls, then, simply refers

v

to the surface state existing when hydroxyls are sufficiently far

away from each other so as fiot to hydrogen bond (about 3.2 R or
39,49

greater)

Reactions with A-Type Hydroxyls

In the aforementioned reactions with BCIl., it has been observed

3
that there is a non specific attack of hydroxyl groups, both A and B

type hydroxyls reacting equally.

Certain chlorinated silanes however have been shown by
Hockey46 to reactrspecifical 71th only the A type hydroxyls. Di-"
and trimethyl substituted chig;:silanes react selectively and com-

pletely with the single surface hydroxyls, whereas the monomethyl and

L

-
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tetrachlorosilanes also interdct with the hydrogen bonded surface

gro¥%ps, although the_reacfion with these groups is slower. The

selectivity of the bulkier di~ and trimethyl chlorosilanes has been

assoclated by Hockegewith the formation of a bimolecular transition

state in which the methyl chlorosilane has the form of a trigonal

bipyramid,-as shown in Diagram 1-6,

Me
* Cl Me
Me 514// \\\\
] \ >
: cl
si

/N

+ HC1 @

Diagram 1-6

Loss of HCl is eawsily facilitated since the bond angle of $i-0-H

of' the single surface hydroxyls is purported to be 113° (implying that

these groups are bound largely covalently)47. Elimination of HC1

then yields a stable product and reversiom to a tetrahedral con-

figuration. Thus single hydroxyl groups which have thelr oxygen atoms

pointing away from the surface, should react 1:1 with both di- and

trimethyl chlorosilane, but hydrogen bonded hydroxyls should not be

expected to react because the transition state in Diagram 1-6 is un-

likely to be formed because of a sterically hindered approach to the

oxygen atom of a bonded hydroxyl.

The non selectivity of BC13

Hockey46.

L]

has been similarly explained by

The molecule 1s initially planar but in its transition

state would be tetrahedrally arranged so that the chlorine atoms are

"
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held away from the surface and can react equally well with single or .
hydrogen bonded hydroxyls.

Hockey46 concluded thatffor sollds preheated at less than
500°C the reaction with di- and trimethyl chlorosilanes is 1:1 based
on chlorine analysis of the solid phase. However, pretreatment above
500°C produced lower chlorine analyébs,which we;e rationalized as being

n

due to some 1:2 reaction of the chlorosilanes with OH éxoups.

Snyder and Ward37 have also done an extensive study on,tge
reaction of trimethyl chlorosilane (TMCS), but on a Qariety of pBrous
lsilicas which were reacted in thelr freshly prepared (totally hydroxylated
state). They observed, interestingly, th;t the reaction rate for TMCS
was higher on a sample in which.the relative number bf free hydroxyls
was lower, which is contrary to the hypothesis of Hockey46 who proposed
that TMCS could react only with free hydroxyls,

They proposed that some other 'reactive hydroxyl" must be ‘
available to attack TMCS, and that these are strongly hydrogen bonded
hydroxyls where the non-bonded proton (see Diagram1-] should have an
acidity higher than that'of free hydroxyls and therefore have a greater
ability to interact with TMCS. The same effect was observeg\by Yates

et 3150.

The relevancy of this work to that‘on dehydroxylated silicas
containing only 'A type’ hydroxyls, is mot clear but it does illustrate
a réaction feature which 1s not available from studies on 'A type'
alone.

The thesils afforded by Snyder and Ward37 is, nevertheless,

at variance with Hockeys46 interpretation of the reactions with the
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chlorosiianes, and the concept of a "1:1" or "1:2" reaction with the.
"f¥ee hy&foxyl groups'. on silica should be regarded as dubious,
espedlally as‘the-s-e ratios were determingfl in the presence of anm- ) -~
+ infrared band at 3500 cmﬁl; which conceivably implies the presence
of somé of Sﬁyder -and Wards.reactive hydroxyls. ) il
However, other work on Jdried surfacés" (degassed up to
600°C or higher) also points to the existenée of multiple reaction
sites. Per147, for example, has found that when Si'Cl4 was reacted
with.a silica predried at 800°C, over 40% of the SiCl4 molecules
apparently reacted Simulganeously with two hydroxy% groﬁg§. 'This was
believed to be due to the closa_prﬁximity of two hydroxyl groups on ‘
a structured surface., - | *
The l&lydroxyl groups remaining on silica beyond 600°C were ‘
considéred by Peri to be immobile in the light of the ;¥tremely slow
loss of these groups from the surface even at elevated teﬁieratures
whereas any migrétion of hydwmyl groups or protons would presumably
- cauge rapid formation and elimination of water. Mobility of hydrokyl
.grcups also seemed to Peri to be inconsistent with his observation
of the SiCl4 reaction behaviour.in which the hydroxyls were pgired in
some cases and single in other'caseé. This being the case, then the
original surface hydroxyl arrangement must be the impoytant factor
determining the way molecules react. Both types of pairs shown in

Diagraml-3may not necessarily bé hydrogen bonded., In the case of

vicinal hydroxyls, removal of water would be difficult because this

requires edge linking of the‘SiO4 tetrahedra, and geminal hyd;oxyls .

" are probably not bonded to their partners because a five or six
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] L]
membered ring is normally needed for intramolecular hydrogen bonding49

and again water loss is difficult since this would require that

=810 is formed-l, .

Qtﬂer workers have also concluded that there are multiple )
adsorpti;n sites on dried surfaces. +Halr and Hert151 postulated the
exisﬁénce of closely situated hydrﬁxyl groups to explain the kinetics
of hydroxyl loss duriné the reaction of chlorosilahes on sllicas con-

‘taining only a.3750 ~::m—l infrared band. They fitted their rate data

to integrated rate equations of various ordéfs until aol%pear plot was

obtained over most of the reaction. TFor silanes containing two or

more chlorines (He251012, MESiCl3) the observgd order of reaction was

1.4 wﬁich means thgt on 40% of the active surface, the chlorosilanes

react bifunctionally. Contrary to Snyder and Ward's work37, Hair and

Hert151 observed no change in reaction order when some interacting hydroxyls ‘
were present. Iq thei; estimation, the observed analytical and spéctro-p
~ scopic data (discussed in Chapter 3} pointed to the exlstence of geminal
hydroxyl ﬁairs (Diagram 1-3).

Evans and White52 support the nq‘ion of Hair and HertlSl
that adjacent hydroxyl éroups are required to explain the observed
uptake of di- and tfichloroﬁethylsilanes, Steric hindrance effects do
not seem to be important because monochlorotrimethylsilane, which
occupies the same area when physically adsorbed as the di- and tri-
chlorosilaneé, ié oﬁserved to react 1:1 only with hydroxyl groups.

Work by Peglar et al53

illustrates yet another phenomenon.
Reactions with A1013 on silicas carrying only 'A type" hydroxyls were
.

studied gfavimetrically, and welght increases were observed which were
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too large for a simple reaction with a single hydroxyl species to be

the sole mechanism. Thus the reaction shown in Diagram 1-7 does not

a
alone suffice
~ Me Me
N S

H ?l
(IJ + AlMe3 —-—» (|) + CH4 -
Si Si

/N | /N ,
Y ’

Diagram 1-7

The excess weilght was not due to physically adsorbed AlMe_ as shown

3
by outgassing the surface at 120°C. Instead it was proposed that
< H
.

the reaction took place at a different type of site, a strained

siloxane bridge, created by the dehydroxylation of nonlinear hydrogen ‘
bonded hydroxyls. Thus other reactions may proceed as shown in

Diagrams 1-8 -and 1-9.

Me

Me

/0\ /0' . Flle
—si" . si__ + 8
=7 N /1N

strained bridge
Diagram 1-8
and
Me’
Al—Me ' ) : |

/° BN P AN |

51 ¥ s Tsi—» st si +  Si
/| I\ N

Diagram 1-9
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The extent of the lack of apreement between different workers

concerning reactions of electrophiles, like BCl., is illustrated below.

3!

Bermudex's work with BC1§4 on silica which_had-been highly dehydroxy-
lated (A type hydroxyls only) indicated the existence of 33381-0B012
0
\Si/ ~

' species as well as > \\\0//,301 (IT1) from geminal hydroxyls. . He.
reasoned that this was so, because subsequent hydrolysis of the chemi
sorbed chlorides yielded absorption bands which are attributable to
Boric aeild, and that this could only have arisen from an hydrolysis
' ,,/0\\\
\0/
44 :
Hockey ', however, as previously stated, observed that the

product of species II, i.e. -:>Si B-0H (III).
chlorine content‘upon initial chemisorption was comsistent with species
I only, when the surface is dehydroxylated, and furthermore, that the

55

observed B-OH ", intensity becomes progresslvely lower as the 'B

P
type', hydrogen bonded hydroxyls are removed.‘ Gravimeﬁric work by
Boehm et al56 tends to support Hockeys44 conclusions. Evidently the
differences between the results of Bermudez54 and Hockey44 are in the
sample preparation. Bermudez studied his reactions on surfaces which
had been dehydroxylated to 700°C whereas Hockey's surface had been
degassed to‘a maximum of 400°C only. Hockey's conélusions about the
reactivity of BCl3 with the hydroxyl groups are based on the observed
.drop in the intensity of the hydrolyzed product (specles III)} as the
temperature for initial degassing was raised to 400°C. If the tempera-
ture range had been extended, a more exact comparison with Bermudez's
work would have been possible; pevertheless an attempt to reconcile

both pleces of work can be made. Firstly, it seems unreasonable that,

beyond 400°C, geminal hydroxyls should suddenly appear to account for



the =BOH specles observed by Bermudez. Onr the other hand, if a
reaction was to occur whereby chemisorbed 'E3Si—OB012 specles could
interact with a strained siloxane bridge in a way similar to that

‘proposed by Hockey, (Diagram 1-9 )}, then a species
OH

could explain th% existence of a band due to =B-QH being present even
though there are no remaining 'B type' hydroxyls. This scheme though
is still not entirely satisfactory. The strained bridges proposed in
Hockeys mechanism fof AlCl.3 on silica, are formed from the collapse
of B type hydroxyls, which are virtually all ¥emoved at 400°C.
Hockey's44 work shows that the intensity of the B-OH falls as the
initial degassing temperature increases which implies that the bridges
formed from 'B-sites' cannot be participating in the reaction with the
;EBSi-BCiz specles.

If there is a reactive bridge site present then it might be
formed from the collapse of 'A type' hydroxyls. Such bridges Woulé be
expected to be highly strained (chemically active) because of the
larger distances separating 'A type' hydroxyls compared with 'B type'
hydroxyls. These highly strained siloxane sites have been observed

beforel'-i’s7

and were thought to be gites fer cheﬁisorption. Incorporating
" the existence of these sites,.now enables a mechanism to be developed
which satisfies the observations of both HockeyAA and BermudezSAt If
the active sites begin to form beyond 400°C then one would expect to

see the intensity of >B-OH begin to increase as Bermudez observed.
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Hair and Hertl58 have examined the reactions of other chlorine coll-

taining moleculeé such as PClB'TiCl3’CClA’ SnCl,+ and GeCl4 on silica

) surfaces which had been previously degassed to 800°C. They expected

that a reaction analogous to that of chlorosilanes on silica might
occur, viz.,

&

l" ————n—>'_.. +
/,SiOH + SiCl4 /,Sl 0 SiCl3 HC1

Although this tyﬁé oflreéctibn was observed for each of the abowve
molecules it was also foundhthat another reaction simultaneously
occurred which resulted in the direct chlorination of the surface
hydroxyl groups, evidenced By a higher Cl:metal ratic of adsorbates
than fhe above reaction mechanism could give. A mechanism for direct

chlorination was thought to be (for BClS),

Cl cl

| | |

? + BC13 -+ sSi + ?—OH

si o /N c1
/N

No consideration was given to the possibility that active sites, which

" exist on 800°C1¢hgassed silicas, might be responsible in some part,

for direct chlorination,

i.e. :
Il?nC].2
///0\\\ + BCl3 + T + Tl
/,Si Si Si Si v
7] N /NN
Preliminary studies by Morrow and Devisg“sl 11lustrated

. 1
that the chemical reactivity of these sites toward BF3 superceded the’
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reaction with silanol groups. Though these sites had been péstulated
before, the first spectroscopic evidence has only recently been pre-
sented by Morrow and Devi59 who observed the growth of 908 and 888 cmfl
bands corresponding to the decrease in intensity of the 3748 cm_l S1i0R
band. Though 900 cm-l is low for siloxane sites, it was thought that
the special reactivity of the sites might be connected with a weaker
than normal Si-0 bond. But the existence of two bands is puzzling,
because the site behaves chemically as if it were a simple Si-0-Si
bridge (see Chapter 5).

The importance of these new active sites on dehydroxylated
surfaces has not been much appreciated and a comprehensive study of

their behaviour is the major theme of the silica work presented in

Chapters 4 and 5.

From the previous literature it is apparent that a studf of
active sites on silica is intertwined with studies which have
attempted to show the existence of geminal hydroxyl groups. The
analytical and kinetic evidence provided by Hairs worksl with the
chlorosilanes gives a convincing case for the exdstence of such
species, but the spectroscopic proof that he and other workers62 pro-
vide is questionable. Hair claimed that the Si-OH band located at
about 3750 cm-I is resolvable into three compopent bands, 3751, 3747
and 3741 cm_% which may be ascribed to the cqupled :;dg of a geminal
hydroxyl pair (3751, 3741 curl) along with the single hydroxyl mode
(3747 c;fl). Furthermore, the integrated intensities of each of the

components ghowed that the central band (3747 cm_l) accounted for about

60% of the total band profile which fits the observed 1.4 order of
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reaction obtﬁined for the chlorosilane on this surface &i.e. 40%
geminal pairs). Van Cauwelaert et a162 have cbserved a similar
:splitting of the Si-0OH band, and though their interpretation of the
assignment of bands differs slightly, they also conclude that the
components observed are due to a geminal species co-existing with

isolated hydroxyls. Geminal groups may be expected to produce

-
absorption bands in this region since no hydrogen bonding is expected.
This work has been disputed by Hockey63 and Morrong and

contradicted by earlief‘studies by PeriAY.

Per:[.47 had noticed that reactions of SiCl, with silica

4
followed by hydrolysis of the chemisorbed group (producing either
—O0._ _-OH
-0-81i(0H) , or 51 ) did not lead to the appearance of new
3 —o0-7  Son

bands in the hydroxyl region of the infrared spectrum, suggesting that
geminal or even triplet hydroxyls are not readily distinguishable from
the single apecies. Hockey63 contended that the splitting was merely
due to the fine structure of the gas phase spectra of residual water
in the spectrometer. Morrcwsg could find no trace of shoulders in

the band and no marked change in band shape was observed when the
surface was treated with H2018.

Van Cauwelaert62 however was adamant that the splitting was
real. This prompted a careful gtudy of the profile of the $i-0H band
under various condifions to be done in this laboratory and findings
support Hockey's work,‘namely that the band is structureless (see
Chapte; 3).

Thus,’if geminal hydroxyls do exdst, then they are not

distinguishable by spectroscoplc means.’

-«



- 39 -~

Mobility of Surface Groups

When ;a silica surface is exposed to the high temperatures
required to almosg totally dehydroxylate a surface SlZOO“C) it is
pertinent to consider whether any configurational change is taking
place, corresponding to a shift from cne isomorph to another, or in
a more general sense, for an amorphous material, if the surface groups
possess some degree of mobility,

Taylor originally defined dehydroxylation as being either
an "homogeneous" proce5564 whereby water is lost from all parts of
the lattice or as "inhomogeneous"GS. In this latter précess de-
hydroxylation was thought to proceéd in three steps:

1) loss of oxide ions to expose donor regions and then

0 + 2 — H,0

“2) Cation (Sil"*')‘migration from donor to acceptor regions, <
and 3) Change in packing in the acceptor regionms.

Although there does not seem to be clear evidence for either

proton or oxide ion mobility from infrared surface studie547, recent
work by Rouxhet et a166 using NMR techniques seems to indicate very

extensive mobility at high temperatures.

Recent Studies of the Adsorption of Water

A. Hydroxylated silica

As has been mentioned previously, the adsbrption and de-

sorption of water is reversible on surfaces which have been degassed

5,26,29

up to 400°C . Measureﬁents of heats of adsorption on hydroxylated

and partially dehydroxylated surfaces67 indicates too, that water 1s

-



- 40 -

‘molecularly adsorbed to free hydroxyl groups and is dissociatively
chemigorbed on thydrokylated surfaces. That is, the 'bound'
hydroxyls can be reversibly remoﬁed and reformed as long as the sur-
face dehydroxylation has not diminished the ﬁ;droxyl population be-
low a certain level. On totally hydroxylated surfaces, it has been
68,69,73

proposed that water can be bound on adjacent hydroxyls as

shown in Diagram 1-10,

H
-—-—>Si—0\\/ >51—0
~
H H . H
AN RN
0 and L0
/ RN
. H /H "
Vd
>5i-—0] —>st—0
-~ -
| \H
Diagram 1-10

When submonclayer amounts of water are added to totally
hydroxylated surfaces, the heat of adsorption is observed to be
high,( 17 kcal mole-1)73 perhaps because the water molecules are
forced into making more than one hydrogen bond with the surface
hydroxyls, the hydrogen bonds between the hydroxyl groups and water
are in a strained orientation, and interaction energy is at a maximum.

However, according to Galkin et 3173 as more of the sgurface
becomes covered, the number of bonds which can form becomes limited
but those water molecules that do subsequently bond to/ﬂydroxyl
groups are able to adopt a more favourable orientatioq/with respect

to the surface hydroxyl groups and the iInteraction energy dropa.'
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(The heat of adsorptlon approaches the heat of condensation of w?ter).

B. Dehydroxylated silica

Degassing the surface between 100°C and 460°C, actually
.increases the number of free hydroxylsl9 as the absorpsion band due
to perturbed hydfbxyls and adsorbgd water molecules disappears, cor-
responding té the liberation of‘free hydroxyls from interactions
(Figure 1~2b). Once the surface has become degassed beyond about 406°C.
irreversible changes occur70. Hydroxyl groups are removed which leave
behind the new highly strained sites. The previously observed ability
of the B type siloxane bridges (from the 'B hydroxyl' collapse) to
rehydrate begins to diminish and at 850°C it does not occur at all
(Figure 1-2a).

The coincidence of the appearance of new sites at 400°C,

and the change in reactivity of 'B type' bridges at this temperature -
cannot be fortuitous. Evidently when the 'A type' hydroxyls are

removed to form the activé sites, the character of the whole surface
undergoes change. Water adsorption is an effective monitor of this

19,21,71-73 have studied the behaviour of sur-

change. Kiselev et al
faces degassed to varyiné degrees and then interact;é with varlous
adsorbates, in particular water. They noticed that En surfaces de-
gassed up to 600°C the adsorption of deuterated water diminished the
free f}Si—OD band intensity but on desorption at 25°C for 10 min (all
physically bonded water removed), the =»Si-OD band increased in

intensity beyond its initial value. These two features indicate that

the free hydroxyls are tﬁf major sites for physical‘adsorption of
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'

19,74° -~
water Jelatively dehydroxylated surfaces, and that a site

exists on whichlwater can chemisorb to form new free hydroxyl
species74. When there is a low surface coverage of water on highly
dehydroxylated sites (1100°C) very little change occurs in the free
hydroxyl intensity which, according to Kiselev75, means that‘Eingle
hydroxyls élﬂﬂ& are not able to retain water molecules. Thus it was
thought to be necessary for water molecules (or dimers) to form two
H&drogeh bonds with two hydroxyl groups (Diagram 1-10).

Only when the vapour pressure of water is high doas the
intengity of the 3748 cm_l band begin to fall, suggesting that
sufficient molecular association has taken place to enable bonding

to occur simultaneously on two hydroxyl sites. This is confirmed

by the presence of a band characteristic of liquid water (3430-3450

Anderson and WickersheimG? obgerved that two bands appearing
as the silica surface becomes progressively hydrated could both be
attributed to water, a band at 3540 cm-1 c&iresponding to monomeric
molecular water and another at 3400 cm-l corresponding to water
molecules forming a hydrogen boné%ﬂ ﬁetwork on the surface. The co-
existence of these bands seemed to indicate that the adsorption of
water is not uniform, Further evidence for this non-uniformity was

that free hydroxyl groups were observed to co-exist with the 3400 cnrl

band73. Kiselev75 has proposed that tha new free hydroxyls formed as
a result of dissociative chemisorption of water on the strained siloxane

sites, are the centres for the adsorption of dimeric water which remain

on the surface even up to degassing temperatures of 250°C. Two
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abéorpﬁion bands at 3530 and 3700 cm-l‘which remain in the spectrum
\ of a water treated sample degassed at 250°Cwere thought to be due to
such a species which was bound to two surface silanols. Kiselev's
proposal of dimeric water was based on the known gpectra of matrix

76,77

isolated dimeric water which has a high frequency OH band near

-1 ' -
3700 em © and a lower frequency band near 3550 cm 1 as well as the
- .

}

v, and Vg modes of water '

V..V, \o —H—0" 3700 cn *
H 3500 cm-l

Diagram 1-10

Kiselev et 3175 proposed that because the 3750 cm_lifree

>81-0H band was observed to be constant at low surface coverages of
water on silica which had been pretreated above 900?; then the free
hydroxyls must be unable to retain water, and there mggt‘btWa
necessity for two hydrogen bonds-between water molecules or their
dimers and two surface silanols before adsorption of water can agcur.
These silanols were identified in the spectra as a low wavenumber
shoulder on the 3750 cm_l band. Larger quantities/ff water formed
molecular associates. o

Klier, Shen and Zettlemnyer78 have monitored the spectra of
the adsorption of water to partially hydrophobed silica in‘the near
infrared reglon. The advantage of this approach is that there is no

confugion as to which modes belong to adsorbed water and to silanols,

owing to the fact that water has a strong combination band (U2 + v3)
A
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at 5300 ::m—l which does not overlap any silica ba;lds ar.ld 1s only
cbserved when water is present.  They noticed that the capacity for
" water 'a.dsrorpti‘.on diminished as lthe. surface hydroxyl population dropped.
Also, no 5300 cm-l band was noticeable éfter the silica
sample had been outgassed at 170°C.
Changes in the Si-Q0H 2v, (7310 cmql) and the H,0 (\)2 + \;3)
band intensities with increased water adsorption demonstrated that
the su:cface hjrdroxyls weré the active centres for water adsorption.
The 2v band shifted dewnward by 100 cm‘l at the saturation vapour
pressure of water, a value close to that obse‘rved foxj donor hydrogen

bonds in water dimersn, whereas \)2 + \)3 for water shifted by only

-30 c;n"l. From this data Klier et al deduced that the silanols pro- ‘

vided a donor band to adsorbing water molecules so that

| ya

H---0 H H

0/ \H \O /,/

and not .
L L |
/‘\ Diagram 1-11 /I\ \

is the likely configuratiom.

[

A stracture involving geminal silanols and water,

H H H H H H H
NSNS IR N\
L0, PN L0 AN L0
// \\ -’ \: // \\ // \-/ N
I .
0 0 0] 0 0 0
N/ N/ N4

51 Si Si

/ \ / \ /\

Diagram 1-12

was ruled out on the basis of the 1:1 relationship in the increase
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“in Vo + Vg of water with &icrease In 2v of SiOHW, because this structure .

_would require that water i

T

iniﬁially bound to two surface hydroxyls,

b;t with pyoceeding‘adsg}ption, one water molecule woulé become bound,
an average to one‘hydrox§1 by nonlinear hydrogen'honds. Hence geminal
hydr;ﬁyls—do not seem to be a part of the surface network, . . -

- On the basis of these 6béervations it is ;130 difficult go J
account ﬂﬁathe formation of a dimeric water which 1is s;mhltaneously
attach%d to two surface hydroxyls (as proposed by Kiselev et 3175) if
the only mékp of attachment is where the éurfhce ﬁ?droxyl is.tﬁe'dpnor
" end of the hydrogen bond. |

‘ In }act,,kiselev et 3179 have also studied tﬁé near infrared
spectra of.SiOZIHZO syétem§ for.various-silicas'degassed at different
temperatures and they too noted the liﬁearity of the change in the

Y, + Vq band of ﬁatgr and the 2v band of SiOH but no interpretation

was‘given to shifts in the band-positioné. They concluded that both

ﬁreijgnd bound hydroxyls were sites for water adsorption. The parti-

cipation of bound ﬁydroxyls was shown by the fact-that the v, + V

2 3
' \\\\_dﬁband of wagsr was'grgatly diminished if the surface had been previously

N

degassed to 450°C, at which only-hydrogen bonded hydroxyls should be
,removeé.n The free hydroxyls paéticipafe with and without the presence
of bound hydroxyls.

However, on the basis of arguments givgany Klier et'al78 in
their rejection of a geminal hydroxyl surfécefarrgngement, it seems
unlikely that water 1is Initially adsorbed_;n dehydroxylated silicas at -
two hydroxyl groups, even as monomeric water (Kiselevs proposal75),

since the quantitative relationship between the amount of é@sorbed



water and the intensities of the v2 + v3 band of water and the iv
. . . ' ' [~

. bénd of silica in&icate that, initially, water is bound to'oniy one
h&droxyl.
Further support for this ided comes from heats of adsorption”
studies ‘on dehydroxylated silicas.. Basset et g&ao report that- a
. 'value of only 6 kcal mbleql 1s obtained for subﬁonﬁlayér coverage‘of
' water on .these siiicas,_well belaw tﬁe value for the heat of con-
" demsation of water (9.8 kcal mole—l). ‘ g ’_ i .
dg; R Hence, eﬁtending the arguments of Galkin eé 3173 pertaining
. to heats of adsorption of water on hydroxylated silica, to the case
Lo fof'dehydroxylated s{lica, a valué lesslthathhe heat: of condensatiow-r
‘ infers a single site adsorption, thaf is, interaction is at a minimum. -
It is important at this étage to clarify’thé-situatiqn for the

adsorbed water interaction with free hydroxyls. That several workers

in- the bast, e.g. HockeyAA, have observed no interaction of the free

hydroxyls with multilayers of water even under reasonably. hydroxylated

conditions, is probably traceable to heating effect of the infrared

beam on their samplezl. N

1

——— TN Chuiko et al8 had, like Hockey44, observed no'perturbation

R of the SiOH band with water or methanol, but they established that the
| ‘ )
amount of water adsorbed was related to the concentration of surface

Kﬁgdroiylél In their opinion the silicon atoms of the surface silanols
. \‘; ) :L
were the |

tes for adsorptiom.

‘Bagcom and Timmops82 also noted that there was apparenﬁly
gy
. no chajige in the intensity of the SiOH band for water adsorption on

silida particles suspended . in 0014. but they did consider, nevertheless,



that adsorbed water was held to the surface of silica by hydrogen
bonding to the surface hydroxyls. They rationalized that any de-
crease in the Si0H intensity would be compensated for by the forma-
tion of free O-H bonds in adsorbed water,

However, there is no need to invoke these arguments, for
as Kiselev7l_74, Anderson and Wickersheim69 and Klier e; a178 have
shown, the Si0H intensity is affectéd by waéer adsorption.

Kiselev73 and K;ier et al78 have both emphasized thaf‘the
interact%Pn of‘water with surface hydroxyls is more easily f;cilitated
if, subsequently, clustérs can be formed, and that this requires that
there is simultaneous adsorption of water at tﬁ9 hydrox§; sites.

On surfaces which contain both free and hydrogen bsnded
hydroxyls (i.e. on surfaces degassed below 400°C) associated water
forms more readily than on.surfaces containing only frge hydroxyls
(from references 73 and775). This is illustrated by the fact that
lower vapour pressures of water are required to totally remove the
free hydroxyl specles and to form associated‘water on hydroxylated
silicas.‘

This may be because water can adsorb simultaneously at
fréé hydroxyls and adjacentlhydrogen bonded hydroxyls on fully
hydroxylated surfaces where there 1s some optimum distance separating
the hydroxyl éroups for the preferred-adsorption of water.

Thus, fof a large population of free and non-linear
hydrogen Bonded hydroxyls adsorbing water molecules have a greater
poasibility of finding hydroxyls separ;ted by this distance., As the

bonded hydroxyls are removed by increased degassing temperatures,
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higher vapour pressures are required because water adsorption at,
- say, 400°C is then pre-empted by the rehydroxylation of the surface.
When the facility for chemisorptive rehydroxylation is removed (i.e.,

above AOOOC), the adsorptilon of water then becomes solely dependent

1 ¢

on the disgéﬁcé separating free hydroxyl groups and the vapour pressure
" required to just formjmolecular associations begins to fall until the-
op timum hydfo;yl gFouplseﬁaration is reached. This value appears to
be about 0.9 hydroxyl_i;oups per 100 32 corresponding to a surface
degassed at SOOOC (frém’references 1§ and 75).

None of the theories for water adsorption on sili;a proposed
by any of thé afdrementioned authors place much emphasis on the type
of surface that exists on highly dehydroxylated silicas,. only notiné

that "some active site exists at which water seems to chemisorb".

In view of this lack of knowledge about what this site might ‘

be, theories of water absorption on these surfaces should be regarded

with some reservation.
Sumary

The diversity of experimental cﬁnditions that have béen ﬁsed to
study the'reactions of siiica with the chlorosilanes, the méthylchlorot
silaﬁes and of water prevents a singular interpretation of the nature of
the surface and of reaction modes. Nonetheless, the following seems to
have been established. ‘

1. Geminal hydroxyl groups may exlst on dehydroxylated silica, but there

1s no spectroscopic proof for this. Adjacent hydroxyls are required to explain
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the kinetic and analytical observations made with chlorosilanes and metﬁyla

chlorosilanes on dehydroxylated surfaces. However, more recent work with

AlCl3 indicates that strained bridge sites may also be involved.
2. Both bound and free hydroxyls interact with water but in the absence

H

of bound hydroxyls, adsorption is favoured only aE higher vapour pressures
of water. Water appears to be bound at adjacent hydroxyl siﬁes on fuily
hydroxylated surfaces but there is argument as to whether this is the mode
of adsorption on a dehydroxylated silica. For example, Kiselev favours a
multiple adsorption site, whéreas Klier et al. consider that the water

is bound at a single site as shown in Diagram 1-11. |

~

3. Wgter is almost totally removeéd from silica by outgassing at room
temperaturei _ -
4. A surface degassed below 400°C can be reversibly rehydroxylated with

water vapour to form hydrogen bonded hydroxyls, (i.e., water is chemisorbed),

whereas a surface which has been degassed at temperatures greater than

't
!
]
H
!
.l‘
.

400°¢C cannot be totally rehydroxylated, and instead, new sites are formed

_which result in chemisorption of a different kind. It is this latter

form of chemisorption.that has been choseﬁﬁggt study in this thesis.
Several new features have been discovered and, in particular when

water is adsorbed on surfaces with low hydroxyl concentrations, three new

types of hydroxyl group hav e been propesed to exist (see Chapters &

and 5).
Isotope Studies

The remaining sections of work on silica in this thesis, involve’
the determiﬁation of the nature and orientatioﬁ of chemisorbed species

from the adsorption of small molecules like NH,, HCN and cyanogen (CZNZ)'

3’



- 49 -

It is quite noticeable in the surface chemistry literature
thaF, in most ingtances, assignments of vibrational modes-of adsorbed
speciés are made solely on the bas}s of analogy with other compounds
of known frequency or with the pre-adso;bed molecular species itself.

This qén be quite a useful apprdach in general especially
if the bands in the spectrum are few and well defined. However, in
. cases where many bands appear clustered together, or the position of
absorption band varies widely, then assignments are not so readily
made. For example, fundamental bands for nitrile absorption involving
mainly the -CEE& stretching mode are knd;£ to adsorb from 2350 cm—1
to 2000 cm-'l depending on the nature of the surface and upon the atoms
adjoining the nitrile graup. If there are mu}tiple species co-existing
on the surface then it becomes quite difficult to clearly assign bands

r +
Qbsefved uﬂequivocally to a particular mode in a particular species,
simply by a reference comparison. A relatively quick method exists
to enabi: accurate assignments to be made.

This 1is the use of isotope substitution of the adsbrbéd
species. When the mass of an atom of a molecule is altered by.isotope
replacement, the normal modes of vibration of éhé molecule will all
be altered to some exgént, and the extent of the change in the normal
mode is directly measurable as the shift in frequency for that moée
appearing in the infrared spectrum. The fact that there is a shift
at all is proof that the isotoplcally replaced atom hag-been retained
by the chemisorbed species upon adsorption. The magnitude of the

shift cannot be immediately interpreted in the case of polyatomic

adsorbed species and some calculation is required. (Actually partial

-

/

-~
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isotopic substitution generally does show how many atoms are present).

However, the ﬁrime object of the calculétion is to set up a suitable

N

force fieid for the adsorbed species based on the observed norm‘&
vibrational frequencies. Then, if the calculated force field is a suit-.
able déscription of the environment in which the species vibrates,
isotope substitution in the molecule should only alter the kinetic

'energy of the adsorbed species and an expected frequency shift can be S

obtained and compared to the observed shift.

.
]

If there is no coincidence between the cbserved and calcu-
lated shift in frequencies then two considerations must be made. A
change in the force field can be effected by changing force constant

values given to the molecule. Providing this change of force con-

stant values is judiciously made and the force constants are still’

physically realistic and capable of meaningful comparison with other
similar molecules then the process of change is continued until a fit
is obtained with the observed frequencies of the normal and isotopic

' molecﬁles. In fact this process is not straightforward and will be
discussed in more detail below.

If no fit can be achieved with the observed and calculated
frequencies, except by using unrealistic force constants then a change
must be made to the coordinates themselves, that is,'a new configura-
tion for the orientation of the speciles.w.r.t. the surface should be
considered (ﬁith corresponding new kinetic energy and potential |
energy termé) and the process of variation of the forqe fieldlrepeated
to see if a fit can then be achieved. d

This total procedure then enables the observed frequency

S
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/
to be ass%gned to a normal mode of vibration of a particular speciles

that has a particular surface orientation.

"Evaluation of Force Constants frBE'VIb%ational Frequencies

Wilson983 'GF' method has been employed to evaluate force
constants in a program developed by Schachtschneiders4 where in general
the G elements ane the roots;(l) of the secular equation [GF-AE| =
are known. Where necessarf, the cor?ection for anhafmonicity in the
deuterium stretches has been made for the observed frequency, (the

correction factor is 1.011). *

The use of isotopes to facilitate a calculation of the
force field has the following purpose. Provided the number of\
force constants is not greater than the number of frequencies of the
hon—;sotopically substituted species then a force field can be derived
which can then be used to find the frequencies for the isotopically
suestituted molecule, If a match is obtégged and the force constants
are reasonable then one can be reasonably confident in assigning a

certain structure to the species. Consider, for example, a system

Ifor tWhich the secular matrix is described as

11 %12 1
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e
with roots A, and A,, then
1 2 R
A ¥ Ay T g f) * By (1)
and A, = ( -2y £.f (2)
: e 1% £11820 = B1p) I3y :

Since the true rcots and the G matrix
entries are known then the correSponding;force constant values can be
found by solving eﬁuations (1) and (2). The required solutions are
the values of f1 and f, where th; straight line (equation 1) cuts
the recﬁangular hyperbola (equation 2). The values of the roots will

“\\*determine whether the line cuts the hyperbola in two points, is
tapgéﬁgzg} to'it (one point) or does not cut it at all,when fl is
plotted apainst f2‘ For a range of force constant values, for each
pgir of fl and f2, the corresponding roots Al and kz are evaluated,

and a quantity

-1 _ 5 a1 _ 0.2 1 _ 4042 v
X =R 0] - ADT + 05 - A)) (3

- 1a evaluated, and is a measure of the lack of agreement between the
calculated and true roots. The various values of X for various values
of fl and f2 generate a surface in gpace fl, fz, X in which the

minimal values of xi represent satisfactory values of f1 and f2. Pl

and P2 are welghting factors.
In a refinement process, tﬁe object is to change the values
of f1 and f2 for which the roots are in better agreement with the true

roots. This is continued umtil xi is a minimum. It follongfrom

™

equation (3) that ‘ ™~

4 1 1 .0.2 i 1 o2
X = Pl(ll + A:\l - Al) + P2(A2 + Alz - ?\2) (&)
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Now since AX can be related to Af, then ¥ can be expressed as a

function of Af. est values are those which minimize ¥ and are
found by solving two_simultaneous equations in Afi and ﬁf; by

applying the conditicn ak?afi = 0 and Bxilafé = Q..
Sometimes when full vibrationai information is un-
avallable, isotopic freqﬁencies can be used as initial data to -
-
develop the force field. For example, if an of f diagonal term f12

had been introduced in the original matrix then a third equation from -

the isotopically substituted molecule would be required.

Symmetry Y
For the purposes of computer calculation, the derivation
of symmetry coordinates is not warranted. However, in some instances

there is an advantage of inserting such coordinates since the GF

matrix will be in block form so that one can deal separately with

those modes related by symmetry and avold the need to supply the

values of the roots of all modes.

p-

~
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CHAPTER 2
EXPERIMENTAL (GENERAL)

The Infrared Spectrometer

-

All infrared spectra have been obtalned using a modified
Perkin Elmer léG Filter-Grating Spectrometer. For routine use,
spectral slit—wichs of 5;10 cm_l have been used over a range ex-
tending from 3800 cm,-1 to 600‘cm“l, although smaller spectral slit-
widths have been used under specific circumstances which are
dealt with individually.

The instrument has generally Eeen used in, a double beam
mode although the single beam facility was occasionally eﬁployed.

One notable featuré of the spectrometer is that the

chopper is Ssituated between the Nernst glower ‘source and the sampling

zone so that any possibility of inadvertently measuring emission
spectra from a hot sample is eliminated. The spectrometer was
flushed with a continuous flow of dry air from a Beckman Automatic

Adlr drier.

General Equipment

. Vacuum Line
A standard pyrex vacuum line was required in order to de-
gass samples and for transfer of gases and vapours from container

bulbs to a sample cell.



/ - s

The'principa% features of the line include a mercury mano-
meter (used ta measure pressures of greater than 1 torr), a pirani
vacuum gauge (to estimate pressures down to IO-4 torr)t a marcury
diffu?ion pump and a mechanical oil backing-pﬁmp (pumpi?g speed 25
1itreé min-l).‘ The main line was of wide bore (1" dia.) to make )
pumping more efficient.. Two liquid nitrogen traps were placed be-

tween the main line and the pumps.

Generally a dynamiec vacuum of t 10_4 torr was considered

satisfactory for most experiments. e vacuum stopcocks and ground

L]

joints were lubricated with Apiezon 'N' grease.

Sample Cells

Two types of cell have been used and are represented in
Figure 2-1. 1In both cells a ball joint system was used for con-

nection to the vacuum line.

h]

CELL A. A Room Temperature Cell
The cell shown in Figure 2-la was designed in this labfé;teyy
especially for studies of the sample at room temperature. The body
of the cell and the sample holder is quartz and the windows are
either NaCl or CaF2 (5.5 cm dia. and 5 mm thickness). NaCl windows
were used when transparency below 1200 cmnl was required. Glyptal
was used to seal the windows to the quartz body.
The heating zone consists of a layer of asbestos matting
over which is wound approximately three metres of Kanthal wire such

that there are about four turns per centimetre. Thils in turn is

e
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insulated by a thick coating of powdered asbestos. A small quartz
tube may be inserted between the windings and the asbestos mat so

tﬂat a thermocouple Qire (chromel-alumel) can be inserted to deter- !
‘mine the temperature at the surface of the cell. (The tempegature -

at the sample surface is probably always less).

Temperatures up to 1200°C can be achieved, however, the
lifetime of the heating wire is short under these conditions. Since
high temperatures were often used the ground joint was lubricated
with Apiezon H.

Though this cell is like many others that have been used
in infrared studies, it has a unique feature that enables a more -

rapid replacemenf,and setting of the sample. The sample holder con-

\

sists of two concave annular discs, one on each arm of the forkpiece,

L

which are held toge&hérfby‘tension in the fork.

-

To place a sample (a 2.5 cm disc) insiée the holde;; the
ends of the fork can be prise@ open with just light hand pressure,
sufficient‘;o allow a disc to slip in edge-ways. The other end of
the forkpiece fits snugly into a matching she#th 50 that movement of
the sample from the furnace to the windows is permitted but without
twisting, so that the same orientation is always maintaiﬁed with

respect to the windows (and with respect to the Infrared beam pro-

vided the cell position itself remains umchanged).

CELL B. A Variable Temperature Cell

The detailed features of this ceil (Figure 2-1b) have been

i

described elsewhereas. Its importance in this work was to enable the

.
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specfra of surfaces to be monitored at various measured temperatures,'
a function unavailablé with the previously described cell. Bue to N
the nearness of the heat;ng block to the cell windows (Can) the T
maximum £emperature usable is about 400°QL_.The sample can also, be
cooled. To do this, the cell is first evacuated, 'then about.lO torr
of either Ar or He is admitﬁgd. An external well is filled with a
. ;oolant liquid such aslnitqogén, and subsequently, heat is removed

from the sample by conduction. Temperatures of about -170°C may be

achieved after about 10 minutes when the well is filled'with-nitrogen.
A . 5

Materials - ‘

Silieca ‘ ' * -~

.The silica used for beth pure studies and for the supported - - _

metal work, was Cabosil H-S5 obtained from Cabot Inc. of Boston,‘U.S.A.

2

It had a B.E.T. (NZ) surface area‘of 320 m g_l.

Before use, .the silica was preheated in air to 700°C in
order to oxidize any organic contaminants. To render the powder

: sultable for spectroscopic examination it was pressed into a self-

suppqrting disc. A 2.5 cm diameter die similar to that used in the
preparation of KBr discs, with applied pressures of about 70 kg t:m_2
maint;ined for just a few seconds gerved thig ﬁurpose.

Under special circumstances when pregsures higher than this
were required for silica disc preparation, a hardened steel die was
use% of tempéﬁgd F.N.S: sﬁeel (see Figure 2-2). A stainless steel

| sleeve fits over the projections and remains unstrained during pressing

&
so that discs can be easlly removed from the die even after pressing
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FIGURE 2-1

(a) Infrared &1 A. The Tower section and the sample holder are made of
quartz; thegupper Section, including stopcock.is constructed of pyrex.
The distang from the windows to the heating area is 20 cm.
(b} (i) and (i1).. Infrdred cel1"B: (reproduced from reference 84).
"(i} Schematic diagram of the sample cell. A, B10 cone and socket;
B, coolant reservoir; C, B55 cone; D, thermocoup]e leads; E, copper 1eads
to heating element; F threaded copper rod.
(ii) G, thermocoup]e leads; H, metal terminal connectors; I, copper socket;

J, copperfsamp1e tube; K, sta1nless steel spring; L, Nichrome heating
Wire. .
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FIGURE 2-2-
L §
Hardened steel die for preparing discs at high pressure.

A. End pieces with 2.5 cm diameter machined faces.

B. Close fitting stainless steel collar.
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SN ;.go.;l,OOQ Egicmrz.‘ In the conventional steel die this is not possible

due to spreading of the metal.

-—

With eiéher die, an& rgﬁ%rdless of the pressure utilize&,
thg removal of silica from the die faces after pressing was made
easler by placing circular wafers of lens cleaning paper (2.5 cm
diamgter) between the poﬁder and the polished faces to eliminate
sticking. - . VJ
| In the preparation of wvery ;hin discs (3 mg cm—z)-a further

precaution had to be observed to prevent the pressed.disc from be-
. . comlng distorted due to electrostatic charge differences between
silica and the paper wafers; the wafers were lmpregnated with silica

powder by pressing several times with larger amounts of silica (30 mg

cmfz) prlior to thelr use in the preparation of thin discs.

In the general procedure, the disc was then placed in an

infrared cell and evacuated to remove moilsture and alr from the cell,
I

It is then ready. for study by infrared spectroscdﬁy.

Supported Metals

L4

To make a disc of a metal supported on silica that is

» :

- suitably transparent in th frared from 4000 to 1200 cm_l-a strict

procedure must be followed. Experience has shuwn;that‘a lack of
- adherence to any odﬁ of.the following steps tends to result in
sampleé that cannot be successfully preésed or that are virtually

opaqﬁé*iﬁfzgg infrared region. The metal used exclusively in this

.dork wag platinum,

—

.).
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thCIGxHZO)

was dissolved in about 70.ml of spectral quality acetone at room

1

A one-gram sample of a salt of-the metal (e.g. H

temperature, then two grams of gilica powder were added slowly, with
stirring, until a uniform slurry was obtained. The slurry.was then
left .to dry at room témperature for one week, during which time, the
conglomerateé wh£ch formed were broken up lightly with a:glass rod.

After this period, the remaining lumps were pulverized in a.mortar

1

~ and pestle for at least thirty minutes. Pressure used was sufficient

to form a fine powder but not so hard as te force the particles back

n

together. At this stage the pawdér'was observed to be dark céloured

indicating the presence' of metal oxide586: (Platinum powders were

generally light brqwn)l- The samples was then stored in a dessicator

for a few days and reground for 10 minutes prior to use.

RN
..

" About 200 mg (40 mg cmfz) of sample were used for disc
preparation although with as little as 50 mg (lb mg cm_z) it was

possible to obtain a self-supporting disc. Again lens cleaning paper

. wafers were used to separate the powder from the die and prevent

sticking. Pressures were always 70 kg cmfz.

Reduction of the supported metal salt was carried out in-
side Celi A. The sampie éag drawn uﬁ to the
fﬁrnace zone in the fork holdér and the cell, wbich was pos;ﬁioned
horizontally on the vacuum line, was outgasseé at 50°é for 6 hr.
Ultra pure hydrogen was obtained by passiné commercial hydrogen (Union
Carbide) through an electrically heated palladium thimble at 650°C
{(Mathey-Bishop HP-2 Hydf;gen Purifier). Initially 400 torr of this

hydrogen was admitted to the cell at room temperature and after five
&

-

.
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'minutes, degassed until the pressure was below 10> torr. (This may
take fifteen minutes). Again 400 torr was admitted and the proﬁess
repeated, (The maip/impuritieé evolved on outgassing at this step

are HC1l, formed duriﬁg the reduction of the'salt, HZO from the sample

-

expésure to the atmosphere and residuai hydrocarbons, from reduction

of ;cetohe remaining in the powder. It seems to be important to be

rid of mosﬁ of these impurities befoére proceeding to higher tempera-
“tures.) The temperature of the' sample was then slowly raised to 100°C "

in increments of about 20°C. At each step, fresh hyﬁ%agén was admitted

for twenty minutes and outgassed to a pressure of 10“3 torr.

Beyond 100°C, temperature increments of 50°C were méintainéﬁ,

P - -

' . .
until 300°C, with fresh hydrogen being:introduced at each temperature

rise, and degasséd to 10_3 torr just prior to the following tempefa—

ture step. This series of steps took three hours. The temperature

was only raised further when tHe residual pressure on the final out-

gassing at 300°C had dropped below 5 x lo_kktorr.

The next temperature increase was to 400°C where again

i

I
N
1
.
N
\
.
M

fresh hydrogen (400 torr) was admitted several times over a period of
about one hour. Finally the sample was degassed at 450°C and cooled

from this temperature in fresh hydrogen.

2

The bestﬁPtISiO' discs obtained using this procedure had
the following specifications. If 100% T was set at 2100 cm,_1 with

the sample placed in the infrared beam, the transmission at 3800 cm-l

\

was 40%Z. 1If, however, 100%Z T was initially set at 2100_¢':m_1 without

-

r

énything in the sample beam, then the sample placed in the beam, the
transmission dropped to 40%. The same value was obtained for a silica

‘gample of identical size,
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This is far better transmission than reported elsewhere
in the literature for samfl&;of comparable size and percentage of
metal (162 in the case of Pt), and is attributable to the use of a -
dry acetone slurry instead of commonly used water slurries, .to the
slow rate of drying of the slurry, and, to the care taken in the
reduction procedure to remove impurities at low temperatures and to
a slow temperature increase. Dué to the absence of large aﬁaﬁnts of
Nmoisture in thg powder a much clearer Tegion around 3600 cm._1 has
been obtained enabling new Specigs té be identifiedsy'which would
not have been possible using powders derived from aqueous slurries.

Supported metals cannot be used indefinitely but their
lifetime does dépend on the type of adsorbate used. Regeneration of
a\surface can generally be achieved by outgassing the adsorbate used
for ten minutes then treating the saﬁple with 400 torr hydrogen for
five minutes and outgassing for five minutes (both operations at

room temperature). The sample is then-treated in 400 torr H, at

2
400°C for one hour and cooled in fresh hydrogen. It should then be

ready for re~use. A good t%st for surface quality is to observe the
shape and intensity of a ba;d appearing at 2100 cm_l (due to Pf;H)
when 400 térr of hydrogen 1s present in the cell at room temperature.
A sharp profile of about 0.01 absorbance units is generally indica-
tivé of adequate surface activit&. When this band becomes smaller,
and/or broader, the catalytic activity of the surface i3 invariaﬁly

found to be lower for other adsorbates, and a new pellet should be

prepared.

*



. Nitriles are notorious poisoners of catalysts and_ complete

regeneration subsequent to surface nitrile formation is often im-

possible, However, with many other adsorbates such as NH,_, H_O and

3’ 2
benzene several adsorption-~desorption-regeneration cycles may be

[

used without diminishing catalytic activity, °

Chemicals

. Commerclally available gases and liquids which have Been
used for adsorption have béen accepted as pure, though where impurities
were suspected they_weré checked by using infrared or mass spectro-
metry (AEI MS 10 or MS 902 high resolution mass spectrometer). Any
chemicals prepared in the laboratory quF also chected by'these methods.
In some instances it was neceséhry to pexform trap to trap distilla- .
tions on the vacuum line to obtain purity. ‘Before adsorbing éﬁy gas

or vapour, a standard "freeze-pump-thaw" cycle was used to remove air.

HCN and HCl1 were prepared as dry gasses by simple displace-

ment for the appropriate salt using H2804 addition in a nitrogen

1 * "
stream. (With HCN, it was found necessary to use 50% H'2504 instead of

concentrated, to avoid .the formation of HCNO.. The gases were drted

over P,O_ in vacuum before storing in a bulb. a i

2°5
88,89
272 3 ’

- ¢C,N, and PH_ were prepared by the methods given in Brauer
though with PH

3 the preparation was slightly modified by installing a

second trap (C02) in order to trap subliming PHAI.

CHBNC was prepared as described by Casanova et 3190, and

N NHZNH2 was obtained by distillation of NHZNHZEZO,_in a nitrogen stream.

HCN, CZNZ and CH3NC were always stored in the freezing
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compartment of a refrigerator. NHZNH2 was stored in the dark.

In each of the following chapters, a small "experimental"

gection has been included to elucidate specific procedures.

f-




CHAPTER 3
ISOLATED HYDROXYL GROUPS

The contention by Halr and Hert151 and Van Cauwelaert,

Jacobs and Uytterhoeveﬁ‘s2

that the 3748 cm—l'absorptiOn band has

two distinct shoulders to high and lowlwavgnumber, implying that ’
the A type hydroxyls exist in a geminal form as well as isolated,
has been investigated. According to Van Cauwelaert et 3162 the

- shoulders were more pronounced at higher sample temperatures and
that their exact position relative to the main band depeﬁded on the
temperature. Using.a curve analyzer, they "decgmposed" the band |

contour into a2 three component curve which reflected the positions of

these shoulders. Hair and Hertl have produced a spectrum which shows l

that\at a.sample'temperaturexof 25°b, the same band consisted of
three clearly resolved components, but this finding was 1a;er refuted
by HockeyéB, Morrow and Devi59 and contradicted by Peri and Hensley41.
'Hockey63 claimed that the splitting observed was an artifact due to
improper double~beam coﬁpeﬁsétion in this region of strong infrared
ébsorption by atmospheric w;ter. Hockey's spectrum showed a relatively
sharp band centred near 3748 cm_l which was degraded into a tail on,
the low wavenumber side. When tﬁe gpectrum was reco%ded ip the pre-
sence of water vapour sharp 'spikes' appeared on the Si0H profile
which were att;lb;ted-td water absorption. This was confirmed by

studying an $i-0D surface under the same conditions where no such

'spikes' were observed. In reply to Hockey's criticism of Haix
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Figure 1. Photographs of the spectra of the A-type hydroxyls
at different temperatures. . -

ABSORBANCE —»

. . » . .

Figure 2 Resalved spectra of the A-type hydraxyls reproduced
- by the curve resolver. Solid lines are the experimental ’
spectra obtained at 25, 230, 320, and 430°. The resolved
components are the dashed lines, R

-

FIGURE 3-1
Figures 1 and 2 from a paper by F.H. Van Cauwé]aert_et al.
J. Phys. Chem. 76, 1434 (1972)

indicating apparent shoulders in Si0H profile.
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and Hertl's58 work, Van’Cauvelaert et 3162 were convinced that their
spectra were obtained under totally compensated conditions. Further-
more, they claimed that the appearance of distinct shoulders under
these conditions could not be attributed to improper atmospheric
absorption because such shoulders would not shift with changes in :
temperature in contrast to their obsgrvations. However,.;his would
n&& necessarily be true 1f fhe shoulders were due to inverse absorp-
tion in an improperly coﬁpenéated spectrometér and 1f the peak position
of the S10H band changed with temﬁerature. They stated however that

a2 perfectly straight base line was obtained in the 3750 crn"l

spectral region when the silica sample was removed from the sample

beam of the double-beam spectrometer.

To 1llustrate the components of the Si0H band that Van ‘

Cauwelaert et al refer to, Figures 1 and 2 from their publication-
have been reproduced here and shown as Figure 3-1,

Definite shoulders appear, especially in the spectra of
the sample at 430°C.

Incredibly, however, no such shoulders could be found in
tﬁeir spectra of the Si0D stretching band., According to Van Cauwelaert
at 3162, "the high‘frequency and middle frequency components lose
thelr identity".

In the context of Van Cauwelaert et al's initial work on
Si0H, the first part of this cﬁapter details some interpretations

and conclusions based on observations of the S10H profile made in

this laboratory, and the second part of the chapter deals with a
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1

discussion of a more recent publication by Van Cauwelaert et a19 R

which divulges some of the experimental details that were lacking in
their previous work.62 Subsequent attempts to duplicate their con-

ditions and their results have been made.

Band Fitting

Various types of mathematical functions can be used to fit

the ébsorption bands appearing in infrared spectra. The breadth of

the bands in the vapour state at sub-atmospheric pressures is well

known to be ageoclated with Doppler broadening, w@greaa in condensed

4 B
e

phases collision broadening is the major contributor to the band

shape. .

Mathematically Doppler broadening gives rise to a Gaussian

band shape but collision broadeﬁing produces absorption band shapes
that more closely fit a Cauchy function.92 |
It has beéen obseryed that the absorption spectra of adsorbgd
gtate species have profiles that are ngither pure Gaussian nor pure
‘Ca;chy but %hat they can be represented by scme combination of the

two.
Two such combinations are listed below:
Cauchy-Gauss Product
2 2.-1 - 2 2
A(v)P = xl[l +‘x3(v - xz) ] .exp[—xA(v - xz) ]

Cauchy-Gauss Sum

AW g = x[1 + xg(v - xz)‘?]'1 + x5exp[—x§(v - x2)2]
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x The variables X; +s. Xg are tﬁe band indices. and A(v) the
intensity at a frequeﬁéy V. X and x5 are the maximal ordinates, X, .
is thedabscissal location of the ﬁeak, and xq and X, characteriia the
half widths of the Cauchy and Gauss components;
“Jone593 has developed a program to fit a chosen numbér of

symmetric component bands to an experimentally observed complex infra-
réd band profile. All components are intizlly chosen to be elther ~ ' -
sum or product functions, and, by inspection of the experimental
profile, the number of compoments is estimated and the p;sition of
each component maxima (x,) is measured. - )

If the Cauchy-G#ﬁés product function is used, then four
estimated parameters are required, X)» Xpy X and X,
At first, the experimental profile'ig fitted to a pure

Cauchy function and a best fit is obtained for each variable, then -

these values are used as-the initial values in a program which fits

the curve to a chosen number of Cauchy-Gauss product components in

which, inltially, x, equals X,. .

3

If the Cauchy-Gauss sum function 1s used, a fifth parameter
(xs) is required so that the individual heights of the Cauchf‘and
Gauss components are expressed. Initially Xg is alwayg get to one
tenth of Xy since the expe;ted ratic of the functions 1s 10:1 Cauchy:
GaussgB.

Numerical techniques have been develéped for optimizing
these indices using least squares methodsqa-when the program is

executed, the optimal fit is indicated by key statistical parameters:

DIS (discrepancy) is the root mean squared of the residual differences
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between the calculated and the experimental spectrum in transmittance'
WFM is the wavenumber of the maximum discrepancy, MAX is the maximum
discrepancy ct WFM., As wéll the program calculates the ratio of
Cauchy” to Gaussian functigcs used to obtain the optiﬁal shcce for

" each componect (evaluated as the ratio of thc half widths, ij£3 + x& ). . : ‘
For the computed compeonent bands tn_be'mecningful the experimental

profile must lie on a perfectly strhight base line, although there is

-

no necessity that the line be horizontal, ' ..

In Van Cauwelaert et al band fitting worksz, no mention was

’ Il

made of the accuracy of their band fitting procedure, nor was a com-
puted spectrum shown. As well they assumed a constant shape ratio for

a Cauchy-Gaussian product function for all temperatures which is

questionagble.

The shape ratio was determined from a method used by

Abramowitz and Baumannga. Vcn Cauwelaert et al62 studied the préfile
of the hydroxyl stretching bqgﬁ in: the oxides hydrogeh‘zeolite Y,
kaolinite and muscovite and found values of 65-i 2.5, 69 and 70%
Cauchy character‘rescectivelz. For the 3750 cm_'1 band of silica,
thcy found a value of 65% Cauchy;Ssz Qaﬁsaian based. on the profile of
the high frequency side of tce band (the low frequency side 1s slightly-
‘asymmetric). B o “ B

A Cauchy-Gauss product function was assumed iwto which
yalues of xl'and %, were substitcted and a ratio of the values of the
half band widths (x3_and xk) was:found and used as a measure of thc

- -~

percentage Cauchy component.

——— . ]
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ﬁhen‘x3+x4 is 1.0 theﬁ“the band is pure*bauchy but when 0.0,

R it 1¢ Gaussian. Valies in between represent the fraction of either
function.
e -

- . o .. é

-

Experimental \ ‘-'h;

The siiica samples were utilized in? the form of discs of 5 mg
'fc "2 which were pressed at 70 kg cm -2, They were heated for several

hours at 750 C in céll A then cooled and transferred to cell B where

: ~

' they were: again evacuated for 1 hr at 400°C. This procedure is

similar‘toﬁ%hat used by Van Cauwelaért et al The purpose of de-
. gassing the sample at 750°C was to remove any B type hydroxyls and

-

physically adsorbed water, Ahout 1Q 'torr of helium was added to the

evacuated cell ‘to ensure good thermal conductivity?

.o ’ b :

7 @ ‘ 1 -1, -1
Spectral slit width of 2,2 ¢ at a scan speed of 4.9 c¢cm - min ~,

7{\Spectra in the OH stretchiing region were recorded with a i

, : . . _ | L
_ this value. of the slit width being chosen because of optimum signal - - ‘

. . L d

to noi%élratio for digitization purposes. Band shapes did not alter
with a narrow;r slit width, and-identical, althdugh "noisier" spectra
were observed using a 1.4 cm-l spe;tral siit'width. {

;ehA soeetral slit width of 1.0 cm--1 was achieved using another

spectrameter (a Perkiu-Elmer 180) end‘ageiﬁ-the band shape was unaltered.
. ; )

.7 _After dry alr flushing, the 1 gingle beam absorption .

due to residual water 18" shown in gut 3—23, and a perfectly straight

base 1ine coild Be obtained in g double béam operation either with or
[y ’ R -
without the sample cell in place, provided.all sample areas yere

: totally flu&mzd with dry atr. . % .

[ S

ad
r
'
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1 : 1 1 . 1
3760 3740+ 3720 7 3700
1 _'.
cm
R . ~ FIGURE 3-2
© A Single beam specthum of residual atmospheric water with f
complete flushing. . ‘
B, Doub,le 6eam spectrum of uncompensated cell. :
C. g Single beam spectrum with sample chamber exppsed to the -
- ata phere o
| SN
"The tra m1ttance scale applieq to spectrum C; the other spectra

are 11near1y~d1sp1aced for pun ses of presentat1on

. @
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By "total flushing", it is meant ggit the gap between the -
source and beam convergenge housings (1. e. the sampling area) was
bridged with glags tubing, so that, apart from the space taken by the
infrared cell in the sample béam, the path 12Egth of both sample and
reference beams from snurce to detecdtor, was flushed with dry air.
Spectra recorded under these conditions art“referred to as "compensated".

An "uncompensated" spectrum nefers o spentra recorded when
the sampling area was totally open to the atmosphere and with a sample .
cell {path length 7 cm)' in the sample beam only. The residual i
"uncompensited" spectrum is shown in Figure 3-2b and lhe total single-

beam atmospheric specérum under those conditions is shown in Figure ¥

For computational purposes, the ;¥Qstra were digitized at

0.2 em T intervals between 3771.0 and 3684.2 cm ' and band ficring
¥
computations were.carried out on an. IBM 360/65 computer using progragﬁ

developed by Pitha and Jones95 for fitting Cauchy-Gauss product or

sum functions to the 'experimental spectral bands. Plots were recorded
. b

on a Milgo'plotter.
Accuracies were expressed In terms of the parameters piwven
beforen All spectra were calibrated against atmospheric water bands

and the experinental data reported are believed to be accurate to

. o “
0,2 cm_l. 810D surfaces-were obtained by exchanging an S10H surface
several times in D20 at room temperature hefore degassing to -400°C

in cell B. . ‘

In an attempt to obtain discs prepared in the same way as

revealed by Van Cauwelaert et al, in thelr second publication91~the ’

o R 4

7. E e
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hardened die was used for pressing discs with loadalup to. | g P
54,000 kg (11,000 kg em2). Loads higher than this céuld not be

achieved without the die bfeaﬁhng. A hydraulic press capable of_;

loads up to 270,000 kg was made available by the Aeronaﬁtics DiQision

of phe'National Research Council of Canada.

'Resulfs
Experimental spectra of the Si0H band of silica ‘at -145,
25, 200‘and 400°C are shown in Figures 3-3a and 3-4a. The total band -
area and the wavenumber of the m;ximum absorption in each case is
éiven in Table 3-1. These‘spedfra are very different from those
shéhn by Van Cauwelaert-et':'al62 at the same temperature, (except for .

the gpectrum at -145°C which is unique to this work), in that-distinct

shoulders on eithexr side of the main absorption peak are absent.

Since thé,spectra obseyved by Van Cauwelaert et a162 had

fhoulders to high and low wavenumber of tpe main absorption band, a
band analyzer was used 1;0 decompose this aand into three components.
‘They assumed thét their Cau;hy-Gauss product function had a 65% Cauchy
character, in this fitLing and although they did not say what théif
criterion of a "good F1t" was, it is assumed here that a reasonable

fit was achieved. However, there is no a priori reasbtm to assume that
the same shape ratio should be applied to all bands an@ at all tempera-
tures over a 400°C rangegz. fhe parameters deriveéd from a mathematical
analysis of.closely overlapping band‘systems depend very much on the

type of function used and the number of components assumed. Therefore

it 1s doubtful that their calculated band parameters are unigque and
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TABLE 3-1

Y

] - ’
Experimental Data for the Spectra shown in
Figures 3-3a and 3-4a

‘:' -
Temp Wavenumber . ! Peak Intensity Band
°C ‘em~l (at maximum in absorbance area
intensity) '

=145 3751.4 0.97 6.56
25 3748.2 o 0.76 . 6.11
200 3744.7 0.57 6.05
400 3740.6 — 0.41 5.63
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TRANSMITTANCE

-145T : 25°C
B|
05 >
q
|
|

760 3720 3760 . 3720
cm

FIGURE 3-3
Experimental spectra of SiOH band at -145°C and 25°C.
Computed spectra using a é-component sum function.

Computed spectra using a 3-component product function.
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200°C

400°C

v o]

Q
w

3760 3720 .

cm”’

FIGURE 3-4

3760

3720

A. Experimental spectra of SiOH band at 200°C and 400°C.

‘B.  Computed spectra using a 2-component sum function,

C. Computed spectra using a 3-component product function.
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ithout stating some measure of error of their fit tﬁey -
are at best/ a rough guilde. |
o illustrate the above point a series of band fitting ¢

a Cauchy-Gauss produtt functiongs’gs.

it was attempted to fit’the spectr; to a two component curve, one
strong'band at the peak position and one weak band in the region of
the tail, and, to a three component curve (omne strong band with two
weak bands in the tail). Figures 3-3b and 3-4b show the plotted
results for the two band sum function and’}igures 3-3c and 3-4c show
the results for a three band product function. The data obtained
from the use of these functions are collected in Tabllg 3-2. In all
cases, a good fit was considered to be when the discrepgnecy was 0.1

or less, this particulaf value being satisfactory for a very intense

narrow band where errors are likely to be large where the band rises
<

most steeply (hence DIS is greater in the low temperature spectra).
The.values of thé parameters by which the accu;acy'of a particq;af
fit was judged for the functions used In Figures 3-3 and 3-4, and
for two other trial functions, are-shown iﬁ Table 3-3. DIS is smaller
for tqe three component curves and the fit could have been improved
further by increasing the number of components. However this is !
meaningléss where no distinct shoulders are present.

A satisfactory fit could also have been obtained by in-
“cluding a weak high wavenumber band, since any Cauchy or Gausslan

function can be decomposed into as many compbnents as desired. The

»

. - '



TABLE 3-2 ~ -

Parameters for the Computed Spectra in
Figures 3-3 and 3-4

Function Temp - Wavenumber Intensity . Half Shape

and (N)3& °C -1 absorbance width ratio

-+ cm cm” '

S(2) -145 3750.8 0.84 4.1 0.0
3746.7 0.38 8.8 1.0
P(3) -145 3751.2 0.80 3.2 0.54
: 3748.5 0.33 6.1 0.70
3740.8 0.05 17.7 0.99
S(2) . 25 3748.0 0.68 4.7 0.11
3742.7 0.14 11.4 0.88

P(3) .25 3748.2 0.58 4.1 0.55
: 3745.4 - 0.22 8.7 0.70

3735.1 0.03 23.9 0.99

s(2) 200 . 3744.5  ° ~0.51 5.9 0.29
‘ . 3738.5 0.13 13.8 1.0

) .

P(3) 200 3744.7 0.45 5.5 0.64
. . _ 3741.0 - 0.15 12.1 0.69
_ 3730.8 0,02 33.9 0.99
S(2) 400 3740.7 0.36 *7.8 0.38
’ o 3733.6 0.10 15.7 0.52
P(3). 400 3741.2 0.30 7.2 0.79
3738.1 0.1 9.3 0.41

3730.7 -7 0,06 72.6 0.99

¥

%5 denotes the Cauchy-Gaussian sum function and P denotes the C-G
product function. The numbe® in parentheses 1s the number of
components which were fitted. The shape ratio is the fraction of
Cauchy character in a given band.

<
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TABLE 3-3

,Computed Parameters Which Reflect the
Accuracy of Some Trial Functions.

s T wd w
s(2) \_ -145- 0.014 3747.0 ', 0.039
P(2) ‘ ~145 0.014 3752.2 p.033 -
8(3) ~145 0.009 3745.2 0.021
P(3) -145 0.004 3752.2 10.013
$(2) 25 .0.010 3749.2 0.038
P(2) 25 0.000 4  3746.8 0.031
S(3) 25 0.008 3749.4 0.021°
P(3) '25 0.005 . 3746.8 0.014
5(2) 200 0.007 3749.0 0.016
P(2) 200 0.006 3766.4 0.014
S(3) 200 0.006 - 3751.6 0.016
P(3) 200 0.003 3749.8 0.008
5(2) ™ 400 10.005 3742.4 0.016 )
P(2) 400 0.005 3742.6 * 0.015 :
s(3 400 0.007 3765.4 0.015 §
P(3) 400 0.003 3751.4 0.008 :

%see footnote a; Table 3-2

bSee Experimental Section for description of these terms
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two band fit in {tself is not significant because the tail to lower
wavenumber is probably just a manifesxatiéﬁ of intramolecula: per-
turbations which_are'boun& to be present in a sample of this type
where the minute siliga particles are in intimate and random contact -

with their neighbours,

This view has been discussed by Hambleton et 3123'9?, and has
been expressed by Van Cauwelaert et a162. éurther, no significance-
1s to be aﬁgached to the shape ratios listed in Table 3-2. The band
fitting programs vary the shaﬁe ratio so as to obtain a best fit, and
- one may note that for the p?ﬁduct function the shape ratios are‘néar
'those used by Van Cauwela;rt et 3162, whereas, for the sum function,
the main band was always given a high Gaussian character and the bands
in the tail a Cauchy profile. The latter is not unexpected when an .
intense band is degraded to ome side; as in this case, since; for
equal height and area, a Gaussian function has a greater breadth near
the peakgz.- Nor is a. Gaussian profile unexpected for very narrow
intense absorption bqus, because thé instrumental distortion factors
essentially introduce a Gaussian perturbation on the true band
shapegz. Th’erefore as t?le half-band widtly approac_hes the gpectral
slit width (particularly true at iow temperatures), then itlis to be
expected that the Gaussian cantribubion to an experimentally observed
profile will increase. '

The speétrakfor deﬁterated 81ilica in the 510D stretching
region (2%60~cm_1) were the same as those reported by Van Cauwwelaert

et 3162. These were fitted by the latter to a two band component

. /
curve. Spectra of the\mixed isotopic species, obtained by partial}y

{

N
.
~
~
o
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deuterating the sample again gave an excellent two or three band fit

to the experimental data.

-

Discussion

As a result of these inﬁestigations on dehydroxylated silica
dises which were pressed at only 70 kg cm-z, that is,”sufficient to
render the disc self supporting, the following observation; have been
made with regard to the spectra of ;he isolateq hydroxyl groups:

(1) the spectral bands attributabie to isolated surface OH or 0D groups
are similar, (2) no distinct shoulders appear in the SiOH profile as
the temperature is changed, (3) both the SiO0H and SiOD band.are
slightly asymmetric to the low wavenumbe{ side of the main band, and
(4) both the S10¢ and S;OD spectra can be fitted using band fitting
techniques, to E’EEE\QENa thrée Component curve, as can the spectra
of the mixed isotopic species. In conclusion, there is no spectro-
scople evidence to suggest that the dnfrared épectrum of the Si0OH
groups is y& any wa& différent from that of Si0D groups (contrary to
that purported by Van Cauwelaert et 3162). .

 Since no distinct shoulders appeared in the SiOH band of
silica, it seemed that this was in contradiction with the work of

L]

Van Cauwelaert et al, though in their ﬁﬁblicétionSB,.if was not stated
what pressures of preparation of the Biliga disg were used. On the
assumption that they used reasoﬁable pressures (sufficient to esta-.
blish a self:supporting dige), an attempt was made to duplicate thelr

spectra by considering the pdssibility that because gaseous atmospheric

water absorbs so strongly in this spectral region, then by intentionally
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introducing a slight imbalance in the double beam compensation, it
" might be possible to produce Si0H spectra with shoulders, resembling
their spectre. -

The spectra ehown in Figure 3-5 were recorded under -con- ~
ditions in which complete atmospheric compensation was not achieved. }:
(see Experimental Seotion). These spectra clearly show sh:ulders on
both 'sides of the main band and it can be seen by compering thepepectra
in Figures 3-5 and 3-2, that the position of the bands of maximum
\ntensity in the atmospheric water spectrum (or in the uncompensated
double beam Spectrum) coineide with the position of the main shoulders
in the spectra ‘shown in Figure 3-5. A ‘dashed line has been drawn in
Figure 3-5 to jndicate the position of the strongest band at 3744.5
cm-l. | ' | .

In the experimental spectra shown in Figures 3-3a, 3-4z and .

3-5, the'peak position shifts to higher wavenumber, the peak intensity

increases and the band width decreases as the temperature is lowered.

3
N
-
)
-

Since the positions of the atmospheric water bands do not change with
temperature, the shoulders in the uncompensated spectra apparenﬁly
shift with' tempemature. The spectra in Figure 3-5 closely resemble .
those shown by Van Cauwelaert et al62 in their Figure 1, except that
thegfdips' due to improper compensation, are quite large.

Van G$uwelaert et al62 also studied the effect of band shape
of adsorbing benzene and triethylamine on silich. With benzene they
reported that the overall band intensity{ﬁecreaaed, but that the peak
position did not chaoge, whereas the peak position changed on adsorbipg

' .
triethylamine and the relative intensity of the three components

» ' . g

-
3
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. TN
Experimental ‘spectra -of the §i0H band with an uncompensated cell.
‘ A. 400°C; B. 200°C; C. 25°C; D. -145°C..

The scalt speed was 20‘cm:1/min and the peak_posiifans are s1ightly shifted
relative to the slower $cans used for figures 3-3 and 3-4. The dashed 1ine
corresponds to the 3744.5 ctm-1 band in Figure 3.2. The transmittance scale

applies to spectrum D and other spectra have been Tinearly displaced for
the purpose of presentation. . .
LY .
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changed. = These effects have been qb;erved;in this laboratory hith_' '

. . ; .
‘ an:uncompensated'spectromefér, the relative intensity of the shoulders
faried again, because a§ the peak shiﬁts, the 'dips' due to atmospheric
water remain fixed as'fhey do with temperature changes. With a per-
fectly compgnsat?d spectrameter;‘nq shoulders WerE‘observéd, although -
the strong central band decreased in intensity at a faster rate than
did thé tail to loﬁer wayvenumber. This 1s not unreasonaﬁle since a

)

physically adsorbed species would be expected to interact with 'totally
free hydf%iyls as opposed ;b those that might be perturbed due to
intramolecular interactions and hence adsorb at slightly lower wave-
number.

In g subsequent paper, Van Cauwelaert et 3171 have}réveale&
their expe';rimental conditions. They prepared. their samples uéing loads ‘
up te 5.15 x 105 kg for one minute. Under tﬂese conditions, the d£;cs
become élags—like in appearance. These pressures, they claim, are
the ca;se of the formation of geminal hydroxyl groups. To substantiate
this claim, a special dié (mentioned in the General Experimental
" Section) was uged in an’attempt to reproduce the results of Van
Cauwelaert et al, but even with this die, it was impossible to use
loads greater than 5.2 x 104 kg, (It is difficult to seé how t;;y
‘achieved loads of one magnitude greater with a die of the same dia-
meter which was made from stainless steel only)., Nevertheless, totally
compensated épectra vere obtgined from the discs at pressures up to a
mafémum of 11,000 kg r.-m_2 an again no shoulders were observed.

Since it was not possible to duplitate Van Cauwelaert et 3191 _ .ﬁs

experimental detalls, then a further consideration of experimental
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discrepancies is meaningless, nevertheless some of Van Cauwelaert's

comments do warrant discussion. For example, their contention that

: Halr and Hertls51 observance, of shoulders on the SiOH profile is also

<

due to a pressure effect does not seem correct, since, in that instance
a pressure of only 20,000 1b in (1,400 kg cm ) were used, a value
well below those studied in this 1sboratory. “

Furthermore, the fact that Van Cauwelaert et a162’91 were
unable to observe any shoulders on the 510D profile over a wide range
of temperature and pressure is difficult to account for in”aschemical
wafguaent. Even in the event that this is somehsw psssible, Van
Cauwelaert et al canmot rightfully compare theirrspectroscopié
observations to other éxperimeﬁts done on powdered silicas, since at
these pressures, surface properties would be expected to be quite
different. For example, a very large 3650 cm_l band is present when
high pressures are used which means that interparticle distances are
much smallergY.-

Hockeys?3 contention that the shoulders in Hair and Hert1551

Si0H profile is an artifactJdue to water dbsorption, is supported by
this work. Van Cauwelaerts62 work, although not reproduced, must be
viewed with doubt, and it can be certainly sald that at 'reasonable'
pressures there is no spectroscopic evidence for'geminal hydroxyl
BTOUpS.

Finally, there aré two important points to be stressed

concerning the general use of band fitting techniques. One is that

‘ care should bé taken in applying such methods to deconvoluting over-

lapping band envelopes. It is:important'to stress ones criteria of




of the experimentally observéd band proﬁile; and éﬁalyses can be

" subject to-error unless the "instrument function is known accurately

- 88 -

a "satlsfactory fit™, since an infinite number of such fits can be

- obtained if the permissible discrepance (DIS) is large enough.  This

is particularly important when the bands are closely overlapping.

Secondly, when the spectral slit width approaches the half band width of

any component, the instrumental distortion may determine the nature

95,96
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' CHAPTER 4

THE SPECTROSCOPIC IDENTIFICATION OF

CHEMISORBED SPECIES ON SILICA

In Chapter 1 of this thesié fome of the reé;nt history of
infrared studies of silica surfaces was summarized and it was
gvident that the emphasis of many of these studies had been to
determine the properties of the surface at different concentrations
of hydroxyl species.

The properties of fully hydroxylated silicas have been
extensively studied and-are generally understood, however, dehydroxy-
1a§ed silicas although widely ;sed, are not yet well characterized

mainly because it is not possible to transcribe their behaviour in

terms of the properties of hydroxylated silicas. In fact a dehydroxy-

3

lated silica behaves totally unlike an hydroxylated silica because it

has a potentially active surface which can form strong chemical bonds

with some adsorbates. '
Several autﬁors, (Per147, Kiselev19’75'98’99, Bbrellaloo,
Hockey53’lol, Morrcw60’6l and Littleloz) have referred to the highly

 active nature of dehydroxylated silicas, and have noted the room

’ : 19,75 97,102
temperature chemisorption of molecules such as H20 Y, NH3 ? ,

| 60,61 98,99,100 53,101

BF,, BC 3

3 , {CH..OH

3
Some of the earliest work on dehydroxylated silicas was

98,99

and AlCl3

performed by Kiselev et al in a study of CH,OH adsorption, where

3

it was found that the degree of chemisorption increased as the hydroxyl

N
v
£
.

AL LU



concentrstion diminished. More recently, Boreila et aI 0 ascribed

v

the site for CH30H adsorption to a strained silcxane bridge. fhey
envisaged that strain could develop as the surface hydroxyl population

was diminished h ‘

\
L d . 1

In the temperature range 0-400°C water is eliminated between

neighbouring hydroxylsﬂas.in the final phase of tne process of poly-
condensation of‘silicic acid-and—tHE'bridges which result are non-
reactive, but above this temperature the - distances between Q‘iOH groups

n

becbmes abnormally large and bridges which subsequently form are

strained.

Borella et al100 proposed that the following rédction

occurred’ .

. ///CH3

0 + CH,0H~+ 0 0 Diagram 4-1 -
/‘/ \ ’
sit s o sd S
7 AN /N /N

- Theylidentified the infrared absorption bands in the C-H
stretching range to be those of chemisorbed methanol, but tne hydroxyl
~ group supposedly produced was not distinguished from other hydroxyls
which were present before the reaction co;menced.

Kiselev et al19 in more recent work studied the water
adsorption-isotherm on hiéhly dehydroxylated siiicas and noted that
the first additions of water vapour resulted in an-increase in the
integrated intensity of the 3748 cm_l silanol band, which they attri-
buted to the reformation of hydroxyl groups by a chemisorptive process

involving some. reactive silxane sites,



.'Per147

i
¢

and Blomfield and Littlel02 showed that on dehydroxy-

lated silicas; an SiNH2 gpecies apparently formed when NH
102

was
3

. adsorbed. Little and Blomfiald cleared up a previous controversy47
by showing that traces of chlorine were not necessary to facilitate
chemisorﬁ%ion, but that the requirement was to have a dehydroxylated

surface. They proposed that the reaction centre involved a strained

site which reacted as shown below

NH2 TH
___si si_+ NH3 + 851 + si Diagram 4-2
7/ ANN NN

v
'

Direct evidence for the existence of an active site was provided by
Morrow and Devi60 who showed that two infrared absorptioh bands at
908 and 888 cm_l were formed as the Intensity of the free silanol

absorption band at 3748 cm_l decreased at high degassing'temperatures.

This region of the spectrum is usually blanked out for transmission
studies because of strong Si-~0 absorption bands-but Morrow and Devi
found that by using silica discs containing 10 mg cm_2 or less, a
'w;ngé#/appeared between 950 and 850 cm_l. Most workers use much
la;ger disecs (V40 mg cmﬁz) because stronger spectral bands are pro-
duced in other regions but these samples have the disadvantage of
not transmitting at all below i350 cm_l. |
The relationship between the new bands and the active sites

was proven60 by adding small quantities of BF, to a silica which had

3
been degasifﬁfto 1000°C; the 908 and 888 cmfl bands were proportionally

~reduced for each dose added and new bands grew which were attributed

to an SiOBF2 speciles.



ﬁnpubiished work by Morrow (see reference 61) indicatea
/--' - ' ) - .
that the adsorption of BzHG.to an active silica produced SiH species,

‘and on this pasis, Morrow and Devi®? aseribed the reaction of BF

. gter m -
proceed analogously as follows - - .
0, : 0 '
/// \\< JBFZ . F
__S8i -Si‘\T_ BFS + 8i + si Diagram 4-3
2 AN

However, in each of the aforementioned studfes there is
no proof that the reaction to ptoduce chemisbrption‘does occur at a3

- . 3
single bridge site. 'In fact, Morrow and Devi commented that the

appearance of two bands (908 and 888 cm-l) is incodsistent with a

single bridge.

Work presented in this and the following chapter sets out

to solve this problem.

It should be noted that the "active sites" referred to in

this work are in no way analogous to the active silica surfaces dis-

covered by Low103_105. Such surfaces were generated by a three step

-

process, involving the reaction of 70 torr of CH.OH with an Aerosil

3
silica at 350°C for 20 hrs (replacing nearly all surface hydroxyls

with surface methoxyl groups), then degassing above 600°C to remove
the methoxyl groups. At this.stage, silanol (3748 cm_l) and sllane
(2300 cm_l) bands appeared and there was some evidence for a surface

acetylide. Degassing further, removed these groups and radical sites

were formed which Low ascribed as
0
Si/ /51
ANCA

Diagram 4-4
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On this sﬁfface,u C0,- NO and Oé were found to be chemisorbed.

29
\ However, the surfaces.d;scusséd in this work deo noé have
these prOpertieé. .Morrow and DeviGl, found that HZ’ and 02 wérg not
:éhemisorﬂed on a dehydroxyléted silica, nor were there any free

. radical-sites found (by anﬁriéf E.S.R. .study).

l Therefofé, it ié fe%t to be unwarranted to make further

comparisons between the chemisofptive reactipns observed by Low and

: those of this work.

In the: pr%q&ht work a study of the adsorption of H 0, NH3,

CH3NH2, (CHB)ZNH and'CH30H,on highly dehydroxylated silica results in

A

a reaction stoichiometry which is cbnsistent.ﬁith the active sire

being a éi;gle siloxane bfidge.

-~

These sites form when the degassing temperafure under vacuum
is greater than 400°C. In addition, a new type of SiOH species has
been identified for the adsorption of each of the aforementioned

molecules,

A study of the adsorption of ammonia to active silica

‘ 2
yielded spectra similar to those -observed by Little and Blomfieldlo .

Two absorption bands were observed in the N-H stretching regionf(near
3500 cm ) d another at 1550 cm?l. On the basls of isotopic sub-
stitution experiments it has been shown in this thesis that the

adsorbed species is indeed SiNHz.
Prior to this study, agsipnments of these modes to SiNHZ, by

other worker347 102, must be considered to have been tentative since

either SiONHé or SiNH3 could have conceivably given rise to these

spectral features. . Finally, a method, first used by Peri47, has been

NH .

2

a
L
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S ~used to generate very intense SiNH2 baﬁds-wifhdut involving reaétive '
. !

sites. An additional“band COuia be found in the windqv regioﬁ whiéh

~-was attributed to an Si-N stretching mode of SiNHZ;

In this chapter, only the cursory details of the adsorption

P -

phenomena on active silica have been given, and instead, emphasis has

’

been placed on the identification of the surface species formed.

This Information is a necessary prerequi%ite for a fuller study of

fkhe sites themselves, given in Chapter 5. | .

— . ‘ : : .
Experimental (for Chiapters 4 and 5)

L Thé silica samples useé in_this work contained either 4, 10

Qr 40" mg of silica per cm2 of disc area and were presséd in the stain-

less steel die at 70 kg cm_2 for a few seconds. The 4 and 10 mg, cm—2

LS

SCH e s

" discs were used when it was required that the disc be transmitting to
radiation over the 950-850 cm-l region. The silica had been heated
in air at 700°C prior to pressing (except where specified) inm order

to oxidize any hydrocarbon impurities.

e
-t
3
-

The discs were mounted in cell A (see Chapter 2) where ’ .
subsequeﬁt thermal treatments (up to 1200°C) and reactions were carried
out.
"Deuterated ammonia and methylamine and N-15 ammonia (95.4%)
were obtained from Merck, Sharp and Dohme ﬂtdrof Montreal, and ‘'
partially deuterated ammonias were obtained by mixing NH3 and NDB'
Oxygen-18 water (98.5%) was obtained from the Oak Ridge National
Laboratory and 0-18 silica was prepared by heating silica in a water

. 59
atmosphere at saturation vapour pressure for 3 hr at 450°C™". (Several

-~

. doses of water were used.)



Spectral slit widths of 2-5 cmfl were usedrand all spectra
were cglibrated with rgference-t; gas phase NH3 (3500-3300 cm_lij
HBr (2600-2400 cu ') and H,0 (3800-3700 cm - and ‘16001390 .ca™).’

’ Where a "titration" of the active sites is referred to, it
is meant that only very small doses of adsorbate were added. The
Eeésufement of a 'dose' was determined by expanding a given pressﬁfé
of gas or wvapour (NH3 or HZO) from a bulb, into-a much larger volume )
comprising thé whole vacuum line and cell. This gave a value for the
ratio of the pressures before and after expansion. Then, knowing thé
volume of the.ce;i, an initial pressure of gas in the bulb could be
chosen so as to give %1 umole of gas In the cell. lThe Feli was left
open to the vacuum line and bulb for 30 seconds to achieve an "equili-

brium pressure.

Complete saturation of the sites on a 10 mg cm_2 disc de-

gassed to 1200°C required five such doses, that is, about 5 imoles.
Howeﬁer, in view of the large volumes involved, physical adsorption on
the cell walls is also a factor and it is doubtful whether the amount
added was the amount adsorbed. A more accurate assessment of the
amount adsorbed may be achieved by using a vacuum microbalance in con-
junction with simultaneous spectral measurements. (A s&étem currently
being devised in this 1;boratory). To obtain a fully deuterated and de-
gasgsed silica, a repetitive cycie of adsorption then degassing had to be
employed. An inactive silica was treated with several large doses (10

torr) of D,0 then degassed at 1000°C. Some SiOH which reappeared was "

2

agaln exchanged at room temperature with further doses of D20 and the

sample again degassed at high temperature., This cyclé was repeated
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several times until, after the degassing sfep, no Si0H was reformed and

the only functional groups remaining were the isolated SiOD species .

(2763 om 1).

All adsorption reactions were performed at room temperature. :
Force constant calculations were carried out using the standard com-

puter programs developed by §chachtschneider84.

Results and Discussion

A. The Generation of the Active S;tes

A 10 mg cm-2 untreated silica (i.e., without preheating in
ﬁir at 700°C) was pressed at 70 kg cm—2, then placed im cell A and sub-
sequently degassed at various temperatures f?om 180°C to 1200°C. The
disc was degassed for 1 hr at each temperature, cooled each time to,

room -temperature and the spectral regions from 3800-3500-cﬁ“l and

950-850 c:m"1 were monitored (Figure 4-1).

On an untreated silica, a large band always appeared on the
low frequency side of the 1solated silanol band, due to hydrogen bonded
hydroxyls and bound water (Figures 4-1, A,B,C). As these species were
desorbed, the transmission in tht 950-850 cm.-l regibn was lmproved
until a limiting temperature was reached somewhere between 460 and
675°C. At 675°C two bands were just detectable as weak'superimposed
peaks on a sharply sloping background (Figure 4-1D) but degassing at
higher temperatures (900 and 1200°C) produced a marked increase iﬁ
tﬁz intensity of these bands. On the other hand, the intensity of the

1

3748 cm - S1i0H band was drastically reduced (Figure 4-1E,F).

If the above described degassing procéss was applied to a

2
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FIGURE 4-1
10 mg cm'2 silica degassed at various temperatures

A. 180°C; B. 300°C; C, 460°C; D. 675°C; E. 3900°C;
F. 1200°C.

Si0H region was scanned at 20 cm | min~ .
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p;etreated silic;, that 18, oné which had been heated in air for ‘12
hr\at-TOOfC; the appearance.of the 908-888 cnrl bands Begaﬁ

after evacuatipn at v550°C. The pretreatment process effects the
removal of most hydrogen bonded hydroxyls and it is evident‘from
Figure a-i that active sitgs only begin tq.form after these groups

are removed,

In t experlments conducted, the maximum temperature

reached was abjout 110050 at ‘which point about 95% of the regidual
isolated normal SiOH groups were removed, corresponding to an
absorbanc; of abdut 0.10 at 3748 cmfl for a 10 mg cﬁ-z gample. The
sltes are éenerally'assumed to be strained bridges, where §djaceqt'

silanols might interact as follows to eliminate water

(TH OH /o\ >
Si R si__+ H'zé Diagram 4-5
/N /N7 N :

Such a mechanism would account for the observation thgt the number

of Si0H groups decreases as the temperature, and number of sites,

increases.

B. Adsorption of NH3 and H20

-

102, ammonia did not chemi-

In agreement with previous work

e

sorb on silica in the absence of a vacuum degassing treatment at

- 98 - L S

LA

ﬁigh temperatures. However, the infrared spectrum shown in Figure 4-2B

I .

e -2
was obtained if 10 torr of NH, was reacted at 25°C with a 40 mg cm

3
" sildca sample which had been-degasseq at 1100°C prior to cooling.

The reaction time was about five min and the excess gas phase was
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. FIGURE 4-2
A. 40 mg cm'2 silica Hsgassed at 1100°C; cooled to room temperature.

B. Additions of 10 torr NH3; left 5 min in cell, then degassed .
at room temperature.
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evacuated until the préssure dropped to 1ess.phan'10-4 torr. Wo
further épectral changes“fééulted with further pumping at 25°C. The
two new bands in the NH stretching region were observed at 3525 %nd.
3447.(:111.?:-l ;nd wére accompanied by an additional band at 1550 cmfl .
(not shovm). As well, a distinct shoulder appeared on the low wave--
number side of the sharp band in the background spectrum at 3748 cm_1
. (due to residual isolated SiOQH groupé).

When ammonia was reacted with a similar sample which had
been degassed at only 800°C prior to reaction, a weaker profile of \\
the chemisorbed species was observed between 3600—3406 cm_l and at
1550lcm—l, and the 3748 cm—l band was so Intense that the shoulder was'i'
not observed. None of the above spectral features altered folldwing
prolonged evacuation at temperatures up to 300°C. Rather complex

changes occurred when the sample was evacuated above this temperature ‘
and a ‘discussion of this has been left For Chapter 5.

Following chemisorption of ND, on a 1100°C degassed deuterated

3
silica (40 mg cmfz) (normal Si0D. = 2763 cm—l) the only bands observed

were at 2634 and 2528 curl with relative‘intensities‘which were about

the same as the 3525/3447 curl pair, and a shouldeé‘appeared at the

low wavenumber side of the normal 5iOD band. When an equimolar mixture .
of NH3/ND3 was similarly reacted, strong sharp bands appeargd at 3491,

2575 and 1390 cm_l accompanied by the bandé previously noted for NH3 or

ND3 (see Figure 4-7B for a representative spectra of chemisorbed

. *
NH3/ND3).

* -
Ff%ure 4-7B actually shows chemisorbed NH3/ND3 formed by a method
other than the reaction with the active sites, (described later).
However, virtually identical spectra were obtained by either method.
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The above mentioned spectra wére all obtained from large
sized discs which are opaque below 1350 cﬁ?l. By using smaller disés
(10 mg cﬁrz) it was possible to observe the window region between 950-
850 cnrl and hence monitor'chaﬁges.in the active site bands at 908/888
cn  in relation to increases in the intensities Bf bands due to fhe
chemisorbed species. Furthermore, with thinner discs, the integrated
intensity of the isolated hydroxyl band at 3748 cm_l is smaller, -and
if the degassing temperature was high (1200°C) it was possible to
reduce the intensity of this band to an extent which enabled the band
which forms as the low wavenumber shoulder to the hydroxyl band; to
be monitored clearly. This is illustrated in Figure 4-3.

The lddition of 10 torr of NH, to a 10 mg_cm_z pellet degassed
to 1200°C resulted in' the iﬁstant;neous disappearance of the 908/888
cm_l bands and the concomitant formation of bands due to chemisorbed
ammonié. The low frequency shoulder on the hydroxyl band at 3748 cmql
is now clearly distinguished as a bqﬁd absorbing near 3741 cmfl. Also,
a broad shoulder' appeared on the high frequency side of the window
(930 cﬁ—l). By conducting several other experiments of this type it
wag ascertained that the intemsity of the bands of the chemisorbed
species was proportion o the original intensity of the bands at
908 and 888 cmfl.

The analogous experiment with LI (10 torr) adsorbed to a
10 mg cm—2 deuterated degassed silica resulted in the appearance of a

Y
shoulder band at 2758 cm-l as well_aa the other bands previously
observed in the spectrum of the 40 mg cm_2 sample. A low frequency

shoulder was also observed at 880 cm-l, apparently the analogue of

the 930 cmwl band observed for NH3.
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FIGURE 4-3
- 10 mg c:m"2 silica degassed at 1200°C; cooled to room temperature.

Addition of 10 torr of NH3; left 5 min in cell, then pumped
-1

at room temperature for 5 min.
Si0H and MNH stretching regions were scanned at 40 cm

1

min

Absorbance
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b

A study of water adsorbed to a 10 mg c:m“2 active gilica
revealed some similarities to the ammonia adsorption study but some

differences were evident too.

When 10 torr of H20 was adsorbed th2.908/888 cm-l bands

SR

disappeared instantly, just as they did for NH3
*

spectral feature was a band at 3741 cm_l. Further, the extent of

and the only new

disappearance of the 908/888 cm-l bands was in proportion to the

.growth of the 3741 cm-l band as found by titrating an active surface

with micromole doses of H20 vapour. A serles of sgpectra show this

effect in Figure 4-4,

At the stage when the sites are consumed, (Figure ﬁ—&E) the
window region shows no trace of a shoulder, Therefore, the band which

appeared at 930 cm_l for the adsorption of NH., may be related to the

3
NH3 chemisorbed species., Thigs was confirmed by adsorbing NH3 to

various silicas having different concentrations of the sites; the

intégréged intensity of the 930 cm-.l band appeared to be proportiomate
to the intensities of the 3525, 3447 and 1550 cmf; bands formed in

N
each case.

Even on silicas with the highest numbers of acti;:\ ltes

(i.e., those degassed at the highest temperatures) the 930 c
only appeared as a shoulder, partially obscured by the higl{ wavenumber
edge of the "window'. Likewise the 880 cm‘l band for ND3 was partially

obscured.by the low wavenumber edge of the "window".

* 1 -
Actually a very weak band also appeared at 3720 cm ™ but represents
an adsorbed species which is not formed by reaction with the actjve
sites (see Chapter 5).
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FIGURE 4-4
A. 10 mg cm
B-D. Successive additions of H,0 (< 1 torr).
E.

Additions of 5 torr of HZO; left 5 min in cell and pumped

at room temperature for 5 min.

Si0H region was scanned at 40 cm™

1

min.

Absorbance

2 silica degassed at 1200°C; cooled to room temperature.

1
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Another difference was-observed betweeﬂ the adsorption of
armonia and that of water in that the spectral intensitiés of the
908/888 cm-l bands were not diminished uniférmly when small doses of
ammonia were adsarbed, contrary to that shown for the water titration
(Figure 4-4). The naturé of this ef%ect and the relevant spectra has
_been discusseéd in Chapter 5.

Basically, however, there was observed to be a one to one
relationship between the disappearance of the 908/888 Cm_l bands'and .
the growth of a band at 3741_cm—1 in the case of water and of bands
at 3741, 3525, 3447, 1550 and 930 em T when NH, was the reactant.

In the above experiments with 10 mg cm_2 s1licas, the 3741
cmrl band was partially overlapped by the 3748 cmﬂl gilanol band.

* -
Even for very highly degassed silicas (“v1200°C), a small 3748 cm L

band remained. However, if a deuterated degassed silica was prepared

and subsequently small doses of NH, adsorbed it was found that only

3
hydrogen containing chemiscorbed specles were formed and that no

exchange took place, indicatéd by the fact that no 3748 cm-l S10H

band was reformed. [Exchange only occurred after the active sites '

- “
the cell.] A

.~

were consumed or if larjfr pressures of NH3 (10 torr) were added to

The spectra shown in Figure 4-5 was obtained after 5 umole

of NH3 was reacted with a fully deuterated silica which had been pre-

viously degassed at 1000°C. A symmetrical band appeared in isolation

at 3741 curl with a half width of 12 cm-l.

* :
At 1200°C the quartz cell begins to soften,making the total removal
of 3748 cm™t silanols virtually impossible with this apparatus.
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FIGURE 4-5

A. 10 mg cm"2 silica degassed at 1000°C; cooled to room temperature.

B. Addition of ~ 5 umole of NH3.

The Si0H and Si0D stretching regions were scanned at
20 cm-1 min-1, '
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When a.éegassed deuterated silica was reacted with micromole
‘doses of H20 vapour, aéain a 374i cm_1 band fppeared'in isoiation but
in this case the band was sogewhat flat-topped in appearance and had
a half width of 19 cm-1 (Figure 4~6B). Again no exchange occurred.

For purposes of comparison, the spectra of H,0 added to a

2
degassed normal (S10H) silica is again displayed in Figure 4-6A.
Graphical subtraction of the original Si0H band (3748 cm_%i from the
compounded profile of SiOH (3748 cm_l) and S10H (3741 cm_l) (obtained
in the tit?ation of H20 on 'a degassed normal surface), produced the
same broad isolated band shown in Figure 4-6B. Also the spectrum of
the band at 3741 c:.m_l obtained in isoclation in the NHB-Eitration is
again shown in Figure 4-6E to illustrate the clear difference £: shape

"to that of the 3741 cm_1 band obtained with HZO'

When small doses of water containing 98.7% Oxygen-18 were

added to a deuterated degassed silica a broad band was observed,

centered around 3735 92;} with a half-width of about 30 cm—1

(Figure 4-6C). This band had prominent shoulders to high and low
wavenumber and could be "reconstructed" by summing‘twp identical bands

(such as are observed for H2016, shown in Figure 4-6B), one centered

around 3741 cm—l.and the other at 3730 Em-l {Figure 4-6D). [The 0-18
. _
shift for the normal hydroxyl band at 3748 cm 1 is 11 cm 1].

Mixed Isotope Adsorption Studies

When wvarious mixtures of H20/D20 were added to a degassed
normal silica (in ratios varying from 1:9 each way) both the 3741 and

2758 cﬁ_l bedds appeared with intensities reflecting the initial H/D
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FIGURE 4-6

Dashed 1ine represents the residual 3748 cm'l Si0H band on a silica
which had been degassed at ~ 1200°C. Solid spectrum obfained after
admitting 10 torr Ho0 at 20°C and evacuating excess.

After adding ~5 umole of Hp0 to a degassed deuterated silica. .
After adding HZ]8

Taking two spectra as in B, displacing one by 11 cm'1 to 3730 cm~
and sunming the two (see text).

After adding ~ 5 ymole of NH3 to a degassed deuterated silica and
evacuating the excess. The % T scale refers to A.

0 to a degassed deuterated silica.
1
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-~

ratio. The half widths and band shapes were ideﬁtical with that

0 or D,O.

observed using pure H, 5

Anothgr.expefiment was conducted whereby both pure-ND3 and an
equimolar mixture of D2Q1H20 were adsorbed separately to the same

silica disc. '(The silica contalned only 3748 cm—l hydroxyl groups).

»

The disc was degassed to;lZOObc and the intensities of the.3}48, 908
and 888 cm-l bands were noted. Swall doses of D20/H20 were added just

sufficient to remove the 908/888 cm_1 bands and a lone peak at 2758

cm ~ appeared. Its peak intensity was measured.

The cheﬁisqrbed species were then removed by degassing up

to v800°C and the original’intensities of the 3748, 908 and 888 cm_l

" bands were regenerated, (see later for a discussion of this} then a
’ Y

sufficient dose of ND3 was admitted to, again, just remove the spectral

bands at 908 and 888 cm_l. Again the peak intensity of the 2758 cm-':L 4

S10D band was measured, and was found to be exactly that of the pre-

vious value obtained for the DZO/HZO titration.

Methanol Adsorption

When methanol was adsorbed to a degassed silica, the 908/

888 cm_l bands disappeared, an "ammonia type' Si0H band appeared at
3741 crn-l (\Jl/2 = 12 cm-l) and dnfrared bands characteristic of SiOCH3

groupslo7 were observed in the C-H stretching region. Y

Exchange

*The 3741 cmﬂl species obtalned from the reaction of H20 with

the active sites could be rapidly exchanged to its deuterium analogue

~ (absorbing at 2758 cm_l) with 10 torr of either D20 or ND3. Similarly,
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the 3741lcmr1 band obtained after the adsorption of NH3 also readily
shifted to.2758 cm_l, indicating exchange of the species. However,
other bands appearing for chemisorbed ammonia were unaffected by the
20 or NDB' : N

Conversely, if small amounts of HCl (1 torr) were reactéd

addition of 10 torr of either D

1

with a surface containing chemisorbed .NH,, the two bands near 3500 cm

31
and the 1550 and ~930 cm_l bands all immediately disappeared, whereas
the 3741 cm—l band was unaffected, retaining the same position,
intensity and half-band width.

Table 4-1 lists the half band widths of the 3741 cm © ban®

and its deuterium analogue for the adsorption of different molecules.

C. Temperature Effects

As mentioned before, the lowest temperature at which the
- 908/838 cm,—l bands could be detected was "550°C; however, active sites
appear to exist at lower temperatures than this because a band at
1550 cm-l due to chemisorbed ammonia could be just observed when NH3
“was adsorbed on a 10 mg ém-z gilica wh;ch had been previously degasséd
at only 400°C*. This band then, is a more sensitive indicator of the
presence of active gites than the 508 and 888 cm-1 bands. The 1550 cm-l
band intensity increased 1f the initial degassing temperature was in-
creased, and, also paralled the increase in the 908/888 cm.-l bands
when they were detectable.

It is concluded, therefore, that the new sites responsible

* -

For a 40 mg cm 2 gilica,.even greater sensitivity to the presence
of active sites was achieved; the 1550 em ! band could be observed
after degassing at 350°C.
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TABLE 4-1

Half-widths of the 3741 and 2758 cm—1 Bands

Molecule Adsorbed 3741 cm._:L 2758 cmfl
H,0 ! 19 -
D,0 : 16
. Hzo/nzoa 19 16
NH, C 12
W, | 11
CH ,0H 12
ﬁHB/ucnb | 12

aRatios of HZO:D20 varied from 1:9 to 9:1 made™no difference to
half-width values.

bIndiéates replacement of S:LNH2 species by 51iCl (see Chapter 5).

.".-.
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20,‘NH3 and

CH ,0H are formed in increasing numbers once the degassing temperature

for the 908/888 cm Y bands, and which also react with H

-

excee45.400°c.
:.J Once a sample has been degassed at a glven temperature, the
regenaration of the active sitgs\responsible for the 908/888 cm—l
bands can be achieved at a much lower temperature. The absorption
bands of chemisorbed water or ammonia were unaffected up to an evacua-
tion temperature of 300°C but beyond this‘their intensities diminished
“and the 908/888 cm © bands began to reappear.

In the case of chemlsorbed NHB; the two bands near 3500 cm-1
and the 1550 cm_l'disappeared at the same rate as the 3741 cm-l bands.
(At'the same time the shape and frequenéy-of the two bands near 3500
cm - became altered. This is discussed in detail in Chapter 5). |

1f a neﬁ sample was degassed at, say, 1100°C and was sub-
sequently teactéd with Nﬁ3 or Hzo, then a secondary degassing tempera-
of only about 650°C was necessary in order to reproduce the initial
intensify of the 908/888 cm_1 bands or to totally remove. the bandg of
the chemi;:rbed specles. The surface had the same properties as after
the original degassing at 1100°C, because exactly the same infrared

bands for either chemisorbed NH, or H,0 could be regenerated in a

3

subsequent reaction. One possible explanation for the requirement of

a lower temperature may be that bulk hydroxyls migrate to the surface

42

and form new SiOH groups as othérs are removed (Hockey et al as

postulated such a mechanism fok the hydrolysis of adsorbed chloro
compounds during prolonged evacuation). If this were the case, then

on a secondary degassing, such migration would.essentially be non-
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existent and stable sites could be generated at a lower temperature,

ey

D. Identification of the Chemisorbed Species

| When ‘a small dose of water was fdsorbed, only a band at

3741 cqfl was formed. A single band absorbing at this high frequency
is indicative of’an hydroxyl group. This is‘confirmed.by the apparent
shift of 11 cm-l for the 0-18 analogue and by the fact that deuterium
exchange only produces a band at 2758‘cm-l.

The 3741 and 2758 cmhl_ban&s are similarly positioned with
respéct to the isolated hydroxyl'absorptidn bands a£ 3748 and 2763 cm_l.

The question of the existence of surface geminal hydroxyl
groups was disquééed in Chapter 3 and is reconsidered here for highly

degassed surfaces. The broadness of the 3741 cmhl (see Figure 4-6B)

when H‘zo i1s the reactant may have been anticipated as being due to ‘

coupling between identical Si(OH)z-groups. If this were so then, as

observed, the 3741 cm_} band appearing in the case of NH, adsorption

3
would have a smaller half-band width because Si(OH)(NHZ)* would not be
expected to couple appreciably. However, this idéa can probably be
rejected, since forlwater adsorptioé the band width regpained constant
for any H/D ratio‘(e.g., a 1:9 HZO-DZO mixture should give a spectrum
in the QOH region which represents 95% é;OH—SiOD pairs-and only 5%
S10H-Si0H pairs). 7

The posgible reasons for the broadness and flat-topped

0 compared with that

appearance of the 3741 cm_l band obtained with H2

from NHB'have been discussed in Chapter 5.

* ' .
- The preof for the existence of SiNH2 is discussed later.

#
o
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If it is assumed for the moment that the sites correspond
to a "reactive" symmetric siloxane bridge site, then the stolchio-

metry for the reaction could be presented as. follows:

oo //,0\\\ 1,0 = S10H k
* si Si + = gy ~ L
— ?Q‘ 5 > SSH + SN,
' CH OH 5;Sipcu3'
T Diagram 4-6

‘

which 1s to be contrasted to the reaction proposéd for the reaction
of BF, with the sites.61 (Diagram 4-3).
‘.\ | " There has been no direct evidence provided thus far that
- the reactions proposed do occur at a siﬂgle site and that there is a
1:1 correspondénce between the number of $i0H groups formed and, for
example, in the NH3 adsorption case, the number of SiNH2 groups formed.

However, the“experiment which showed that the Intensity of

the 2758 cmfl band was the same for the adsorption of either (1:1)

DéO/HZO or ND3, indicates that the number of hydroxyls formed in the
NH3 reaction is just half that of those formed in the HZO' This im-
plies that the formation of an hydroxyl group is accompanied by the

production of one other SiNH2 (fi;/NHB adsorption) or S{i0H (for H20).

E. The Structure of Chemisorbed Ammonila . -

i
-

The formation of surface SiNH2 groups when ammonia has been
reacted with highly dehydroxylated sllica has been postulated by

several workers who have used infrared spectroscopy as a means of

47,102

detection. The assignment was based solely on the observation
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of two banés near 3Sdb cm-l which were assigned to the symmetric and

antisymmetric NH stretching modes, and a band at 1550 cm-1 which was

assigned to a deformation mode.  As staged previously, this assignment

must be considered tentative since‘SiONH2 or co-ordinately bonded

ammonia would give rise to identical\spectral features. Low wave-

number spectral data has been lacking'iﬁ previous studies begause'

silica was totally gbsorbing below about 1350 cm_l. In j&rlier worka;éloz,

ammonia was Eresumed to react, as shown in Diagram 4-2, with a reactive

bridge site which was formed during the dehydroxylation proéess. v “
It has been found in this laboratory that the nature of the

reaction of ammonia with active silica is complex., TFor the moment,

however, these complexities will be ignored.

As described before, the adsorption of 10 torr of NH, to a

3

10 mg cng active silica resulted in the appearance of an 810H band

at 3741 cm ® and four other bands (3535, 3447, 1550 and 930 cm 1),
However, similar bands (with the same isotopic shifts, H/D, 0-16/0-18
and N-14/N-15, to be discussed below) could be produced if 20 tofr of
NH3 was allowed to react at 650°C fof 2 hrs followed by removal of®
excess reactant. (Fipure 4-7).

The silica (10 mg cm—z) was degassed to 300°C only (to
remove moisture) and hence contained no active sites. The reaction
did not apparently proceed through an 'active site' type mechanism
because no 3741 cmfl'SiOH was produced. Instead the increase in

intensity of the N-H related bands, was accompanled by a decrease in

the SiOH (3741 cm_l) intensity.
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FIGURE 4-7

Infrared spectra of ammonia chemisorbed on a 40 mg cm_z

silica disc after reaction at 650°C.

A. NH3;

B. 1:1 NH3/ND3 on a partially deuterated silica. Dotted lines
refer to the silica background before reaction and strong bands
at 3748 or 2763‘cm-1 are due to residual SiOH or 510D groups

respectively. The % Transmission scale refers to B,
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FIGURE 4-8

»

Infrared spectra of ammonia chemisorbed on a 4 mg cm'2 silica after
reaction at 650°C. Dotted 1ines refer to the background before reaction.

A, NH3; B, a ]
C, ND3 on a ful

: 1 NH3/ND3 mixture on a partially deuterated silica;
1y deuterated silica. The 967 cm-! band is characteristic

of the background spectrum of a fully deuterated silica, and corresponds

to a band near
in < 2 mg cm-2

987 cm-1 in a non-deuterated silica (detectable only
samples). The % T scale refers to A.

TS



-118- K

The infrared bands of the chemisorbed species were found to
be at 3452, 3540 and 1550 cnrl with a partly obscured band neér 932

>

cnrl (compared with 3525, 3447, 1550 and ~930 cm-l for NH3 reacted

with active sites),.

The outstanding feéture of the spectra of the. adsorbed
species obtained by this method was the high intensity obtainable for
adsorption on even very thin discs. For example, with a 4 mg c:'m-2
silica, two “windoﬁs" Qf transparency occur between 1000-850 cm—l and

750-600 cm-l and following the reaction with NH, at 650°C a strong

3
sharp band at 932 cm-l was clearly observed whose intensity was
proportional to the three highér wavenumber bands (Figure.A-SAj.

| The species responsible for these bands was extremely stable
with respect to thermal degassing, virtually no changes im intensity

vere observed upon degassing at less than the reaction temperature of
i S

650°C and temperatures as high as 1000°C were necessary to facilitate

the disappearance of these bands.(compared with 650°C for NH3 chemi-

sorbed to the active sites).

The corresponding spectra following the reaction of a (1:1)
NHS:ND3 mixture aré shown in Flgures 4-7B and 4-8B, The spectrum
ocbtained when ND, was reacted with a 40 mgrcm_z gilica (not illustrated)
showed only the high and low fréquency bands in the 2600 cm_l reglon
of Figure 4-7B, and no bands betweén 1600-1300 cm_l, but wvhen reaction
was carried out using a 4 mg cmﬂz sample, an additional band at 882

cm ~ was observed (Figure 4-8C). [The additional feature at 967 cm.-1

A

in the background spéctrum of deuterated silica shown in Figure 4-8C

results from a2 shift to low wavenumber of a corresponding band at
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987 cm-l in a non-deuterated silica and is mot associated with the
formation of chemisorbed species. The 987 cm-l band can only be
detected when less than 2 mg em 2 silicas are used.]

All oﬁserved frequencies are listed in Table 4-2 along with
the band positions following reaction with 15NH3. No isotopié shifts
were observed when NH3 was reacted with an 0-18 exchanged silica which
contained 75% SilBOH to 257 SilGOH prior to reaction.

The reaction temperature of 650°C appeared to be an optimum

value for maximum intensity for reaction. times of 2 hr, Less intemnse

spectra resulted 1f lower or higher temperatures were employed.

Analysis of Spectral Bands

The single chémisorbed species has four infrared absorption
bands in the experimentally accessible regions between 4000~600 cmrl.
The 3540, 3452 and 1550 cm_l bands shifted by small amounts on nitrogen-
15 substitution, large amounts for deuterium substitutiom and not at
all for Oxygen~18 substitution. Therefore, the 3540/3452 cm-l palr
can be assigned to VNE_ modes and the 1550 cm-l to a NH_ deformation
(GNHX) mode.

The 932 cm—l band likewise.shifted for N-15 and D substditu-

tion but not for 0-18 substitution, so it is unlikely that the surface
i

]

species contains oxygen. The latter is important since an N-O

stretching mode as for example in NH,OH, might be expected to absorb

2
near 932 cm_}. Further, in view of there being only one new band as
a result of partial deuteration (from the NHBIND3 mixture) which 1lies

almost midway between the two UNHx (or vNDx) modes, shows that an
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TABLE 4-2

Observed Wavenumbersl for Chemisbrbed Ammonia

e

. 15
NH3 NH3/ND3 ND3 NHB
*1
3540 3540 R . 3527,
.
3494
.
3452 3452 : 3447
2634 ' 2634"
M *
2578
*
2529 . 2529 v
1550" 1550 © 1547
*
1390
*®
932 929 919
*.
882 882

%
lThe band positions marked were used in the force constant
refinement calculation for SiNHz.
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-NH, group is present. [Co-ordiinated NH, would show three V(NH) modes

3

on partial deuteration, one for NHD, and two for NHZD].

2

The qualitative evlidence clearly suggests that an S:LNH2

species has been formed, in which event, the 932 cmﬂl band could be

assigned to a vSiN mode, or to a rocking mode of the SiNH, framework.

2

" In order to investigate the nature of thils mode, and to con-
firm the above assignments, a force constant calculation has been

carried out using observable isotopic shift data.

Cain et 31106 have studied the characteristic vibrations

of an RNH2 group which has Cslsymmetry, by assuming that the R group

can be considered a point of infinite mass. (106 a.m.u. was used).

The geometry, which is formally identical to SiNH, is illustrated

2
below
H
' Diagram 4-7
The six interﬁal co-ordinates are =T, = r{N-H),

d = r(R-N), o = <HNH and Bl = 82 = <RNH.

The valence force field assumed is given in Table 4-3,\and
the symmetry co-ordinates in Table 4-4. Using Cain et all 6 force
constants (Table 4-4)} and geometry {(the R-N distance was assumed to

0
be ag in CHBNHZ’ 1.474 A) 1t was possible to reproduce frequencies

calculated by Cain et al and the calculation was then further extended

to determine the frequencies of RNHD, RND2 and Rl5

The results clearly show that the so-called rocking modes,

NH, (Table 4-4).

v, and Ve underwent considerable isotopic shift with deuterium,
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TABLE 4-3

Valence Force Field for RNH2 and SiNH21

r, Ty o d Bl 82
ry F. £/ \\ 0 0 0 0
r, Fr 0 0 0 0
o Fa 0 0 0
d Fa fas fap
Bl FB fB
B, .. ¥y

lAll force con;}antg involving angle bending modes have been .
weighted by r op r® where r is the NH distance, in order to give
‘units of mdyne/A. : -
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TABLE 4-4
Symmetry Coordidﬂtes and Calculations for RNH21
Speciles Description RNH21 RNHD - RND2 RkSNH23
a' 8 = 1/Y2(r tr,) us(ﬁﬂ)ul 3370 3404 2560 6
S, =« » S(NHZ)vz 1634 1448 1207 4
5, = d (SN v, 780° 745 718 14
2
5, 1/r2(81+32) Py (R-NH,)v, 687 588 537 14
1" — _
a 55 = l//Z(rl rz) va(NH)vs 3434 2517 2476 10
S¢ = 1//2(31—32) ‘. p, (R-NH, )V, 967 853 712 3

1Values calculated in ref. 106 were slightly different in some
cases, probably due to differences in the number of significant
figures in the G or F matrix. Force constants and geometry for
RNH2 were taken from ref. 106 the values of the former being

F 6.40, F, = 0.65, F §0 Fg = 0.47, f = 0.00,

EEB = 0.14, ? = 20.03 mdynE/

2The. Potential Energy distribution indicates that these modes are
mixed for this isotopic specles.

3Calculated low wavenumber shift relative to RNHZ(N-IA).
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whereas, V(R-N) underwent a much smaller shift. [In this calculation
and iﬁ.that beloﬂ,‘ail calculated V(ND) modes were multiplied by a
factor of 1.011 in oxder to account for anharmonicity107.]
It is‘tempting to assign the 932 em T band to V(SiN) of
SiNH2 on the basis of relatively Emall D shift (55 cmﬂl for SiNDZ)
and from the N-15 shift. However, it is difficult to explain
a priori, why the shift for SiNHD'!é so small or is non-existent (the
932 cm—1 band gimply appeared broader whe; NH3/ND3 mixtures were re-
| acted, with a slight shift to low wavenumber in the peak maximum).
Fﬁrther, the v(SiN) frequency in a series of compounds with

108-110 to be in the range

3
820-822 cmhl, the highest frequency being for (CHa)SSiNﬁzlog.

the general formula R,SiNH is reported

Some assumptions concerning the geometry of a hypothetical i
SiNH2 surface species are netessary in order to qarfy out & similar
force constant calculation. Unfortunately, no structural data appears
to be available for R3SiNH2 compounds, but for the (SiH3)2NH111,
£(S1-N) is 1.725 A and T(NH) = 0.995 &, whereas 4(SiN) in (S1H,) N
is 1.738 A. |

It has been assumed, then, that reasonable bond 1éng£hs

o o
and angles for SiNH, are: r(Si-N) = 1.74 A, r(NH) = 1.00 A and

2
a =8 = 110°,

A further assumption has to be made concerning v,s the
symmetric rocking mode (the antisymmetric rocking mode can then be
calculated so as to fit the data) and since this is generally between

800-600 curl it has been used as a variable parameter varying from

850-600 cmfl in 50 cm—l increments. The data for SiNHz, SiNUD and '
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. TABLE 4-5
" Calculated Wavenumbers for SiNH2
15 1

v SiNH, SiNHD SiND, 81 NH,
1 "3451 3496 2529 6

2 1551 1388 ) 1169 5

3 933 928 881 18

4 850 705 649 . 4

5 3536 2852 2639 11

6 ¥ 1010 886 743 2

1 3450 3496 2529 5

2 1551 . 1388 1170 ’ 5 <
3 933 928 ' 881 18

4 800 670 611 ' 3

5 3536 2583 2640 11

6 1031 895. 758 3

1 3450 3496 2529 5

2 1551 ) . 1388 1172 5

3 933 928 880 18

4 750 632 572 3

5 35386 2583 2640 11

6 1043 900 . 767 2

1 3450 3495 2529 5

2 1552 1387 1174 6

3 933 928 880 18

4 700 592 533 - -3
5. 3536 2583 2640 11

6 1051 904 : 773 2

1 3450 T 3495 2529 5
-2 1552 . 1387 1175 6

3 933 927 880 18

A 650 551 , 495 3

5 3536 2583 2640 - 1l

6 1056 - 906 777 2
1 3450 . 3495 2529 5

2 1552 1387 1176 6

3 933 926 880 18 .
4 600 ) 510 456 2

5 3536 2583 2640 11

6 1059 927 779 2

1Low wavenumber shift relative to calculated 5iNH, wavenumber.

2Force constants for v, of SiNH, = 750 cmfl are: F. = 6.75, Fy = 0.57,
P, = 4.89, Fg = 0.52, £ = ~0.01, ;4 = 0.06, £5 = 0.06 ndyne/2. :
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FIGURE 4-9 !

The plot of v6 and v3 of S1'NH2, SiNHD and SiN02 against
assumed values of v4 for SiNHz. The vertical bars at the

right* refer to spectral bars where _15.1"11"ca is totally absorbing
when & 1g co 2 samples are usedr—_ )

. .
i
. ,'
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SiNDz,indicated with an asterisk in Table 4~2,was used as the "observed"

wavenumbers in a force constant refinement calculation the results of

which are shown in Table 4-5. A mass of 28.0 a.m.u. for $i was

assumed,

-

The calculated positions of the high wavenumber, NH stretching
and bending modes agree well with the observed. A summary of the

py
results for the three low wavenumber modes is shown in Figure 4-9,

#

where several- calculated frequencies have been plotted as a function

“of the variable parameter, Vyo for SiNHz.
The remarkable\feature is the constant small shift predicted-

for Va (81N stretch) when going from SiNH, to SiNHD, a feature which

2
conceivably explains the failure to detect a distinct band for this

eﬁeeies.since it is blended with the 932 cm_I band of SiNHZ. However,

the peak maxiﬁum of the 932 cm—l band was observed to shift to slightly

lower wavenumber in the mixed isotope experiment. "This, combined with
- the good agreement‘between the N-15 shift for vy as opposed to that
for v, OT V¢, lends confidence to the assignment of~the 932 cmfl
species to the SiN streeching mode cf a surface S:LNH2 specles’
Although this model centains many assumptions, it is ciear
that the 932 cm—1 behd cannot readily'be assigned'fo rocking modes
'because a much larger H/D isotgpe shift would have been expected;
Also, the symmetric rocking mode in (Et3)SiNH2 is feported
to absorb near 727'cm_1 which lies eithin the range‘anticipated abovelog.
fhe ranée of.frequencies "predicted" fo? Ve lies within omne

of the windows of tramnsparency, but bearing in miﬁd, (a), that the

intensity of this band might be extremely low like that of the other

0
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asymmetric mode (v5), (b) that there are already three bands in this
spectral range whén NH3/ND3 react and (c),%that the;background changes
rapidly over a small frequency range (see Figure 4-8), the failure to
detect this band is not necessarily -surprising.

' The calculated force constants for Vg of SiNH2 = 730 cmfl
are given at the bottom of Table 4-5 and are similar to those reported
. for RNH2 and méthylamineloe. The values of the force constants for
other choices of Y differed Qﬁly very slightly from those given in
Table 4-5. Having proven that the surface specles are SiNH2 species,
then, a probable mechanism for their formation 1s wvia a reaction with
the isolated silanols which were observed to be diminished

OH NH2
Li + NH 6§Qj§+ £i + H,0
/N 3 /IN 2

-1
(3748 cm 7)- (excess) Diagram 4-8

: . . .
Finally, with reference to NH3 adsorbed to the active
sites, an assignment can also be made to an SiNH2 species on the

basls of similar isotopic shifts.

F. Other Holequles‘

In ofder to determine whether a similar reaction would take
place with other NH containing molecules, methylamines and hydrazine
were reacted with a degassed silica. |

1 the case of methylamine, a single band at 3465 cmfl was
observed (degassing temperature 800°C prior to reaction) or at 2570
em for CD,ND, in both cases accompanied by the new silanol band
at 3741 em ¥,

v

-

0
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4

With both molecules a complex profile due to VCH or vwCD

modes wds observed near 2900 and 2200 cm—l, respectively. The re-

. action must therefo‘FVgive fESSiNH(CHB) and EEESiOH.

The chepisorption of (CH3)2NH gave no VNH bands but a
3741.cu;1 band appeared along with a complex VCH profile.

No dissociative chemisorption took place with (CH3)3N but, ‘

)

a definite interaction with the surface occurred and 1s discussed '

fully in Chapter 5,

Hydrazine (NHZNHZ) gave an overlapping three band profile

— ! _
in the WNH region, as\well as a 3741 em 1 Si0H band, indicating the

reactiom products were —=Si0H and JE;SiNHNHZ.
Many other molecules falled to react however, including H2,

0, co, €0,, PH,, NO, HCN, HCl or C,H, and CH,CN.

Apart from HZ’ HCN and CH3CN, the effect of elevated tempera-

tures was not examined (Hz did not react up to 600°C) so that large
activation energles might also control the reaction. It 1s noted
for example (as describgd in Chapter 6), that HCN reacts readily with
‘silica at B00°C but not at all at room temperature. [Actually the
reaction is complex, producling at least three products, but even at
800°C some sites remained and a large part of the HCN reaction appears
to proceed by reaction with SiOH groups. ]

Each of the molecules that de react however, are distinguished
by the fact that they are reasonably strong Lewis bgses (or Lewis acids

in the case of BF BCl3) which also have a hydrogen available for

3
rupture. This premise 1s pursued in Chapter 5.
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G. The Number of Sites

20 or NH3

which reacted with the new sites as a function of degassing tempera-

It would be desirable to measure the volume of H

ture thereby facilitating a determination of the number of active sites.
Howéver since (a), the quantities adsorbed are in the micro-

v mole range, (b), the cell has a large dead volume and (c) it is impossible

to detérmine the extent of physical adsorption on the cell walls, |

such a measurement was not possible., However, 1f it is assumed that

the relative band areas of the normal 3;48 cm-l band and the new

3741 cmfl band reflect the relative proportions of the two types of

SiOH, then when N'H3 is the reactant, the following ratio:

Intensity of 3748 curl band after degassing at 800°C

Intensity of 3741 cnrl band after degassing at 1100°C
and then reacting with NH3

is approximately 10. That is the number of new SiOH 3741 cm.-l species
is approximately one-tenth of the number of normal S10H (3748 cm—1
species) on a fresh sample which had been degassed at 800°C. It is
well known that a silica degassed to 800°C has about 1.4 £ 0.2
isolated hydroxyls per 100 32, then the number of S1i0H (3741 cmrl)
species formed at 1100°C (and therefore the number of active sites) is
about 0.14 per 100 22‘ This is a crude estimate, however, and will
be better answered by simultaneous vacuum microbalance and infrared
spectroscopic studies.

1t was noted that the pretreatment procedure made no
difference to the number of.sites generated at a glven temperature.

[Three identical discs (10 mg cm_z) were pretreated at different
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temperatures in air (180, 460 and 700°C) then degassed to exactly
the same temwperature (650°C) and for each the number of sites produced,

ygiven by the 908/888 cmhl intensities, was the same.]

Summary
. hd
It has been determined thpt Lewis bases such as NH3, CH3NH

) CHSOH and Hzo are capable of chemisorbing on active silica to form

2,

3

formed. It seems probable that the reaction does take place at a

a new 5i0H species, When NH, is adsorbed an SiNH2 species 1s also

siloxane bridge site because for every SiNH2 formed 1t appears that
one S10H is also generated. However, the SiOH band obtained with

H20 is broader than that for NHB’ suggesting some complexities may

exist.




.at 908 and 888 cm . These bands were found to grow at the expense
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CHAPTER 5
THE NATURE OF HIGHLY DEGASSED SILICA

In the previous chapter it was shown that various molecules
were capable of chemisorbing on dehydroxylated silica, and in the
case of H20 and NH3, chemisorbed specles were idéntified which were

’

consistent with a reaction at a bridge site of the type:
/O\
f 51 si

P Diagram 5-1
71 AN
where it was assumed that the bridge was symmetric.

The active sites were assoclated with two infrared bands .
60 '
1

of the silanol band at 3748 c:m-1 and were insensitive to D substitution

but shifted upon 0-18 exchangesg, suggesting that the sites did indeed
ﬁontain only Si and Otfkomé. But certain evidence briefly discussed
in Chapter 4, indicated that the sites are more complex than just a
simple éymmetric bridge. 1In the present work, a study of the adsorp-
tion of trimethylamine and pyridine supports this contention. Also

in this cﬂapter, a more detailed analysis has been made of the nature
of the chemisorption of water and ammenia. It has been proposed that
when water is adsorbed two distinct types of hydroxyl groups are formed
from the active sites. Furthermore, other reactions have been showﬁ
to occur at secondary centres when higher pressures ogij3 or H20 are
added. 1In the case of ammonia adsorption, some of the anomalies

102

observed in the spectra of chemlscrbed NH, by Little and Blomfield

3
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have been reinvestigated in terms of the possibility of two types of

SiNH2 species being present, arising from two different mechanisms.

RESULTS AND DISCUSSION

A. The Evidence for a Complex Active Site

One of the reasons for doubting that a simple symmetric
bridge site 1s responsible for chemisorption, is that it 1s difficult
to account for two infrared bands at 908 and 888 cm_1 to be assoclated

with an S$1-0-5i mode unless the S5i-0-5i angle is nearly 90°. 1In the s

-
£

more usual situation where the angle is >120°, the symmetric and antit
symmetric stretching modes of Si-0-Si are widely separated (800 and.
n1100 cm_l respectively). 1In all of the chemisorption reactions dis-

- - * )
cussed above, both the 908 and 888 cm L bands disappeared in unison , ‘

giving the impression that a single site is present like that sﬁpwn in
Diagram 5-1, but a careful examination of the window. région between
950 and 850 cm_l, indicates that there is actually a third band present
at ~930 cm T whiéh only appears when the sample is degassed up to
1200°C. Tt is probably present. in the spectra of silica degassed at
lower temperatures but is not as intense and becomes qbscuiﬁd by the
totally absorbing region above 950 cm_l (see Figure 5-1). Thig latter
band is involved with the sites since it disappears from the spectrum
when (e.g.) water 1s reacted with the surface. Therefore, it is
difficult to assign the Si-0-5i modes to -any of these bands. Other
spectral features observed for the NH3 and H.0 reactions with the

2

*
In the case of the adsorption of NH,, this is not quite true, the
ramifications of this are discussed later.

5
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[
actlve sites, and briefly mentioned in Chapter 4, indicate that a

simple symmetric siloxare bridge is not involved (see below).

The Broadness of the 3741 cm-l Hydroxyl Band

As described in the previous chapter, when a degassed
deuterated silica was reacted with micromole doses of H20 vapo;r, a’
band at 3741 cm_l appeared in isolation, with a half width of about
19 cm_l, however, 1ts shape differed from that which was produced in

the case of NH3 adsorption in that it was somewhat flat-topped and

there was a weak residual tail at about 3720 cm_l. When NH3 and

LY

CH3OH were added to an active silica the SiOH band also appeared at
3741 cm_l but the half width was only 12 cm_l and the band was much
sharper ('Cauchy type' profile). .

Also if, after the adsorption of NH, on the active sites,

3
the resultant Si-NHz'groups were exchanged to Cl groups with HC1l (see
later for a discussion of this mechanism) the SiOH band at 3741 cm"l
remained unchanged in intensity and half-width (see Table 4-1 of
Chapter 4).

Since the half-width of the 3741 cm—l hydroxyl band is

unaltered; when different functlonal groups (-Cl, -NH, or —OCH3) are

2
adjacent to the hydroxyl group, (assuming that a bridge was reacted},
then it does not seem feasible that.hydrogén bonding should be res-
ponsible for the increased half-width of the 3741 cmﬂl band when thé
hydroxyl 1s adjacent to another hydroxyl.

As mentioned in Chapter 4, a coupling of modes of a geminal

species can also probably be discounted as a factor contributing to

N
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)
the broadness of the band. Hence, it is ﬁossible that there may be
.two types of hydroxyl groups formed when water is reacted with the
sites, which absorb at slightly different frequencles in the infrared
(separated by 1-2 cm-l) and each of which has a symmetric profile
characteristic of the 3741 cm-l band formed when (e.g.) NH3 is the
reactant. .This further implies that the siloxane site at which chemi-
sorption occurs 1s not a symmetric bridge,- because the two silicon
atoms forming such a bridge are apparently not in identical environ-
ments.

Ignoring for the moment the possibility that the active

sites may not even-be a bridge, the site may be schematically repre-

sented as

o
/Si{ 51y
7 AN

If the postulate is correct, then, when NH

Diagram 5-2

3 is adsorbed the nitrogen

of the ammonia may be supposed to preferentially attack, for example,

"Si(a)" and then, the SiOH which forms will always be on "Si(b)"'

where the oxygen originates from the slloxane linkage.

2 cl’H
+ N +L1 + si

Si
7 W N AT

Diagram 5-3

When H20 is adsorbed, apain, attack may be at Si(a) and in thfz
/

instance an Si(a)—OH should be formed from an oxygen of Hzoj/as well

as the Si( -0H originating from the bridge oxygen, and a broader

b)
infrared band profile might be expected as a result of the silicon

atoms belng in slightly different environments.
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With 0-18 water, the reaction should always give Si(a)-laoﬂ )

and Si(b)-lGOH with an '\»ll't:m—l separation of their infrared absorp-
tion bands. The asymmetry of the site might be proven by comparing

the overlapping profiles obtained with the reaction of 0-18 water on
-~

an 0-16 §ilica to that of an 0-16 water on an 0-18 silica, however

this 1is an impractiéél exercise since the 0-18 exchange of siloxane
oxygen 1s limited to about 60259.

Another approach though has provided evidence that an un-—
symmetric?l bridge site may exist, that of the adsorption of pyridine

and trimethylamine to the active sites and in the light of the findings

from these studies a more detailed picture of the surface has been
formulatéd. The adsorption of water and ammonla to active silica has ‘

been shown to be more complex than was supposed in Chapter 4.

B. The Adsorption of Pyridine and Trimethylamine

Unlike the reéctions'of water and ammonia, no dissociative
chemiseorption took plaée when 10 torr of pyridine was adsorbed to am
active silica surface, but bands appeared in the 1650-1350 cm -1 range
which were indicative of pyridine co-ordinately bound and of pyridine
hydrogen bonded to Si0H groups.

Figure 5-2 shows the differences in the spectra of pyridine
adsorbed on an inactive surface and an active surface. Bands at 1620,
1485 and 1451 are typical of co-ordinately bound pyridine whilst those
at 1600, 1578, 1487 and 1442 cm_l can be ascribed to an hydrogen
bonded pyridinellB. (A more detailed account of the spectfa of co-

ordinated pyridine is given in Chapter 9).
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FIGURE 5-2
Addition of 10 torr of pyridine to a 40 mg e silica
surface which had been degassed at A) 300°C (no active sites);
B) 1000°C (active sites), then pumped at room tempeﬁature for 1 hr.

Spectra B is displaced for purposes of presentation.
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FIGURE 5-3

A. 10 mg e 2 silica degassed at 1800°C 12 hr and
cooled to room temperature. -

. B. Added 8 torr pyridine; spectrum after 5 min
(same as-spectrum after 12 hr.).

C. Evacuated at room temperature 3 hr; D, 10 hr;

E. Evacuated at 70°C 1 hr.

Spectra in the 1650-1350 cm'.I region are displaced for the purpose
of presentation. Absorbance scale refers to A. '
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An adsorption-desorption cycle for pyridine adsorbed to a

10 mg cur?:si;ica is shdwn'over‘the spectral ranges 1650-1350 cm.-1

and 950-850 cm_1 (Figure 5-3). Clearly the‘ﬁand at 888 cm_l is
diminished,relative_to the 908‘c\m._1 band, indicating, for the first
time, that the specieé resﬁbnsible for thése two bands cannot be
assigned to a single "active" site‘(Figuné'5—3(ii). The higher fre-
quency band has shifted from 908 to 913 cm_1 which is probably the
‘natural'posifion qf thig band in the absence of overlap of the 888
cm'_1 band. The intensity of the 913 cm—l band did .not diminish even »//-/J
‘1f the surface was left exposed to 8 torr of pyridine for 12 hr {at .
room temperature). Subsequent degassing at room temperature pre-
ferentially removed the hydrogen bonded species (compare the change

in intensity ratio of the 1451:1442 cm-l bands in ‘Fig@ﬂi)c and

5-3(i)D) although some of the co-ordinated species was remdved too and

the 888 cmul band reappeared.

After degassing at 70°C for 1 hr, all bands dué to both ./
co-ordinated and hydrogen bonded pyridine disappeared and the original
ratio -of the 908:888 c:m_1 bands returned, although the intensity of
each baﬁﬁ was lower than in the original spectrum {compare Figuresl5—3(ii)A
and 5-3(11)E. Although there was no evidence for any remaining chemi-
sorbed species in other regions of the spectrum, the uwniformly lower
intensfty'of the 908 and 888 cm—1 bands might be indicative that some
sites have reacted by some chemisorptive process involving, perhaps,
traces of impurities of cleavage of the pyridine ﬁolecule during
desorption. For the moment It iz proposed then, that pyridine is

adsorbed in the following ways
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Addition ofﬂDZO to Silica Surface Containing Co-ordinated Pyridine

' . -
Figure 5-4 shows the effect of adding small'amouﬁts of D

to é siliQa containing virtually only co—ordinateiy bound pyridine.
Thelreasoﬁs for‘adsorbiné‘DZQ and not_H20 were two-fold. Firétly,
- H20 absorbs in the 1600-1300 CmTl region an%yéguld obscure the
spectrum of adsorbed pyridine anﬁ also, any new hydroxyl species
fotmed (OD) can be monitored without the. presence of overlapping
bands due to hydroxyls already on - the surface.‘

Even the smallest addition of D20 (<1 torr) caused a distinct

.ihange in the spectrum (Figure 5-4C): tﬁe bands due to co-ordinately
bonded pyridine diminished as did the 908 cm-l band and a small band
appeared at 2758 cm—1 due to a new S10D species (not shown) typical
of that for;ed from active sites (see Chapter 4).

This 1s an important result because 1t shows that D20 reacts
by displacing pyridine which is further evidence that ghe 908 and
888 cm L bands are part of the same site for chemisorption. (For
example it might have been expected that with only small amounts of
. D,0 adsorbed, the "908 cm L site" might have reacted with D,0 without
‘displacement of pyridine at a hypothetical '"888 cm-l site"). |

| IThe 510D band produced had a half-width of 16 cm_l which
is in'éccord with éﬁe exlsgtence of two types of hydroxyl overiapping,

" ag discussed earlier.
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. FIGURE 5-4
A. 10 mg cm" 2”5111ca degassed at 1000°C for 12 hr; cooled to
room temperature.
B. Added 2 torr pyridine for 1 m1n then pumped 10 min at
room temperature.

C. Added < 1 torr 020

“D. , Added 2 torr D)0 for 30 sec.
for 10 min.

Spectra in the 1650-1350 cm -1 region are displaced for purposes
of presentation. Absorbance scale refers to A.

then pumped at room temperature
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1

) When a'higher pressure of D20 was added (2 torr) for 30
seconds then pumped for 10 min, the 908 cm;l band disappeared and
bands grew at 1603 and 1445 curl corresponding to pyridine h&drogen
bonded to silanol groups. (The other banés nofmélly seen for hydrogen
bonded pyridine at 1487 and 1582 cmfl were not distinguishable becadse
0f the wéakness of the spectrué.)

The appearance of an intensified spectrum (comparing
Figures 5-4 C and D) ’ for the hydrogen bonded species may bé related
to.the effect of pumping, giving the pyridine molecuIes‘the requifed
mobility to allow them to move from the vicinity of the reacted site'

- to.-a silanol group to which thef may subseqﬁently hydrogen bond.

The displacemenélqupyridine by water may occur in—two ways:
'1) Water is initially adsorbed at the same site at which pyridine is

adsorbed (e.g. Si(a)) and the oxygen of water competes with the

nitrogen of pyridine as a co-ordinative donor to the site (Si(a)) then

once adsorbed, each water molecule reacts dissociatively with Si(b)40
to form. two hydroxyls
= . H
H | 0 H \ .0 OH'
Ng w7 N RN é L
A AC T e T @ e
/7 \~~ 7 WA M

+
; ' Diagram 5-5

2) Water adsorbs co-ordinatively at Si(b) then reacts disgoclatively

with Sika)-o at the game time displacing pyridine

Q e Q ot e
5 51 — éi +51 + m
K

— Si
\@g_ = (a) ,\@ AN@IR® T

Diagram 5-6
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Both these mechanisms assume a bridge site (an alternate site is dis-

’

cussed later) and there is no reason at this stage to favour one or

the other.

..

Evidence for the existence of a co-ordination site on active

sllica 1s further supﬁortéd ¥y the results obtained from a réaction

of trimethylamine (He3N) with active gilica.

-

The addition of successive small amounts of He3N to an active
surface (Figure 5f§), ﬁroduced the same chénggs in the 950-850 cm_l

+ spectral region as did the adsorption of pyridine. However, unlike

the pyridine case, the 908 and 888 cm_1 ands could not be regenerated

s

until the surface had been degassed up to

The adaition of small doses (<1 tort) of either NH3 or H20

f the latter gpecies

-

to preadsorbed Me N resulted in the dispTacement

3
(evidenced by a decrease in the intensity of éhe C-H stretching bands)
and the 908 cm._1 band diminished concomitantly with the formafioﬁ'of
bands due to either chemisorbed NH3 or HZO’ which again shows, as in
the case of pyridine adsorption, that dissoclative chemisorption.can
only proceed if the site represented by the 888 cm._l band is availablé.
h The adsorption of the two aforementioneé Lewis bases has
shown that a Lewis acid site apparently egists on silica which has

. -1
assoclated with it a characteristic absorption band at 888 em —

while the band at 908‘cm_1 remains unaffected.

3

C. Re-examination of the Adsorption of Ammonia on Active Sites

The adaorption of NH, on a silica surface containing either

3

N, proceeded by a displacement of these

co-ordinated pyridine or MEB
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1000 950 850 800

0.3

0.2 =

FIGURE 5-5

A. 10 mg e 2 silica, degassed at 1100°C 12 hr and
cooled to ropm temperature.

B-F. Successive additions of trimethylamine (+1 -umole each).
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molecules, just as was observed for water adsorption to thes;a sur- ‘ !
faces, (shown in Diagram 5-6). However, contrary to the case with’ °
water there is evidence which favours one mechanism for displacement
over the other when ammonia is adsorbed. A careful examination of
the titration of NH3 on active silica revealed that the mechanism
given in Diagram 5-5 is the likely process. ,

It was found.that, unlike water, the decrease of the 908

cm-l band was not uniform with respect to the 888 cm._-1 bénd when small

increments of NH3 were adsorbed, and a sequence, similér but not

identical, to the adsorption of pyridine and Me. N was observed. }(If

3
NH3 is reacted with silica in large doses (exceeding 2 torr) the non
uniform decrease in the 908 and 888 cmhl bands is not apparent).

As Figure-5-6 shows, the first small increment of NH, (<1

3
torr} results in the formation of a 3741 cnrl absorption band (Si0H),
- * -
3444 en™' (SiNH))™, and both the 908 and 888 cm - bands diminished in .

unison (Figure 5—63). With. the next increment, the intensity of the
888 cm-l baﬁd decreased substantially, but the 908 cm_l band appeared
to shift to 928 cm-l (c.f. 913 cm-l for pyridine, HeaN ﬁdsorption).
Also a new band appeared at 3417 cm_l (Figu;e 5-6C).

With time the 928 cm__l band slowly-changed into two bands
at 930 curl and 915 cm—l (see Figure 5-6D,E) and the -transmittance
'in the window reéion feil_ The only vibration which is known to
absorb near 930 curl in the gas phase spectrum of NH_, is the Inversion

3

mode, but in the condensed phase, or when NH, is physically or coor-

3

* =
Another broad weak band at 3520 cm 1 also appeared, but is not shown
in Figure 5-6.
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N

dinatively bonded' this band should shigé\fg_lloo cm,-1 corresponding
to the symmetric deformation mode. Therefore, the 928‘cm-l band is

unlikely to represent a physically or co-ordinatively bound NH3 but

is probably the Si-N stretch of chemisorbed NH3. The initial sh;rﬁness

of the band (Figure 5-6C) may be assoclated with the fact that the
first small amounts of SiNH2 are Eormeq at sites of equivalent {(low)
activation energy but as other sites of higher energy are reacted the
band becomes more diffuse corresponding to an array of site energles.
The 315 cnfl bénd may be associated with the original 908 cm_l band
and if éhis is so, then it is apparently of higher intensity than the

888 cm-l_band; More distinct spectra are obtainable by using ND

3 i
instead of NH3 because there is no overlap of an Si-N stretching band.

* The adsorption of ND3 does clearly proceed by a preferential

reaction of the "888 cm_l" site, as shown by the non uniform decrease

of the 908 cm—l band with respect to the 888 cufl band (Figurel5—7).

An "S1i0H ‘surface' was chosen for the adsorption of ND3 be-

cause the 'window' region (950—850,cm_1) of an 'S1i0D silica' has a

At s 7oy

broad absorption band at 967 cm_l (see Chapter 4, Figure 4-8) which
could obscure spectral changes in the 908 cm_l band.

No exchange of ND, was expected on an activated 'S10H silica'

3
provided only small doses were adaorﬁed, because chemisorption occurs
ﬁreferentially. This was evidenced by the growth of only the SiOD
band at 2758 cmﬁl, formed by chemisorption but not of the 2763 cnrl
band (formed by exchange). Therefore, a band at 913 cmu%, which

remains after a small dose (<1 torr) of ND3 had been adsorbed,

(Figure 5-7C shows it clearly) cannot be confused with the Si-N

&
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-FIGURE 5-7
Add1t1on of small 1ncrements of ND3 to act1ve s111ca
A. 10 mg cm -2 silica degassed at 1100°C 12 hr then coo1ed to room temperature.

B,C. Successive doses of ND4 (<1 torr).
D. Repeat spectrum after 1 hr.
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¥

stretch of an adsotbed S 5 OT SINHD species, but must be one of

the active site bands.

This is evidence that, during the titration of the active

sites, ammonia is adsorbed at the same site as pyridine and Me.N prior

3 -
to being dissociatively chemisorbed, and therefore, since ammonia

displaces pyridine and Me3N from active silica, a mechanism similar

to that given in Diagram 5-5 is favoured.
"

The first small increments of ammonia (NH, or ND3) resulted

3
in an equal decrease in the intensities of both the 908 and 988 cm-l
bands (shown in both Figures‘S—ﬁB and 5-7B) which infers that chemi-
sorption is rapid, as the most reactive sites are reacted first, but
then as more ammonia is admitted, the chemisorption step is slowef and

the lifetime of the co-ordinated species is increased and the band at

888 cm_l then diminishes at a faster rate than the 908 cm_l band,
: H

H. | H .
0 NN 0 NH, OH

/ \ ' S / \ (1) fast '
L a) Sipy ' T3 TSty 1y @) stow? S 5t
7 AN Z N NN

(1) Initial titration: most active sites consumed

(2) Subsequent -titration; less active sites consumed

Diagram 5-7
Hence the 888 cm-l band is indicative of an adsorption process related

(a) (b)

The rate of chemlsorptiorn became very slow near the end of

to the "Si, " part of the bridge and the 908 cmfl band, to !"Si, ..

the titration of the sites and the complete removal of the active
site bands required the addition of up to 10 torr of NH3 or of 1 torr

followed by pumping.
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If ammonig is co-ordinated as well as chemisorbed, then some
evidence should be available in theISpectrum of the N-H stretching
reglon for such. a specles. In Figure 5-6C, the N-H stretching region
is shown to have two bands, the symmetric stretching mode of SiNH ét

2
3444 cm_l (the weak antisymmetric mode also appeared at ~.3525 cmfl

1

but is not shown in the figure) and a smaller band at 3417 cm
This latter band was not present when the first small dose of NH3 was
added (Figure 5-6B) and no co-ordination was indicated by the active
site bands. Nor was it present after the sample had been ‘pumped
(Figure 5-6F).
102 . -1
Little and Blomfield observed a sharp band "at 3420 em

when 5 torr of NH3 was adsorbed go a previously degassed (850°C) silica

sample, which they attributed to NH3 physically adsorbed to SiOH

groups. They noted thét the band was much sharper, and 20 cm_l higher
in frequency than a band appearing in the spectrum of a silica.de-
gassed to only 350°C. They atgributed these changes to perturbations
on the NH3 modes by the new surface environment.

However, experiments in this laboratory seems to indicate
that the 3417 cm-l (or 3420 cm—l) band is not due to physically
adsorbed ammonia, but can be correlated with changes in the infensity
of the 888 cm_l band, and hence to a co~ordinated ammonila. For

instance for small amounts of NH, adsorbed, the 3417 cm_1 band is N

3
present when the 888 cm-l band intensity is diminished relative to
the 908 cm—l band (Figure 5-6C,D,E).

Figure 5-8 shows the spectra obtained for the adsorption of

small doses of NH, and ND, on 40 mg c:m-2 degassed silicas. The 3417

i
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3475 3450 3425 3400

Absorbance

0.10

0.05

Absorbance

0.0

FIGURE 5-8

40 mg cm'2 silica degassed at 1100°C 12 hr, cooled
to room temperature.

(i) Addition of NH, to an SiOH surface.

{ii) Addition of ND3 to an Si0D surface.

)
)
A. Small dose of ammonia (< 1 torr).
B. Repeat spectrum after 3 hr.

Scan_speed 20 em ! minV.

—
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cm—l band decreased in inténsity after the initial adsorption periﬁd

but Ehe 3444 cm-l band g&ew (as did the 3525 cm.-l band, not shown). '
Though it is not possible to observe transmission in the_spectral

. region from 950-850 c:m—1 with a 40 mg cm-z disc, it may be inferred

that the above changes in band intensity ‘are related to continuing

chemisorption of NH3 from a co~ordinated SiNH species.

3
If the 3417 cm_l band represented a hydrogen bonded ammonia,

102

as proposed by Little and Blomfield » 1t is difficult to enviéage, .

why this bond should be formed prefefentially initially and then break
at a later stage, (manifested as a decrease in the 3417 cm_l band
intensity as in Figure 5-8(1)B), since no external treatments such

as pumping or heating were applied.

X

The analogous 5énﬁ-fpr WD, co-ordinated to'silica (a fully .

3
deuterated silica in this case) appeared at 2552,cur1.

It should be noted that ip Figure 5-8(ii), a band at 2578
em representé the N-D stretch ;f a small amount of SINHD from which
it might be inferred that the 2550 cm,_1 band is a physically adsorbed
NHD2 species. However, if this were true iF would be reasonable to
expect to find another band due to physically adsorbed ND3 in view
of the high deuterium content of the surface and the adsorbate., But
there is no evidence for any other band (it is not hidden under
existing bands in the spectrum since pumping on the sample for 5 min
made no difference to the shape and intgnsity of the 2578 and 2529 cm._1
bands). Therefore, the 2552 cm-l band is ve?f likely the fully
deuterated analogue of the 3417 cm ! band.

The anéisyﬁmetric stretching modes of gas phase ND3 and NH3
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are at 2564 and 3444 cm_l respectively, and therefore the 2552 aid

3417 cmil bands of the co-ordinated sPecieé may plausibly be assigned

to this mode.

—— 4

Further evidence that the 3417 cm_l mode 1s:nbt due to a
hydrogen bonded species is exemplified in Figure 5-9. Various pres-
sures of NH3 were adsorbed for 1 min theﬁ, instead of pumping, the '

excess gas phase NH3 was condensed back into a trap kept atlliquid
nitrogen temperatures until the pressure approached '\.v.'LO'-3 torr. - The
band at 3417 cm-l diminished for higher initial pressures and the .

&
2

increased, If the 3417 cmfl band was due to physically adsorbed

intensity of the symmetric stretching band of chemisorbed SiNH

ammonia then its intensity should either increase, or remain the same,
but not d;crease."The behaviour of this band can be rationalized if’
‘it is assumed that co-ordination is responsible, and that. this process
is favoure& at mode;ate pregsures (1;2 torr) but that at higher
pressures more bridge sites a&e opened (chemisorption) and co-ordiﬁation
is restricted to the siteslthét remain. Even at a pressure of 100 fo;r
a weak 3417 cmfl band still exists which infers that electron
‘deficient sites must still be present (Figure 5-9C). One explanatiga
for‘this'méy be tﬁat.strained bridges are also formed in pores, ;r
subsurface layers, which only react when the pressure 1s high enough
to allow the ammonia molecule to permeate to tﬁesg zones, Put then,
1f this were so, it is difficult to see how the absorption bands of

SiNH2 and Si0H could be virtually unchanged in frequency from those

*The band also shifted from 3444<3448 cm_1 as the admitted pressure
of NHy was changed from <1 torr to 100 torr. This effect is referred
to later. -
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“Eb mg crn"2 silica qggassed at 1100°C 12 hr; cooled to-room temperaturéz-

~

-Various presstiis of NH3 admitted for 1 min, then excess

‘removed by cong@fnsationinto a liquid N? trap until pressure
' a10-3 torr. :
¢ A;‘ ~ 1 torr. :f . . .
B. 35 torr. . '
c. 100 tdrr:

Scan spread-was 20 e ) min~V,
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»

» reacted at the first stages of the titration, unless it was somehow

possible thatfeach SiNH2 and SiQH formed was ablé to emergéfdssa-

- ) - B

surface group. . Wt
¢ T

Therefore a better explanétion ﬁay be that there are active

sites remaining which are under less strain, but which are capable of

reaction as an 'active site' when the pressure of ammonia is higher,

1

The effects of higher pressure are also evident in Figure 5-6.
5 :

" Addition of 10 torr of NH3 has pfoportionately infreased the intensi-

ties of both the Si0H 3741 t:m"'1 and SiNH2 {3447 cm_l) bands, implying
kﬂlthat a continued reaction has occurred at bridge sifes. However, the
.fi-admission of a still higher pressure (QOU torr) had a different effect.
5 ' '

4

The SiOH (3741 cm—l) band appeared mot to grow but the SiNﬁE band.
. . , . \ ‘
intensity did increase and B;padened considerably on the high wave-
. number side. As well the band centre had moved to a higher frequency.

. . The change in shape and frequency of the SiNH2 bands with increasing

- -

f pressufe of ammonia is be%ter illustrated in the.spectra 5} 1érge
discs (40zméﬁ;m-l)ir These effec;s are illu§trated.in Figure 5-10. For
each addition of NﬁB, theféas phase was left in contact with the surface
fér 5 miﬁ, then evacuate¢ for 1 hr at room temperature. With the first
small adaitionsdf NﬂS (1 torr) to an ‘active 40 mg cm_z disc, the band

centée of the symmetric stretch of SiNH., was at 3444 cm ¥ and, like the

2

10 ‘mg cqu series (Figure 5-6), the band had a marked asymmetry on the
high waﬁeﬁumber side (Figure 5-10B). Following the addition of720 torr of

NHS the band moved to 3446 cm"l and the high wavenumber wing became

noéiceably broader (Figure 5-10C). At 200 torr, the band was

centred at 3448 cu - (Figure 5-10D). . /Kf__-\\l\‘_-_Hﬂ
. . R



— v = 157 -

Absorbance

3550 300 3450

Desorption of chemisorbed amménia; pressure maximum 200 torr.

A. 40 m§ cm"2 silica degassed at 1100°C, 12 hr; codled to

room temperatures L .
Admission of various pressures of NH3 for 5 min, then pumped 1 hr.

(at room temperature}. _

B. 2 torr; C. 20 torr, D. 200 torr.

Degassed at various temperatures for 1 hr.

E. 450°C. F. 650°C, G. 930°C, H, 1000°C, I, 1100°C.
Spectra E-H are displaced for the purposes of presentation.

-

3400

Lrmav v -
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Throughout this sequence gf increased pressure, the antil
symmetric stretchiné band, initially at 3525 cm_l became considerably

broadened and the peak maxima moved to ~3530 cm-l.

. - - . PR -
Subsequent degassing of the surface at temperatures up to

200°C had no effect on the frequency, shape or intensity of elther

9

band, bit above this, the intensity of both bands diminished, and each

was shifted to even higher‘frequencies.

4

At a degassing temperature of 450°C, the antisymmetric mode .
had moved to V3540 cm;l and the symmetric mode to 3450 cm_l. After |
degassipé ét:6§G°C‘Ehe‘ffequencies were V3540 cm_l and 3452 cm_l, the
former, a weak broad baﬁd, but the latter was perfectly symmetric,

. and still a strong band (Figure 5-10F).

No further change in frequency was observed up to the dis-

appearance of these bands at 10008C (Figure 5-10G,H).
This sequence of adsorption and desorption seems to indicate o
-that there are twb distinct SiNH2 species present, one with absorption

maxima at 3444 cm © and 3525 — and another absorbing at 3452 and
3540 cmfl. S , -

For'the moment it will be assumed that there are in fact two
species formed, which, for clarity, are labelled as type 1 (3444/3525 cm—l)
and type 2 (345273540 cm_l)u Type 2.bands are identical with those

reported in Chapter 4 which were observed for NH3 reacted at 650°C.

No change was observed in the frequency of the 6NH2 mode at ©

1550 curl during the aforementioned absorption—deq&fption cycle, thus iy -
. ’ . ’ 4 . -
this frequency is associated with both type 1 and type 2 SiNHz. '

.
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.

Similar pressure and degassing effects were noted for D,

absorbed to an active deuterated silica, 'and also for the adsorption

of methylamine to active silica, though the effects were not so pro-

nounced, (see Table 5-6).

Just as for NH3 adsorption, the symmetric stretching band of

SiND2 and tﬁe lone N-H stretching band of CH3NH2 were initially asym—
metric when small doses of these adsorbates were added, but became
more symmetrical for higher preséﬁre adsarbed.*:ﬂowever, the shifts of |
the N-H or N-D bands to higher fréquency were nb£ so mﬁrkea. When

- ’

methylamine was degassed at 800°C, new bands appeared at 2218 and .

2100 cm"1 due to S1CN and SiNC specigé (see Chapter 6).
‘ 102 '

Little and Blomfield had noted that degassing shifted the

antisymmetri¢ stretching mode of SiNH, from 3520 to 3540 cm-l but had

2
attributed this shift to the effect of the surface coverage of

adsorbed species upon the interactions between neighbours. No shift

was mentioned for the symmetric SiNH, band. : :

2

They assumed that as -NH2 groups were progressively removed
from the surface by degagsing, clogest neighbour interactions weakened,
and the antisymmetrig band shifted to higher ffequencies.* But the
change in position of this baﬁd must be related to the 3444-3452 cm—1
shift, and it is therefore difficult to account for the fact, that,
duriné the first stages of the titration of the surface the first bands
to appear were at 3444 cmfl and 3520 cm_l the lowest frequencies

observed. In terms of Little.and Blomfields theoryloz, these are the

mogt perturbed. It could be argued that the species are clustered at

% T :
Little and Blomfield only studied the shift of the band in the
degassing step. - '
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TABLE 3-1

Band Shifts in High Frequency Modes of
Chemisorbed Ammonias and Methylaminé(d)

Degassing Temperature

. 25°C - 400°C
J .
_ 3525 3540
NH, . .
3447 3452
N 3492 3494
NHB/ND .
2575 2578
2628 2633
ND, <
2527 2530
CH,NH, | 3465 3466
CD D, 2570 2570

g -
!

-
e
S~
h
o
N

4200 torr was adsorbed for 5 min. A n1100°C degassed 40 mg r_'m_2
silica was used in each case.

bOnly the partial isotope bands shown. .
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3 .

-
3

+

1ow'coverages, giving rise to higher perturbation, but it is un-
reasonable that thede perturbations should diminish as the coverage
increases (i.e. the band shifts to higher_freqﬁencies). Further, the

presence of physically or co—ordiﬁately bound NH; or H,0 had no effect

3 2

on the shape or position of any of the SiNHz bands.

It was impossible to determine whether similar shifts occurred
for the S{0H band (3741 cnfl) when the pressures of adsorbed NH3 were

EY)

high.

Since the effects are only prominent on‘large discs (40 mg
cnfz) it is difficult to distinguish the étw Si0H (374i cm-l) from the
original SiQﬁ at 3748 cm T because of the intensity of this latter
band. Also, at high'preséures, the hydroxyl band cannot be observed
in, isolation (i.e. as S10H on a deuterated surface) because exchange
with S10D occurs.

Furthermore,.it was diffic;lt to ascertain whether any
reéidual 3741 cm—l Si0H was retained after degéssing at 650°C, cor=
responding to the residual 3452/3540 SiNH, . |

The Addition of HCL

The addition of 1 torr of HC1l at room temperatﬁre to a
surface containing SiNH2 and S10H species generated from the réaction

of 1 torr of NH3 with the active sites had no effect on the Si0H species

(3748 and 3741 cmul) but the SiNH, bands immediately disappeared and

2
new strong bands grew at 3040 and 3145 cm_l probably due to NHZ species.

However, 1f larger pressures of NH3 were initially adsorbed on the

‘
Y
N
i
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active surface (20 torr), the gas phase NH3 removed, and then V1 torr
of HC1 adsorbed, the complete Femoval of the SiNH2 species could not
be achieved. Just as in the degassing sequences, a residual band was
left which was centered around 3452 cmhl (Figure 5-11(1)). This band
could not be rémoved unless higher pressures of HCl were adgsorbed

(w5 torr) for if ﬁigher degassing temperatures.were used].

The Origin of Type 2 S:LNH2

The effects of the pressure of admitted NH3 are quite evident -

if one compares the spectra obtained‘from the adsorption. of NH3 on gwo
separate 40 mg t:m—2 active silicas, both degassed at 1100°C when the
admitted_pressures are 206 torr (Figure 5-10) and 20 torr of NH3
(Figure 5-11(ii)),

In the case of the lower pressure adsorption (20 t;rr), the
"absorption maxima of the symmet?ic stretching band at 3444 cmwl‘;as
about 0110 absorbance but for 200 torr it is about 0.17 absorbance.

Degassing both samples to 650°C for 1 hr removed all of the 3444 cm-l
component leaving only the 3452 c:m_1 baﬁd. For the sample which had
been submitted to only 20 torr of NH,, this band was small with an
absorbance of about 0.02, (Figure 5-11(11)I) whereas a much larger
3452 cm_l band remained for .the "200 torr treated silica", with an
absorbance of about 0.06 (Figure 5-10F). '

Hence, there appear to be two effects due to pressﬁre._ it

is instrumental in forcing the reaction of more active sites to pro-

duce more "type 1" SiNH2 (and 3741 cnfl 510H species), but as well it

; -1
results in the formation of greater amounts of "type 2" SiNH, (3452 cm 7).

)
1
t
!
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FIGURE 5-11
Reaction of chemisorbed ammonia with HC).
40 'mg em=2 silica degassed at 1100°C, 12 hr; cooled to room temperature.

Addition of 20 torr of NH3. Left in cell for 5 min then pumped 5 min at

room temperature. _ .
Addition of 1 torr. Left in cell for 15 min then pumped 5 min at

room temperature. )
Degassing chemisorbed ammonia; pressure maximum 20 torr.

40 mg cm~2 silica degassed at 1100°C; cooled to room temperature.
Addition of < 1 torr NH3, spectrum immediately; C, after 12 hr.
Addition of 20 torr NH3 for 1 min then pumped 5 min at room temperature.
Degassed at various temperatures for 1 hr: E, 100°C; F, 200°C;
G, 300°C; H, 450°C; I, 650°C.-

=1

Scan speed in (i) and (ii) was 20 en ! min

Absorban;e
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In Figure 5-6 it 1s shown that beyond pressures of 10 torr
of NH3, the 3741 cmql S10H band did not incéease in intensity whereas
the SiNH2 band did. It is also apparent that there was a slight

decrease iIn intensity of the 3748 cmfl band (comparing Figures 5-6G

and H}.

Apparently a reaction occurs to produce SiNH2 specles which
does not involve reactive sites and which is favoured at higher pressures

(>10 torr), or when all the sites have been reaéted.

At lower pressures, when 1 to;r‘of NH,, is admitted to the '

3
cell (volume equal to 300 cc) at room tempe}ature, then for a ;ilica .
disc of mass 200 mg,specific surface area 300 ng_l and containing

0,15 sites/100 22 (see Chapter 4), then the number of molézgits*ad—
mitted to the cell is approxiﬁately equal to thé number éf sites.

However, although 1 torr is nominally sufficient to consume all the

sites it is unlikely that all molecules that enter the cell react with

¢

the sites due to the possibility of hydrogen bonding of NH, to the cell

3
walls, Hence a 10-fold excess of NH3 is conceivably necessary:to react

all sites (as observed). .
If the sites are reacted in preference to some other mechanism

which gives rise to type 2 SiNH, then this would explain why,at pres-

2

sures of only 1 ~ 10 torr of NH,,the 3447 cm_l band of SiN‘H2 produced

3,
does not exhibit a broadness on the high wavenumber side (l.e., little
tfpe'z SiNH2 formed) .

In order to determine how this proposed SiNH_, might form,

2

the Si0H profile was monitored carefully (Figure 5-12).
, :

1

——""A small dose of NH3 was added and the 3444/3525 cm - and
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FIGURE 5-12

A. 10 mg cm 2 silica degassed at 1000°C 12 hr and cooled to
room temperature. '

Admission of ~ 1 torr of NH3

Admission of 120 torr NH3 for .30 sec. then degassed at. room

temperature for 5 min. SN
Scan speed over OH region was 10 cm'1 m1‘n'1 and over
NH region, 40 cm™| min~ .



- 166 -

3741 cmhl bands appeared. The peak maxima of the compoaite profile of
3741 and 3748 cnrl band was centred at n3746 m:nm1 and was cobserved to
have an iﬁtensity above that of the original 3748 cm'_1 band (compare
Figures 5-12A and B). Next, a large pressure (120 torr) df NH, was

3
: * .
admitted for 30 seconds then desorbed for 5 min . As expected the

3444 c:m-1 band shifted to 3447 cm_l and the intensity of the 3741 cﬁ_l .
fdrthe; increased in intensipz'but the overall peak maxima at 3746 cm-l
was observea to decrease slightly. This-implies that the 3748 éﬁ_l
component band has diminished.
It is recognized that this effect is small but was found to
be a reproducible result. . ,
' 1

One other spectral change occurred. A small band at 3720 cm

appeared (Figure 5-12C) following the addition of 120 torr 6f NH it

3°
is contended that the presence of this band is indicative of the presence

of H20 (see later). "But the origin of this H,0 is unlikely to arise

2

. from moisture in the NH, sample because cafe was taken to predry the

3
NH3 over P205 several times before use,
It is believed that the above observations are cqnsistent

with the existence of a second kind of SiNH, which arises from the

2
process deplcted below )
OH 2
P NH, + H,0
81 (3748 em 7) . 51 (type 2)
/N N

. Diagram 5-8
Although it is well known that no reaction of free hydroxyls

(3748 cm_l) willl occur with NHS‘ at ‘room temperature, on an inactiﬁg

*
There was no evidence for physically adsorbed NHB after pumping for
5 min. :
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silica (i.e., one depassed at temperatures lower than 400°C), there
is reason to suspect that free hydroxyls are not in the same environ-
ment on a highly degassed surface.

For example, at the saturation vapour pressure of H 180,

2
exchange of the S10H 3748 cm_l hydroxyls to 0-18 hydroxyls was observed
to $;cur rapidl} on a highly degassed surface at room temperature
whereas to obtain a similar extent of exchange on an inactive silica,
a temperature of 450°C is required. Since this mechanism must proceed
by breakage of the Si-0 bond, then it must be that on a highly degassed
silica, the S5i-0 bond.of thé‘free hydroxyls is either weaker or the
group 1is more accessible for attack by a bond breaking‘vehicle: For
the same reasons, it is proposed, the formation‘df SiNHz_from Si0H may
alsq occur more easily.

The mechanism proposed in Dliagram 5-~8 is identical to that

given for the formatlon of SiNH, species formed by reacting gas phase

2

NH3 over silica at 650°C (see Chapter 4). The 'properties’ of type 2

S$iNH, are similar to the "heat formed" SiNH, species. Both can only

be totally aesorbed at 1000°C (unlike type 1 which requires 650°C),
both absorb at the'same frequencies and both require higher pressures

of HC1l for exchange than does SiNH, type 1.

2
Assuming that the type 2 species 1s identical to the heat

formed SiNH,, then the higher degassing temperatures cannot be related

2!
to surface-adsorbate bond strengrh, since the SiN stretching frequencies
of type 1 and type 2 are about the same.

The type 2 SiNH2 groups are apparently analogous to free

hydroxyls and therefore neighbouring groups of other SiOH or SiNH2
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species are not likely to be in close proximity so their removal éhould

«

require -fitgher temperatures.

. However, the experiment with HCl (refer Figure 5-11(i)) in-

dicated thgc type 1 SiNH2 groups were preferentially removed probably

by exchange ._ _____ .
- IFHZ fl . .-u
s1. + 2HC1 -+ Si + NH,C1 :
4 Di 5-9
//P\ . //P\ ‘agram

’

In this reaction, proximity to neighbouring groups should not

be a factor and it is possible that the type 1 S;Nﬂz proups are more

. -

accessible to adsorbates. i N

2

It 1s concluded that there are two distinct types of SiNH2

formed wheq NH3 is'adsorbéd on activg sllica as opposed toean Array
of SiNHz species ari;ing‘from differing:neighbodring interactions or
site energies, and the following is a summary of the propeft%es of
both types. ‘

| As coverége in;rease§, the frequencies of the symmetric and
antisymmetric stretching modes of éiﬁHz increase.‘ Intéractions between
neighbouring SiNH2 groups are ?fobahly not responsible for this effect

-

since the frequency should decrease with Ilncreasing coverage. Both
types of SiNH2 have an Si-N stretch near 930 cm—l, hence\{&iiszi—N
bond strengths must be comparable, and ;herefore the different degassing
temperatures that are ;equired‘fo remove these groups cannot be
agsocilated with a wide range of surface-adsorbate bond energies. :

The SiNH, species which are formed by reaction at active

2 _
sites are separated from SiOH groups by an amount which is determined

v

~
B
a
a
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;'a‘r;:ains a cor}stant vslue. It is proposed that those species remaining

ad

4

=4

Finally, the small, but reproducible ci

’lOtorrofNH . . -

o - =169 - P

%. ¢
by Ehe S1-81 distance in the original active siloxane bridge. At

degassing tentpe;atures sbove 300°C the number of SiNH groups o

diminishes .and, the active site Bands at 908/888 t:tn--l are reﬁrmed uhtil

-

at 650°C their original intensity is restoyed.- (Those formed at 650°C

probsbly correspond to the most active bridges, thst 1s, those in which
T

the Si—Si distance is g‘reatesl:) However, some Sim-l2 species. remain

'(Figure 51%01?) even when all the originsl active bridges are reformed,

: ] . Al

and always absorb at 3452 em 1. Further increases in degsssing eenrpers-

- e ) ~

ture do not alter the frequency of this band.. It geems to be more

.

then coinc'idence that, at the temperature reqnired to reform all,

oriqginsl sites (650°C), the frequency of the syunnetric stretching mode

. . )

(3452 cm ) are formed by a process other than with the sites,

e Twe specles seem to be distinguished RJy the reaction of HCL

T

with S:I.NH2 groups in that the addit’i’on% vl torr of HCl to an §:LNH2

cont_aining'surface at room temperatnre, does not react withgall SiNHz;

"Whils't ‘the low vaven_mnber part of the band.is removed® rapidly, no

LS - e i : L

further change occurs once the freque

ges in the SiOH profile in-

dicate that at h_:i.'éher pressures of 3 a'dew re‘ac.ti'on occurs which -
. -1 N . - : .
involves the 3748 cm 1 hy’droxyl‘s and which’appears to produce water.-

The reaction doe’s not apparently involve active sites because the SiOH

3741 cm' band does not grow with' the SiNHf band once pressures exceed
: & |2

3% ' - ‘ -

£ the band approaches 3452 c:q-l

¥

N
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D.~ Water Adsorption

In Chapter 4 it was shown that ,.as small increments of water

vapour were admitted to an active silica surface, the 908 and 888 cmfl

bands were diminished uniformly as a broad band due to an SiOH.bénd:
was formed at 374} cm-1;" Y

?

In the light of the ammonia studies, water adsorption is

proposed to occur as

. g 0; OH OH '
—_ . b)Y
7® N A0 R A A
! - !

Diagram 5-10
The titration of water is again depicted in Figure $13. It

is observed that toward the end of the titration cycle a weak broad

-

band appears at @720 cmtl (F:l’.gures 5-13D and E). Degassing at 600°C
completely removed this band .(actually it could be:removed at 250°C,

see later), but the 3748 t::n_1 band increased. 1In this particular

o

probable thét water desorbed from the cell walls could feasibly con-
) '.. . ’ g, . - - . o
tribute to the reformation of the 3748 cm 1, especially, when the
n i ' . :
temperature for degassing is high. [When the degassing temperature.
: .- -

is.dUWer or'isligided only slowly, it Was been observed that the increase

in the 3748 cm T band is not so markid.] The 3720 cu © band was much

-

' ’
more prominent when larger amounts (10 torr) of water were added, and
» v ' nr

aﬁoﬁher‘broad band was also observed at 3520 cm-'1 which appeared to

grow in unison with- 3720 cm_l (see Figure 5-14). Degas@ing at 250°C

[ . . ‘.
1 "\‘
F 3

O ) ! ] \c *a: N ; '#. .\‘\'
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FIGURE 5-13 . .
Adsorption-desorption cycle for NH.,

mg cm'z silica degassed at 1700°C for 12 hr then cooled
room temperature. - '

Succe551ve small doses of NH3 (each dose ~ 1 pmo1e)

Addition of 2 torr of NH, for 1 min, then degassed at
room temperature for § m?n

‘Degassed at various temperatures for 1 hr; F 600°C; G, 800°C.

-1 -1

Scan speed of 2800-3650 cm -1 region was 40 cm = min
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FIGURE 5-14

20 ‘mg cm—2 silica degassed at 1100°C for 12 hr, then cooled

to room temperature. _
Addition of 10 torr of H20. ' - i

Pumped at various temperatures for 1 hr; C, 150°C; D, 2 °C;
E, 250°Cy F, 300°C. . . ‘
Readded 10 torr H20. ., .

Pumped at 150°C for 1 hr.

.
. o
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. removed both these bands,.but they cbulg be ipmediately regenerated by

again adding 10 torr of water, 'These new bands have been discussed
by Kiselev et al.75 (see Chapter 1), and briefly mentioned by Little

2

~and Blomfield10 . Kiselev believed that molecularly bound water was '

responsible for the bands but Little and Blomfield, without prooé. ' v
ascribed them to hydroxyl speciles,
Work in ﬁhis_laboratory has shown that the new specles pro-
babl§‘are hydréxyi’groups which are indirectly related to the active
sites 1in that they can only be formed when the surface has been de-
gassed at temperatures sufficient to create sites (>400°C) but are
not actually formed érom the sites. Although a small band at 3720

cm = appeared before the sites were consumed by H,0, it continued to

2
grow after the sites were reacted. Similarly, if the active sites

were consumed by high pressures of NH3 (200 torr), the exceés gas
* phase removed and then water adsorbed, large bands at 3720 and 3520 cm
appeared.
The 3741 cm-l hydroxyis do not appear to be the sites for
éhe adsorétion of the 3720/3520 cm-l specles. This was evidenced by
the fact that no change occurred in the band shape or frequen;y of the ‘\\\

3721 cm"l band when small amounts of water sufficient to form the 3720 \J///)

cm ~ band, were adsorbed (larger amounts obscured the band).

'Adsorption of 0-18 Water

The addition of small amounts of HZIBO to an active surface

has _been outlined in Chapter 4. However, the adsorption of higher

pressures of H2180 to the active sites revealed other features., In
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Figure 5-15 is shown the spectral changes which arise.-when a small

amount (<1 torr) and then a large amount (2 torr) of H2180 1s adsorbed

to a degassed 10 mg crn"2 silica. Figure 5-15C shows that, as well as
the composite SiOH profile centred at 3535 cm_l resulting from the

reaction of the active sites, two other broad overlapg;ng features

appear at 3720 and V3710 em l.

' 7 ‘ .
‘ Kiselev > had proposed that when an excess of H, O vapour was

2
added to a dehydroxylated silica, it was adsorbed in the following way:

Ik\\
0——H~0_ - - .;
// (1) \\\ Diagram 5-11
St ' .
B2
In Kiselev's model, the stretching frequency of O-H(l) would

be at 3520 cmfl and of 0-H at 3720 cmfl

(2)
76’77. But this model cammot be correct as the following

s 8imilar to those found for
the water dimer

arguments show.

2180 titration, separated

by close to 11 cmfl (the:expected shift for an 0-16/0-18 exchanged

The appearance of two bands in the H

hydroxyl)_infers that the adsorbed water molecule results in the
formation of two hydroxyl fragments, one 0-16 and the other 0-18. A
band at 3520 cm,_1 observed-in the H2160 adsorption series (Figure 5-14)
also appeared in the spectrum of the H2180 adsorption but no iéofopic
shift of this broad band could be detected.

A bridge’breaking reaction seems to have occurred, but the
bridges cannot be the 'active site’ bridges since the 3720, 3520 cnrl

bands are also formed after these sites have reacted.




Absorbance

e 175 -

0.3 b
0.2 [
0.2 I
0.0 i , ] - i 1
3800 _ - 3750 . 3700 3650
M -
FIGURE 5-15 .

A. 10 mQ cm'2 silica degassed at 1100°C for 12 hr, then
cooled to room temperature.

Admidted < 1 torr Hp'e0.

Admitted 2 torr H ]80 for 1 min, then pumped for 5 min
at room temperatuge.
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.
7 = NN
Since the 3720 cm band is relate to the 3520 em T band
then a hydrogen bonded pair must exist, w the.O-H(I$bmodehabsorbs
at 3520 cm * and O-H,y at 3720 cm¥. When the water adsorbed is
Hzlso, then there is a 50% chance of the 0-18 being involved with
. -1 -1
0-H till - u Y.
(1) (s 3520 em 7) and Q\ch) (w3710 cm ) .
The intensities of the 3720 and 3710 cm_l bands are com~
parable (Figure 5~13) which may imply that no distinetion is made
' between elther silicon atom In the bridge by the attacking water mole-
dqle, and that this site, unlike the 'active sites', may be a sym ( ‘
metric bridée2

< -
The possibility that a doublet at .3720/3710 cm_l may be due
to molecular water is considered. This can only arise if 0-181§xchange3//

at the surface with 0-16 of siloxane bridges or of surface hydroxyls.

13
9 0

{2 torrj, (Figure 5-15C), but the extent of exchange with siloxane
i

The Si10H band at 3748 cm._1 was unchanged for the additionm of H

bridge oxygens was not ascertained.

However, another isotope experiment also suggests that the
3720 cnrl band is due to an hydroxyl and not bound watef;

The adsorption of a 50:50 mixture of D,0/H,0 to an active
sllica showed that only the 3720 and 3520 cmrl bands were formed in the

0-H stretching region. (The deuterium analogues of these bands alsé\

formed.) If 3720 cm_1 was due to molecular water then a new band
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o ' : 7
would have been expected to absorb near 3670 cmrl due to the

stretch shown as O*H(z) (below) resulting from one of the two possible

combinations with a mixed isotope.

o .
H /0 H / \
NS N - NP Ty,
T th) of ?

Si 5t ,
/l\ /'\ Diagram 5-13

No such band was found, so this scheme is probably incorrect,

In view of this result, it can be inferred that the 3710 cm -
band appearing in Figure 5-15C is due to a; 0-18 hydroxyl species.
‘These bridged hydroxyls were found to exchange rapidly‘in,DZO (at the

same rate as the 3748 and 3741 cmhl hydroxyls).

. = -
1
No other properties were investipated, but it is obvious
tﬁat‘they must be very closely neigﬁbduring hydroxyls since the
temperature for condensation is 250°C (this would be unreasonably [

high for molecularly bound water). The temperature at which hydrogen

bondéd hydroxyls are removed from an Iinactive silica is 400°C.
. . & .

-

E. The Nature of the Surface

- .
The Origin of the 3720/3520 cm ~*Hydroxyls
' F

When the silica surface is degassed at moderate temperatures
(25-400°C), the surface becomes'dehydroxylated’as hydrogen bonded
hydroxyls are replaced by stablé,hydroPhobic siloxane bridges’ (actually
".in the case of pretreated silicas, most hydrogen bonded hydroxyls have
already béen removed). .

At a temperature corresponding to the onset of hydrophobicity
‘ "
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(400°C), the free hydﬁoxyl concentration begins to diminish and neﬁ
‘ . & - .

active sites aré formed 1in thelr place.-

60,61
3 and BZHG

and Hzo'and NH3 (this work) seem to indicate fﬁéﬁléﬂége active sites

The results of the adsorption studies of BF

are unsymmetrical gilokane bridgés, These sfites do mot %ave a uniform
activity as the ammonia work showed, probably as a result of their
formation from the coilgpse of an array of silanol groups of differipg
distances of separation, but they do seem to have a limitiﬁg strain
energy in that the temperature required to regenerate sites after
titration with ammonig'is always about‘GSOAC, and is iﬁdependent of
the original degaésing temperature, whether it be 800 or 1200°C. As
mentioned in Chapter 4, the higher temperatures initially required to
form a given number of sites from an inactive silica, may be due to
the migration of bound water to the surface which subsequently reacts
to form more ;ilanol groups, However, another phenomenon may also
contrib;te. Once the active sites are formed, a new sufface topo-
graphy may exist. As chemisorption proceeds, the active sites are
consumed, but basically the surface may remaln in its new state, and
subsequently ﬁuch lowe} temperatures would/be required to regenerate
the sites because the chemisorbed species are likely to be in closer
proximity fo each other than the original hydroxyls.

N In the vicinity of the straine& sites tbere remain some free
hydroxyls (1.4 %-2/100 22 after degassing at 800°C), and also the
siloxane bridgeé resulting from the earlier collapse of fhe hydrogen
bo;ded hydrox&ls.

The bonds which form the active bridges -are under strain,

&
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some of which is likely to be impar.téd to neighbouring silicon and
oxygen atoms. The'proposed'reaction of NH3 with free hydroxyls (3748
cmil) at room temperaéure is probably a result of some strain in the
silicon-oxygen bond of'the sllanel,

It is probable therefore, that siloxane bridges formed from

neighbourhood_of,active sifgs, are also strained to somé extent,
especially those which arelflose‘to the very active bridges.

Hence these bridgéé may have some tendency to re-open, and
reform hydroxyls which absorb at 3720 and 3520 cm-l.

The low temﬁeratures required f;r the removal of these
hydroxyls would suggest that the hydroxyls are closer toget@ei th;n ’
the original hydrogen bonded hyd:o#yls of the inactive silica, and
that the strain imparted to the bridge has had the effect of drawing
the silicon atoms of the Bridge cloiSr together.

Hence, the. appearance of a 3720 curl band when excess water

is added to a silica surface is an indicator of some surface strain.

Spectral Bands of the Active Sites

Agsuming that NH, is co-otdinated, then chemisorbed (as

3

discussed earlier) then the sites for adsorption must be digtinct, as

~shown in Diagram 3—2, one site avallable for co-ordination and chemi-

sorption and the other fol chemisorption only.
The non-equivalench of the silicon atots may be due to one
of them lying in the second lader and therefore being less accessible

for the initial co-ordination st

19
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: NAn;alternaxé scheme whereby the sites are proposed to be

H
charged, does not seem tenable. i ‘ -
¢ . . e .
+ - T
If for instance ~—=Si', —==8i-0 was respongible for the

activity on silica, then it is difficult to explain how a singularly

"adsorbed NH3,‘Me3N or pyridine could exist as co~ordinately bound

specles (a covalent bond should be formed).

or HC1l would be

. Furthermore, it seems unlikely that Hz

unreactive on such a surface.

Morrow and Dev161 could not explain how two bands (at 908
co=1 - -
and 888 cm ) could represent a strained bridge site. Actually there
A L.
are at least three bands (another at 930 cm-l), as shown in Figure 5-1.

T@}s lattef bang is associated with the co-ordination pﬁenomenon because

s
it disappears along with the ‘888 cm ' band when pyridine is adsorbed,

for example. These three bands cannot all be asscclated with the |
vibrational modes of the bfidgihg oXygen. Hdwever, the S$i~0 modes of

the oxygens connecting surface silicons with bulk silicons are likely

-

to be different from the bulk Si-0-Si mqdes when thé surface is strained.

Therefore the 930 and 888 cm,_1 bands a:irgzggggsf to be the

$1-0 modes related to "Si(a)" whilst the 908 cmfl band is related to

the Si-0 mode of "Si, ." where the oxygen atoms are in the gecond

(b) .

surface layer.

Reactivity of the 3741 cm - Hydroxyls ¢

The hydroxyls formed from the active gites were found to be

' X
as accessible to D,0 and ND, as the free hydroxyls (3748 cm l).
. ) s .

-
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Addition of < 1 torr BClgy | :
Repeat spectrum after 30 min; E, after 3 hr.
Evacuated céll for 12 hr at room temperature.

‘0.0 Lo l S B ' L
- 3750 3700 . 3650 3600 3550

: \) cM :

FIGURE. 5-16
Reaction of 3741 cm™! hydroxyls with BC1,
' - : \ [
10 mg cm 2 silica degassed at 1100°C for 12 hr, then cooled to

room temperature. ”~ .
Addition of ~ 1 torr of Hy0 (just sufficient to consume active sites).
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e The two types of 3741 cm pécies proposed to form when

water is adsorbed could not be diétinguished by rates of exchange.

The new,hydrbxxls, like the free silanols, did not react

"\

with HCl (as SiNH, did). - T

2

Differences between the new and free silanols are evident

however. This was 1llustrated by the addition of BCl3 to a surface T

1 1 '

%qntaining both the 3748 cm ~ and 3741 cm hydroxyls; the latter

hydroxyls reacted preferentially. (see Figure 5-16).

‘ ‘ _134
Pumping for 16 hr, prodyced two BOH species near 3700 em } ‘

formed in the same ratio as the 3}48:3741 cﬁTl_SiOH,bénd {ntensities
S .'_' ll.: "o '

{Figure 5-16F). ) .. _<§th..,

In a different experiment, the active sites were first re—
acted 'with NH3, the excess NH3 removed, then HCl was added to exchange i

the ~NH2 groups, BCl3 was added;.and again, botlr the 3748 and 3741 cnrl

hydéoxyls reacted, but this time,nymﬁ d not produce BOH species.

f;om these experiments it might be tentdtively concluded

that -BOH can only form on a dehiﬁ?bxylated surface whaﬁ there are

-
a

' ' "(L.e. th H,0),
hydroxyls formed at Si(a) and Si(b) (i.e. from reaction wi 20? o
Apparently these hydroxyls are réquired for both types of -BOH to form.

'No further experiments were tonducted with BCl3 but it is
v -

certain thét atudies with this molecule-and BF, will help to identify

. !§ | 3

- more of thepproperties of the 3741 cqfl hydroxyl groupg - ..

Summary ‘ ! . .
» When silica surfacés’gre degasseq at higﬁ'temperatq;es, the

surface becoiﬁé strained ds active siloxahe-bridges are formed. The
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strain extends to other parts of the surface, infiuencing the be-

haviodr of the free silanols, and of neighbouring "inactive" bridges.

-

The adsorption of water or ammonia to such a surface results in

* .interactions ‘and reactions with each of the active sitég, silanols and

"inactive" Bridges.v

Subsequently, new hydroxyls form which absorb at 3741 cmhl
. ! -

(two types in the case of water) and at 3720 and 3520 cmfl, and the
—t, ) .
facility for exchange of the 3748 cqu hydroxyls is enhanced such

that SiNH, or SilSOH may be formed more teadily than on an inactive

2

-

surface. 3
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CHAPTER 6 : . Vo

CYANIDES ON SILICA

There have been several ipfréred spectroscopic investiga—
tions of the reactions of hydrogen cyénide with oxide surfaces, and
there is general agreement that polymers.of HCN (mainly diamino

maleonitrile) only form when active centres are present (e.g. B or Al

atoms)114—117. Likewise, organic nitriles do not undergo any

-

chemical interaction with pure silica, although strong physical

adsorption can._.result from hydrogen bond interaction; between .the
b

nitrogaﬁ atom and the surface hydroxyl groupslla"lzl.

Ruttenberg and Lowlzz have investigated the reactions of

cyanogen with silica and although they found that the reaction was

-

slight at 25°C, extensive reaction occurxed at higher temperatures
(up to 600°C). Their spectra indicated that several new surface
species were formed which appeared to contain the-C==N group, as
evidenced by the appearanée of infrared adsorptions between 2350 and
2000 cm_l.' In addition, gaéeous HCN appeared to be produced as a
result of interaction between CZNZ and surface silanol groups and
polymeric HCN species were produced at the highest temperatures
employed.

They assigned a pair of infrared bands at 2310 and 1465l?
cm-"1 to a gsurface silylisocyanate (S%NCO) specles, rather than to a
silylcyanate (SiOCN).and the lower wavenumber bands (2218, 2098,

2080 curl) were arbitrarily attributed to various unspecified cyanide

épecies.
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. Eley et al. 23 pave recently fouﬁd that bands at 2308 cm -
and 2110 cm_1 are produced when ethylisﬁcyanate.reacts with silica -
at high températhres which they assigned to surché SiNCO and to the
CN bands of diaminomaleonitrile respectively.

- .The-above assignmeﬁtsiwere baseq on chemical ratﬁer than
spectroscoplic arguments, ﬁéinly by consldering data from known cyano-
gilicon and isocyanatosilicon cémpounds. However, cyanides (~CN),
isocyanides (-NC), cyanates (-=OCN), isocyanates (-NCO}, ful&inates
{(-CcNO), isofulminates (-ONC) and carbonyls (-C0), all have strong
infrared absorption bands in the spectral region between 2350 and
2000 cm 1, so the above assignments are to be considered tentativeIZA.

In this chapter, isotoplc‘substitution data (carbon-13, ,
‘nitrogen-15, oxygen-18, deuterium) algné with,ggrce constant calcu-
lations have been‘used in order to more completely characterize the .-
nétﬁfe of the surface species which are produceﬁ wheﬁ hydrogen cyanide,
acetonitrile and.cyapogen réﬁct with higﬁl} degassed silica surfaces.
The present work élso serves as a precursor to the interpretation of

more complex systems involving similar reactions on silica supported

metals (see Chapters 6 and 7).

Eggerimental

The silica samples contained 10-20 mg cm._2 and were pressed
at about 70 kg cm_z. In general, the silica had been heated at 700°C
in air prior to preséing discs (inuorder to oxidize hydrocarbon im-
purities), although no differences were noted if this step was omitted.

The silica was heated in vacuum for two hours at 1000 G prior
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C
to reaction. The discs were mounted in cell A where subsequent thermal

treatments oxr reactions up to 1000°C could be carried out (specific
& .

[
.

details are given below). "
All QZNZ and HCN isotopes were prepared from the appropriate

KCN salt which had the following percentapes of isotope atom:

Carbon-13 (60% and 95%); nitrogen-15 (95%); Oxygen-18 as 0,

_(99.4%) and as HZO (98.7% 0-18) were obtained from Oak Ridge National

Laboratory. The 0-18 exchanged silicas were prepared by heating silica
in H201§ vhpour over a perled of about 3 hours, during which .several

new additions of H 018 were made., A surface concentration of 0-18 of

2
about 60%@?35 obtained. This value represeants the ratio of 018—H to
l\ .
016-H in the 3750—3730‘cm_1 region. All spectra were recorded at

spectral slit widths of about 5 cmfl. Force constant calculations
V -

were carried out using the standard computer program of Schacht-

schneideraa.

114_117, no chemiscrbed

In agreement with other recent work
specles or polymerization products were detected when 10 torr of HCN
was left in contact with silica for times up to 24 hou;s and with
sample temperatures ranging from.25°-500°c. However, 1f silica was
heateé at 80#C with 10 torr of HCN in the cell then the spéctrum
shown in Fig. 6-la was observed after cooling to 25°C and evacuating
until the pressure droppgd to less than 10—4 torr. (It should be
noted that the silica background absorption rises very steeply from

2150 to 2000 cmfl, see Figure 1-1, of Chapter 1, but with a compensating

silica disc in reference beam, this effect 1s cancelled. However, the
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FIGURE 6-1 3

Infrared spectrum after reéction of HCN w%th silica at 800°C.

HC!®N (95% N-15) at 800°C.
H'3cn (60% C-13) at 900°C. The % T scale refers to spectrum b.
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remaining spectra in this chaptershow this background rise, and
Figure 6-4b 1is to ﬁé comparéd to Figﬁre'G-la)-

Three sharp bands were observed at 2313, 2218 and 2106 cnrl
wlth weaker features near 2353 and 2150 cm_l. ‘ The band profile dié
not change with prolonged evacuation and no additional spectral
features were notea'between 4000 and 1300 cm—l. The corresponding
spectra obtained after reacting nitrogen-15 and carbon-13 enriched
HCN are shown in Figure 6-1b and 6~lc respectively, and the wave-
numbers of all osserved banés are listed in Table 6-1. No shifté in
the band position resulted‘if deuterated hydrogen cyanide waé used
or if HCN was reacted with a deuterated silica. The ratio of the
three strong bands varied as heating continued but the ratio of the
intensity of the 2353/2313 t:m-l bands appeared to be constant.

No spectral changes resulted if 20 torr 02 was added at
25°C but if the sample was subsequently heated at 200°C the 2100 and
2218 cm_l bands decreased in intemsity and that of the 2313 (:m-1 in-
creased. At the same time very weak bands at 1470 cm.—1 and at 3070
'cnrl were just detectable and their intensities grew with the 2313
cnrl band. All bands disappeared after heating at 500°C in 02.

The intensity of the three major bagds increased more or
less t..mifdrm-ly for reaction temperatures cif greater than 800°C (though
at lower temperatures some differentiation in the rate of érowth of
the bands was observed, see later) and the intensity of a wéak feafure
near 2150 (:m-1 grew dramatically. Spectra showing these effects‘after
heating at 800°C and at 1060°C, are shown in Figurea 6-2a and 6-2b

4

respectively.



2T

50

100

| 1

2300 _, 2100
CM

FIGURE 6-2

a. Infrared spectrum after reacting HCN with silica at 800°C;
b. after reaction at 1000°C;
c. after heating sample b in 02 at 400°C.

The ¢ T scale refers to spectrum b.



L
i O

4 R .‘ - 196 - .‘“

X

After heating in 0, at 400°C, the 2313 en ! band again

A

intensified whereas those to lower frequency disappeared or were
. diminished, leaving a broad doublet neaf'2150—2200 curl (?igure 6~2c).
. The growtblof the band near 2150 ém-l‘wéé accompanied by the parallel

. growth of bands at 3450 and 3540 cm ¥, and several bands between 1370-

H

1600 cmhl, the latter Bands; at least, seeming to be felated'to polymeric

115,117,118

+gpecies Similar features mear 2165 and 2185 cm"l have been

reported by Ruttenberg and Low118 whén silica was heated with cyanogen

at high-tEmperaturés which were likewise attributed to polymeric

ot

species. Part of the broéd absorption near 2150-2200 cm_l in

Figure 6-1lc is also due_to'poiymer'formation in this case.

The extr?ﬁely weak 1470 éﬁLl bandjwas superimposed on the

gteeply rising b;ckground absorptignfdue to silica and pnly“abpegr;d

yAth appreciable intensity when the 2313 band was very intense-(see

(;Eighre 634)%' The band at 3070 em L likewise grew in intemsity with

the growth of the 2313 ew © band. The experimental isotopic shifts
for the 1470 r:m“1 band are given iﬁ-Table é-l.

In order to see if any of the three strong bandg underwent

a shift with oxygen-18; a silica containing about 60% 0-18 was prepared.
" 18 3

. 6 18
The ~°0 distribution was measured with respect to the 0~ -H/0" -H

silanol baﬁd and dods not necessarily reflect tbe degree of oxygen—18
exchange in the surfa iloxane bridge sites. The 2218 and 2100 bm—l
banda showed no 0-18 shift, whereas the 2313 cm - band maximum shifted
to about 2305 cm—1 andhad an irregular band shape as it was over-

lapped with the normal 2313 curl band.

At the same time, the 1470 cm © band distinctly shifted to
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Wl TABLE 6-1

Observed Frequencles and Isotopic Shifts

~

Observed v ¢'3 shige® . N ehift 01® shist
21 . -1 -1 -1
cm cm cm cm
3070 - - - -
2353 60 10 s -
Ny
2313/} 60 10 Rk
\_/ _ , - .
2218 51 | 30 0
2100 . .39 - 36 . 0
2078 . - 58 £ 20 0
1505 0 25 -
1470 ' 0 30 34

4r11 shifts are to lower wavenumber relative to column 1. A dash
{-) indicates that no measurement was made,

bEstimated from Figure 6-3 (see text).
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labOuF.1436 cmrl. In order to detérmine the 0-18 shift of the 2313 t:m”1
‘bandimpre accurately, HCN was reacted with an 0-16 silica at 800°C
and a spectra was obtéined like ‘that in Figur; 6-la., An sbscilssal -
e*panded gpectrum from 2&00-2200 cm-; is shown in Figure 6-3a. |
The sample was then: heated at 300°C in oj;s gas and the
spec£ré shown in Figure 6-3b was ggfained.. The "spectrum" shown in
Figure 6-3c.resu1fs from the subtraction of that in Figure 6-3a from
that in Figure 6-3b; The maximum intensity is at 2300 cﬁrl which can
be attributed to the corresponding 0-18 containing species.
The same spegtral features were produced when CH3CN and
CH3NH2 were used in place-of HCN except that a spectrum_of gaseous

-

CH4 was observed after reaction with CHBCN. . v

As reported by Ruttenberg and Lowlzz, the same bands were ' ‘

also produced when CZNZ was reacted with silica at temperatures in the

range 25-500°C. The 2218 cm,_1 band was initially observed at 2212 cm-l
and shifted to 2218 cnrl as the reaction temperature was raised. The
inéensity of all bands increased with temperature and with reaction
teﬁperﬁtures greater than 500°C an additional sharp band appeared at
2078-2075 cu (Figure 6-4c). As the intensity of the 2353/2313 et
bands increased, so did the intensity near 1470 cm-l, and an additional
shoulder appeared at 1505 c%-l. The isotoplc shifts of 2353/1505 cufl
bands are given in Table 6-1, although no 0-18 shifts could be measured,
due to overlap by the stronger bands. No isotopic shifts were detected

if C,N, was reacted with a deuterated silica.



100

- 193 -

l | 1~ |
2350 2300 2250 .2100

!

FIGURE 6-3

Spectrum after reaction of HCN with silica at 800°C.

After reaction of 'a' with 99.5% oxygen-18 at 300°C.

Spectrum obtained after subtraction of 'b’ from 'a' (see text).
The % T scale refers to 'a' ang 'b'.

The scan speed was 20 e min .
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| cm!
FIGURE 6-4

Background spectrum without reference compensation;.
Spectrum after reaction of HCN with silica at 800°C; .
Spectrum after reaction of CzNZ_with silica at 600°C;

Spectrum 'c' recorded with a blank silica disc in, the reference
beam of the spectrometer.

The % T scale refers to a and b {and ¢ on the Teft).



T - 195--

Discussion

v

Four new infrared bands are prodﬁced between 2400-2000 cmfl
when HCN, CHBNHZ’ CHSCN or CZNZ react with gilica, and a fifth band
(at 2078 cm-l) is unique to the CZNZ reaction. Bands at 3070, 1505
and 1470 cmfl grow in ihténsit& at the same rate as .the 2353/2313 cm?1
absorptions. |

Ruttenberg and Low122 assigned the 2313/1470 chl baﬁds to

a surface SINCO specles on the basis:of compgrison of these frequencies

‘* with known silylisocyanate species and ruled out the possibility that
S1i0CN was formed,.although this species mighf seem more likely when
Czﬁz reacts with silanol groups. They arbitrari£§ attributed the
lower wavenumber bands to "surface ayanides". Eley et.al.lzé also
found a’band near.Zéoa em T when ethyliéocyanate reacted with silica
at 573°K, which they attributed to the formation of a surface SiNCO-
species by analogy with the spectra of knowm silylisocyapaées.

The assignments above must be considered tentative in view
~of the large number of harbon—ﬁitrdgen and carbon-oxygen-nitrogen
species which could conceivably absorb in this spectral region.

" From the isotopic shift data, it <an be concluded that
(a) nome of the aﬁove speéies from HCN or C,N, chemlsorption contain
hydrogen, (b) the species responsiblé for the 2100 and 2218 c‘.m_'1 bands
contain carbon and nitrogen ofily, and (c) the species responsible for-
tge 2313/1470 bands contéins carbon, nitrogen and oxygen.- Further,
no more than one new sﬁiftgd band was observed from partial isotopic
substitution, which s;ggestb that oné functional group is responsible

for each set of bands and these contain only one C, N or O atom.
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The 2218 and 2100 e ' bands are probably due to surface
cyanldes or isogyanidea, which in turn are cdnverted to the oxygéh

containing specles responsible for the 2313 cm-1 band after heating
in 02.
. 13 15
The expected C~ and N~ isotopic shifts for both bands

assuming both structures as linear "molecules" have been calculated

- [

and the results are shown in Table 6-2.

The cp-ordinates used for the calculation wé&e as follows

D Q)
and, )
+ -
Mye e ¥ Fio
G = | F =
~H¢ Mgy tiy Fi1 F,

* A similar set of values were used for SINC, except that the off
diagonal element is ~Mye A mas; of 28 or 100 was assumed for Si
(since it is difficult to predict what value to use for a surface

Si group). The calculation proceeds by finding the values of the
force constants required to fit the observed frequencies. It was
found that by allowing the values of each.of the three forxce constants
to vary resulted in only small values for‘F12 (=E21). If F12 was
fixed at zéro and only Fl and.F2 al}owed to float, Ehe_predicte@'fre—
quency shifts were still* within 1l cm of'thé chserved yalnes. It

~ was necessary to assume a value fok\she sic and SiN stretching vibra-
tion (otherwise the number of force constants exceeds the mumber of

frequencies). The values assumed were 608 cmf; for v(SiC) based on

this value for SiH3CN125,land 570 cm_l for v(§iN), as this is a fairly
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TABLE 6-2

Force Constant Calculations for S1iCN and SiNC

o
Observed v Speciles act? act?  aise ﬁle aNY® aifs
cnrl . © obs " calc obs cale
S1CN 51 51 0 30 30 .0
2218 : -
SINC 51 43 8 30 37 7
S1CN 39 48 9 36 28 8
2100
SINC 39 39 0 36 36 0 N\
2202 SiDBCNb 51 32
2198 Me3SiCN° 51 31
2095 MeBSiNCc 40 35

35 is the frequency shift to lower wavenumber as compared with
the value in colum 1. '

bReference 125,

‘ cReference 126,
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average value in several other SiNC containing‘compound3126’128“131,

The computed shifts were quite insensitive to the choice of ‘parameter,

identical v.(CN) and v(NC) shifts being calculated if the v(SiC) and

v(SiN) modes were as high ag 300 cnrl. The calculated values in

Table 6-2 were for a mass 28 Si atom, using the above mentioned
assumed SiC and SiN stretching modes. The data indicates that the

— a‘ —
2218 cm L mode can be assigned to a surface SiCN whereas the 2100 cm

1
baq% can be assipned to a surface SiNC species. Both the band positions
and the isotopic shifts are entirely consistent with these data for
known silylcyanides and isocyanideleGZ The calculations for SiCN

and SINC resulted in the following force constants: SiCN; FCN = 17.50;

- _ e-1 _ ~1
FSiC = 3,14 and F12 = -0.19 m dyne A ~ (for Vesc = 608 cm 7). SiNC;
-1
Py = 15.67; ¥ o= 2.703 Fy, = —0.46 (for vy = 570 cm .
A similar calculation can, in principle, be carried out for “

various S$1XYZ specles, where X, Y and Z are any of C, N or 0. However,
it 1s necessary to make some assumption about the geometry. .Possiﬁle
surface species are SLiOCN (cyanate), SiNCO (isocyénate)? S1CNO
(fulQinate) and SiONC (isofulminate). Assuming that the XYZ portion
is linear,lthen there should be one high frequency pseudoantisymmetric
XYZ stretch (2200 = 200 cm_l) and one low frequency pseudosymmetric
stretch (1300 % 200 cm-l), with the intensity of the latter being very
low in view of the expected near zero dipole moment change in this
vibrational mode. Further, tﬁe pseudosymmetric mode should show
virtually no isotopic shift for substitution of the "middle" atom.
Experimen!glly, the 1470 cm._1 band underwent no shift at all only

for C-13 substitufion, so the fulminate structures can be ruled out
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from consideration (no silylfulminates or silylisofulminates are

known) .

The SiNC angle in silylisocyanates 1s linear or near

132-134

linear and in view of the low frequency of this bending

. 26,128-
mode1 6,128 131, it behaves as a pseudo linear molecule with respect

to the SiNCO atomsl35—136. Several force constant talculations have

been carried out under this assumptiomn. No silyleyanates are'known,
but this angle is expected to be linear or near linear and can be

B .‘ )
treated as such for the same reasons.

In a general valence force fileld treatment of the three

-

stretching vibrational modes of a linear S$i-X-Y~Z molecule there are

six force constants (three diagonal, plus three off dlagonal inter-

B
action constants), Designating the bonds as follows,

(3 @ o (@),

L ¥

the p;incipal (diagonal) force constants are F,, F, and Fq, whereas
the interaction constants, which are generally much smaller than the
'd$agonal F's, are f12’ f13 and f23. The wvalue of f13 is expected to
be insignificant (and in what followé, has been set equal to zero)
whereas, flz“is'expected to be unusuvally large in view of the near
equal masses of X-Y-Z in this linear structure; that is, there is
génerally strong coupling between v(YZ) and v(¥Y) modes, which has
given rise to ;he terms "pseudosymmetric' and "pseudoantisymmetric"
as used sbove. Because of the relatively large mass difference be-
tween Si and X (X = N, C or 0), the f23 term is also expected to be

very small and also has been-set equal to zero in the calculations.

~ .

L
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The G and ¥ matrices are,

e _ Ty r 3
U, + U, Uy Q _ F, £, O
T +y -l - .
G Yy . Mty THy F=|f, F, O
{0 Mg, Mty 0 0 Fy

.ﬁecause of the large expected wvalues of f12’ the computation problem
for a linear SiXYZ structure is much more awkward than for the SiXY
structures discussed previously. Thus, tweo valence force constants
could be assumed in SiXY case which are calculated from the values
of v(51iX) and v(XY) for the 'normal" molecule, and in turn, these
force constants could be used to calculate the le and C13 shifts.

The analogous procedure cannot be used for the SiXYZ {assuming three

F's to be calculated from three stretchiﬁg frequencies for the non-

isotopic molecule) #f f., is large. 1In some cases, the calculated

12

force constants may be unreasonably large or small, or may be
imdginary. Even for the cyanate ion (OCN—')137 and the cyanate free
radicallBa, where the stretching frequencies are 2230/1260 cnrl and
1922/1275 p— respectively, the diagonal force constanté are

~—_1maginary without the inclusion of an appreciable interaction term.

137,138 for the cyanate

0.1
ion are FCN = 15.47, FCO = 11,46 and fCN/CO = 1,15 mdyne & ~, and for
1

o
the NCO radical, FCN = 10,82, FCO = 12.93, fCN/CO = 2.56 mdyne A ".

For comparative purposes, the literature values

Large interaction force constants have also been suggested for

HCN0138, ClBSiNCO131 and HBSiNCOl30. The computational problem is

further complicated by the necessity of assuming a value for V(SiN) s
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in  SiNCO and V(SiO) in Si0CN. TFor silylisocyanates, 570 cm._1 was
chosen as this 'ls very close to the mean value reported for several

126,128-1 4 -
»128 31. and is reported to be at 577 cm Lin

known compounds
' 19
silylisdeyanate™ ., Since no silylisocyanates are known, values ranging
~ from 600 fo 900 t:m-1 were assumed, based on known rénges of the S10

stretching frequencies.

SiNCO Calgulations ‘ ) .
7

The results of some calculations for a linear SiNCO structufe_
are shown in Table 6-3.

In the three force Fénstant calculation (no interaction
constants), the three frequencies of the normal molecule were used as
input data for the refinement procedure, and the calculated Fs were
then used to calculate the frequeﬁcies of the three lsotopically sub-
stituted forms. [In all of this work, any mathematical solution forl ‘
which a principal force constant was not in the range 2 <F <25
mdyne R_l was rejected.} It can be seen that the calculated shifts,
along with the values of the FS are not reasonable. On the other
hand, with the inclusion of the expected large interaction constant
fCO/CN’ very good agreement bgbaeen calculated an@ observed frequencies
was achieved, and the values of the force constants are very close to
'those which have been quoted for other isocyanate systems.‘ As’ addi-

13
tional data for the refinement procedure, the accurately known C

and le ghifts of the 2313 cm—]' band were employed. Further, the
golution was mathematlcally well defined in that an identical result

was produced regardless of the initial choite for FCN and FCO’ all
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TABLE 6-3

Force Constant Calculations for SiNCO

'b .
“1’“2’“3a : A013 - ANIS AOlS Force Constants®
- -1 - - o_
cm 1 cm 1 cin ! cm 1 mdyne A !
2313 60 -10 13 observed
1470 0 30 34 ‘ shifts
2313 58 1 46 19,94
1470 0 37 3 4.19
570 9.87
. 0.0
2313 61 10 17, 16.07
1470 0 30 33 13.80
570 _ 3.77
1.59
Apssumed values only for U3.
bSh:L’ft to lower wavenumber with respect to entry in column 1. ‘

cForcg constants in order are FCO’ Fog? FSiN’ fCO/CN"
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, ' A o_ .
possible combinations of values between 10-18 mdyme A 1 in units of

¢0- . .
cne mdyne A 1'having been tried.

S10CN Calculationg )

A variety\of‘calculations for a linear S5i0CN :structure are
shown In Table 6-4, 1In the first four entries,-three force constants
were assumed, utilizing only the thréé stretching frequencies of the
normal molecqle, with the assumed values of v3 being 600, 700 and
800 curl respectively, (the force constants become imaginary fo? v3

greater ghan 806 cm—l). With the restriction that fof any F,

2 < F < 25 mdyne R;l, two ;olutions were possible for Vg = 800 cm_l.
The agreement between the oBserved and calculated shifts is poor in
all cases.

Tt is difficult to predict what value to assume for the Vg
made in a linear SiOCN species, but values as high as 900 cnfl might
be possible on the basis of S10 stretching frequencies in known
§i-0-R type compoundslqo. The inclusion of a fourth force constant,
fCO/CN’ is necessary for such a calculation, and this requires four
frequencies. However, in order not to bias the caleculation by in-

cluding isotopic data, the value of FCO was kept constant, and FCN

and FSiO allowed to vary, using only the three frequencies of the

-1
_normal molecule. The results for V, = 600, 700, 80O and 900 cm

are shown in entries 5-8 in Table 6-4. The initial guess value of
o_
FCO could only be varied between 15-19 mdyne A 1 in order to obtain

an exact calculation of the frequencies of the normal molecule, and

within this restriction, the calculated isotopic shifts for a given
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R TABLE 6-4 _
. Force Constant Calcﬁlations for SiOCN !

. b '
Cale No vl,vz,v3a' AC13 . ANlS 6018 Force constants®
- 4 —1 - - o_
cm L cm L cm 1 cm l. mdyne A 1
2313 60 10 13 observed
1470 0 30 34 shifts
1 2313 54 30 2 18.81
1470 0 2 60 4,42
600 10.98
0.0
2 2313 58 24 6 -17.26
1470 0 6 60 7.64
700 9.42
. ' 0.0
3 2313 52 4 43 9,80
1470 10 13 38 15.14
800 ) 10.94
0.0
4 2313 40 2 62 7.07
1470 20 . 8 24 15.50
800 14.68
. 0.0
5 2313 62 9 23 14.23
1470 0 23 44 16.00
600 4.07
i.81
6 2313 60 L~ 7 29 13.00
1470 2 21 44 16.00
700 _ 1.36
7 . 2313 54 3 42 10.50
' 1470 8 16 38 16.00
800 9.69
’ 0.67
8 2313 . 20 0 78 7.67
1470 27 10 15 18.00
900 715,75
' ' 2,76
9 2313 61 10 18 14.94
1470 0 22 47 15.14
600 4.09
1,71

2pssumed values only for Vi,
bShift to lower wavenumber with respect to entry in column 1.

CForce constants, in order are: FCN’ FCO’ FSiO’ fCN/CO

Note: In calculations 1-4 feoy/co was fixed at 0. In calculations 53-8
gco wag fixed at the value indicated, In calculation 9, four
o

Yce constants were assumed to be wvariable and C and le data
for vV, was utilized,_
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v, valve varied by about +2 em L st most, For vy > 700 cw L, the

calculated shifts differ greatly from the experimental shifts, and in
any attempt to utilize Cl3.and le frequencies of the vl mode in a
full udrestricted refinement, the calculation did not converge.

However, the above mentloned calculated shifts were
feasqnably accurate for Vg = 600 curl, and a full refinemént utilizing
these data was possible. This is shown in the last entry in Table 5-4
but eéven here, the agréement between the calculated Vo shifts for N-15
ind 0-18 substitution are ﬁoor, unlike the agreement for the SiNCO
structure. An assumed vaiue of 600 cm_l for Vg geéms unreasonably
low, although no silylisocyanate are known. to verify this.

‘It is concluded, nevertheless, that these calculations

support the assignment of 2313/1470 cm_l bands to a linear surface

silylisocyanate species, SiNCO.

Other Bands

. The weak set of bands at 3070, 5353 and 1505 cm_l appear
to grow in intensity at the same rate as the 2313/1470 t:m—'1 bgnds and
Ruttenberg and 'Low122 (who only detected the 2353 and 3070 cmfl bands,
attributed these to unspecified overtones of SiNCO. However, con-
sidering the additional 1505 cm—l band from the present work, and
noting that the C-13 and N-15 isotopic shifts are nearly the same as
for tﬁe 231371470 cm-l pair (no 0-18 shifts could be. measured because
of band overlap problems), these bands might be agslgned to an SiNCO

species in a different environment.

However, it is difficult to account for the apparently
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;oﬁsth&t intensity ratio for the 2313/2353 cm-l bands with suéh large
varlations in surface coverage. A Si(NCO)2 surface structure can pro-
bably be ruled out because of the abgsence of additional bands on partial
isotopic substitution. Therefore, the overtone combiﬁation hypothesis
seems most plausible. In support of this, the NCO bending mode is
expected to lie in the'range 600-800 cﬁnl, and considering the dif-
ference 3070-2313 = 757 cmul, and allowing for slight anharmonicity,
2 x 757 = 1514 cm_l (as opposed to 1505 cmfl), the best assignment
would be as follows: 3070 cm = vy + v, 1505 = 2v,. |
On the other hanq, the SiNC bending mode (vs) is expected
to be in the range 20-60 cm_l'as found in the known silylisocyanate

compodnd5126’128-131, and,with an assumed value of 40 cm_l, the 2353

o

cmnl band could be assigned to vy +‘U5. The isotopic shifts of the
2353 cnrl band would be expected (as found) to reflect those of the

v, band, and little C-13 isotopic shift is to be expected for v, or

1
2v4. The origin of the relatively sharp band remains obscure because
the observed isotopic shifts do not fit either the SiNC or SiCHN
structure (no shift was observed for 0-18 substitution of the gurface).
Since it 1s only observed after reacting C2N at greater than 500°C
prior to the start of extensive-polymer format;on, it is surmized
that the band is indicative of some precursor to this process, possibly
involving C-C=N structures.

The mechanism for the formation of SiCN, SiNC and SINCO is
also unclear, since the relative proportions of each specles are not

known. However, the reaction of HCN does not appear to proceed via

the active sites (Chapters 4 and 5). There is no diminution of bands



- 207 - L

at 908/888 cm—1 at room temperature but on heating in HCN up to 800°C, °
a slight decrease in intensity is observed, which may be due to

reaction of the gites with small amounts of H20 produced in a re-

action: Si0H + HCN - SiCN -+ H20.

The presence of CR, when CH3CN was reacted points

to the following analogue with HON; SiOH + HCN - SiNCO + H,.
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CHAPTER 7

SUPPORTED METAL CA&ALYSTS

The following three chapters are each concerned with
adsorption and catalysis on silica supported platinum.

In the studies of silica described in Chapters 4 and 5,
the object was to establish the identity of an active site and the
nature @f the interaction between an adsorbate and the surface. -
However for silica supported metals, there is the additional pos-
sibility that a catalytic event can take place, and in this case, !
iﬁfraer spectroscépy may be used in an éttempt to identify the
chemisorbed species that act as the intermediate complexes in a
reaction and which are perhaps responsible for the lowering of
activation energy of a reactionlal.

This can be acbieved by either studying changes in the
surface adsorbed species as reactants are converted to products in
a dynamlc flow system, or, as has been done in this work, the
adsorbent may be studied in the absence of reactant and product gases
under static conditions so that stricter controls can be emploved.
For example, the pfessure of the adsorbing molecules can be finely
altered and also one can choose to treat the surface with .other
molecules, once adsorption has occurred, so that changes in the
spectral behaviour of the species may help in further characteri;ation.
Supported metal samples are not as well defined as the supports them-

selves because, for example, there may be a wide variation in particle
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gsizes of th; metal resulting ffom non-uniform dispersion and there

is the possibility that traces of the metallic salt may remain un-
reduced and aci as alternate adsorption sites.. The spegtra of the
adsorbed 3peciéq?may change as coverage increases because sites of
lower reactivity ;ay force different bon@ing characgeristics. In
catalysts of this type the number of_acFive sites may be just a small
fraction of the total number of surface atomslaz, and it 1is often
difficult to predict to what extent a éatalytic event may proceed.

So, in the absence of definitive information about the surface sites,
some empirical approaches have been used, including trying to cor-
relate bond lengths of metal-metal bonds to those within the absorbing
molecule143 (a reaction being favoured for equal bond lenghts) or of
matching the frequency of the adsorbate bond to be broken with that

6f the metal—adsor]:;até mcdelM. Paul:l.ng:u;5 established an equafion ‘
to estiﬁate Ehe "% d charactex" of m;tals, as a guide to catalytic
behaviour, where the extent of "d character" is a measure of the d-
orbital participation to hybrid bonding in the bulk of a metal,

estimated from its known paramagnetic susceptibility. For example,

the heats of adsorption of hydrogen and ethylene on various metals

were found to decrease with increasing % d character (Cr < Fe < Wi <
Rh)l46’147. On the other hand, the number of vacant d orbitals (d-

holes) has been correlated in some instances with rates of hydro-

genation (e.g. of styrene) and yet there/is no clear relation between.

the number of d-holes and % d characterf Both of these properties are .

defined from bulk properties whereas the hybridization of surface

orbitals is likely to be different due to valency unsaturation and

’
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more recently efforts have been made toward developing a quantum

mechanical interpretation of the naturé of metal surfaces to determine
what orbitals.g{f %vailablelés.
The type of chemisa;ption,to be expected also depends on
the adsorbate:izsélf,‘aﬁd to the degree of électrqg sharing or electron
transfer. In tgfms og Paulings electron?gativity (%) the favoured type
of bond passes from covalbnt to dative to lonic as AX becomes larger.
Compounds which commonly behave 'as poilsons in cataiytic ‘
pro;esses are those with lone pairs of electrons and which have the
option to bond datively. In the following chapters such types of
molecules haﬁe been étudiéd (NH;, pyridiné, nitriles and amines) to
determine how they adsorb to platinum (very little previous knowledge
existed). Despite the fdct that they can all be classed as 'potential

polsons' it has been fo rd that the mannex of adsqrption is different
in eéch case, rangin fro; an épparent.singly,adsorbed species in the
case of NHB'énd' pyridine, and multiple specles for the
nit£iles and amines (HCN, CH3N32; CH,CN, benzonitrile, CF3CN).
Platinum is an obvious metal to choose for these studies

because of its predominant use as a commercial catalyst for hydro-

gentation- and dehydrogenatiQP reactions.

-

Properties of Supported Catalysts

So that the properties of metal catalystg can beymonitored
by the transmission of infrared rgaiation it is 4 necéssary require-

ment that the sample should bérfinely dispersed so that scattering is

minimized. ‘But fine metal particle ot stable by\ themselves and
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tend to sinter into largeg crystallites, hence the need fo; a support.
Again there are limits to the amount of metal which one can placé on

a suéport above which the transmission of radiation becomes. unsultably
low due tb crystallite size, but alternatively if the metal content

is very low then it may be impossible to detect measurable spectral
bands of thg’adéorbed species. In the present work however, a high
load of Pt has been used (16%, compared to often used loads of 5-10%)
but transmission losses have been ﬁinimized by virtue of the specilal
technique for tpe catalyst preparation (see Chapter 2) and consequently
excellent quality spectra were obFainable from 4000-1350 cmfl. This
en;bled, for exﬁpple, a definitive study of traditionally weak absorp-

tion bands-ih the usually obscured region from 4000-3000 cnrl (e.g. for

NH3 adso’cion) .

- -
—

In suppérted samples the metal particle size is generally
between 5 and 50 R,which may render new properties of the metal that
" distinguish it from a bulk samg}e. For examplé, only.weak broad lines
are obtained'in-an X-Tay diffra;tion pattern in contrﬁsf to the large
sharp lines o'btgin‘ed fér single crystalsll’g.

Also; a normaliy ferromaénetic metal such as Ni exhibits
distinctly different magnetic properties in the dispersed state, in
that magnetization becomes a function of field strength, which is not
true of the sulk metal. A particle size‘fféect has been postulated
by Ross et allso in an X-ray photoelectron spectroscopy study of dis-

-

persed platinum IPt/SiOz) and Pt foil to account fér a different -

chemical shift of the 4f electrons.

The influence of crystal size upon catalytic activity has



_212_

a}so been studied. TFor a totally Aispersed sample (where the ratio of
surface metal ;toms to total metal atoms approaches unity), the number
of different edges and faces exposed becomes maximized and a high
degree of surface heterogeneity may be expected151. The samples used
for this work probably have dispersion‘valués lying betgeen 0.4 and 0.7
Forreéponding to average crystallite sizes-of\about 50 and 20 i,

respectively, Calculations have been ma.dta.:l‘sg"I'S3 to determine the

percentage of metal atoms which maintain normal coordination for wl
various crystal sizeii it was found that, below 50 A there is a signifi-

' cant portion of atoms present which are abnormally coordinated (e g. a
28 A crystallite has 30% abrormal coordination). Such catalysts
can be used to search for evidence for spepific properties assoclated
with edges and faces by varying the extent of dispersion.

As well as a primary alteration in surface geometry, due to
small particle sizes, thére is also the possibility that a finely dis-
persed metal ﬁight assume some of the lattice characteristics of the
support and in these respects it might be expected that absorption

’;tudies of supported metals might not correlate with metal films ox
single crystals, however qualitative agreements de exist. According
to Mosslsa, one of the main reasons for any quantitative differences
is the effect of catalyst poisoning due to residual atoms fxom the -
original metal sélt (e.g.-Cl). More drastic changes in catalyst
activity occur jusg through usage. Most catalysts go through three
levels of activity corresponding to an‘iniEial break in period, a

' 155
steady state period and a deactivation period. Baddour found signi-

ficant differences in the spectrum of CO adsorbed to Pd during each of

o
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these stages,which he attributed to a redistribution of the surface
struEturé by diffusion of Pd atoms. A surface is not "broken;in" until
it has been exposedlto oxygen. It is Baddours claim that in some cases
a surface break-in may occur during a catalytic reaction, and since
many adsorption stu&ies are carried out- in the absence of some re-
actants and products then this method may lead to a misinterpretatioﬁ
of (e.g.) steady state kinetics, To some extent, the effect of such
surface chang?s have been taken into account in this thesis in that

where irreversible surface poisoning occurred such that the surface j
could not be regenerated, then a fresh sample wa; used. This was /
mostly necessary to obtain reproducible spectra of the nitriles,
Admittedly, the spectra may not be representative of the surface species
occurring during a catalytic event where adsorption and desorption is
céntinually taking place, but for the purposes of assignment of
spectral bands to the adsorbed specles it was felt to be warranted to
keep the number of different species to a minimum,

As for studies with NH3 and pyridine, no differences were
discerned between adsorption on an "unbroken' surface, a surface
treated with oxygen then regenerated in hydrogen, or a surface which
had been used up to twenty times.

None of the following chapters are closely related mainly
because the impetus for investigation was derived from a different
source in each case, however, some aspects of each were found to be
interrelated. Chapter 8 is concerned with the adsorption 6f NH3 on Pt
and its subsequent oxidation, Chapter 9 with pyridine on Pt and
Chaptex 10, with various nitriles and amines on Pt. A separate Intro-

duction to these problems 1s set out at the beginning of each chapter.
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CHAPTER 8

AMMONIA ON PLATINUM

Platinum is known as an efficient catalyét for the oxida-
tion of NHB’ and is used today (usually alloyed with rhodium) in the
commercial production of nitric acid employing a method developed 70
years agolse. Traditionally, chemists Have studied such systems by
monitoring the reactants and products in order to understand tﬁg
gross functions of the catalysts without being concerned with specific
surface—adsorbate interactions. But the latter is a necessary pre-
requisite toward more complete ;nderStanding of the complex reaction
systems investigated. Today there is a reneved interest in this
problem because of the recent imﬁetus toward the development of
catalysts for controlling automobile exhaust pollution. It has been
discovered that ammonia is produced as an undesired side product of

the reductive catalytic removal of nitrogen oxides (NOX) by CO157 and

cqnditions for its removal are being establishedlss. It is surprising
therefore that there is still very little known about its mode of
adsorption on noble metal catalysts althéugh many mechanisms have
been proposed to account for the observed gas phase products that

appear under varlous oxidative conditionslsg-lﬁs. In the catalytie

, - 159
reaction between NO and NH3 on a Pt/A1203 catalyst, Otto et al
proposed that NH3 was dissociatively chemisorbed and that the rupture
of the N-H bond in the adsorbed species was the limiting step in the

process because the reaction was obsexrved to be zero order,
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NH3(ads) - Nﬂz(ads) + H{ads)

In the absence of oxygen, the following overall reactions

were proposed to occur

4NH3 + 6NO -+ 5N2 + 6H20

ZNH3 + 8NO -+ 5N20 + 3H20

Ammonia oxidation eﬁclﬁsively with 02 has been ektensively
studied and many mechanisms have been proposedlﬁl_lﬁg. Bodensteinlﬁl
observed the formation of hydroxylamine and nitrous acid and thought
that HNO was an adsorbed intermediate, but more recently, Nutt and

Kapurl65 considered that- the following steps occurred on a platinum

catalyst
0,(eds) + NH,(ads) * NO(ads) + H,0(ads)

then NO(ads) + NHz(ads) -+ Nz(g) + Hzo(ads)

Fogel et 31166, on the other hand, contended that the re-

.

action involved a co-ordinately bonded NH3

NH3(ads) 4+ 0, + NO(ads) + HZO(ads) + H{ads)

2

and NH3(ads) + 0(ads) -+ NOo(ads) # Hz(ads) + H(ads)

At higher pressures of NH3 and O2 the production of NZO has been
observed167’168 and a nitroxyl radical was thought to be responsible
NH3(g) + 02‘+ HNO(ads) + Hzo(g)

NH3(g) + HNO{ads) -r NZO + 4H(ads)
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In the presence of oxygen, the reduction of NO by NH3 is actually
1 -
enhanced 58 and this has been interpreted by Markvart and Pour169

as being due to an acceleration of the NH, dissociation step.

. 3
A 0{ads) + NHz(ads) + HNO(ads) + H{ads)
then - ‘ NO + H{ads) =+ HNO{ads)

In none of the aforementioned studies had™the identity of
any of the adsorbed species been verified which is largely the reason
for the array of mechanisms proposed.

This chapter attemﬁts to show how NHB is initialiy adsorbed
on platinum and how it subsequently behaves in the presence of pre-
adsorbed and gaseous oxygen, by using the infrared spectroscopic
technique. Some studies have been made by other workers in this
direction and a summary of their results and interpretations follows.

Blyholder and Sheetsl70 have studied the adsorption of
ammonia on metallic films and concluded that it is co-ordinately
adsorbed on Fe and V but tends to be dissociatively adsorbed on Ni
and Pd. Co-adsorption of carbon monoxidé on Ni and Pd surfaces helped
to stabilize the formation of a co-ordinated undissociated ammenia
and stronger infrared bands were observed for adsorbed NH,.

According to these authors, Ni and Pd cannot accommodate a
charge transfer to form a covalent bond with ammonia unless there is
also a drain of charge from the surface, in this case vla back dona-
tion to the CO ligand (evidenced by a shift in Veo to lower wavenumber).

Primet et-all71 studied the adsorption of NH3 on a Pt/A1203

which contained a submonolayer coverage of chemisorbed carbon monoxide,
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and, like Blyholder and Sheetal70, they observed a decrease in Veo
when NH3 was adsorbed. No mention was made of an enhanced intensitj

for NH3 bands, but 1t was concluded that ammonia was not dissociﬁtively

adsorbed to platinum.

The above views do not necessarily £Epresent the general
concensus of opinion regarding the mode of adsorption on Group VIII
metals, in fact the literature indicdtes a wide disparit; of observa-
tions and interpretations, some examples of other infrared studies into
this problem illustrate this point.

Peril72 and Griffiths et 31173 have investigated the
adsorption of ammonia on silica supported Ni and Pt'respectively and
concluded that it is co-ordinatively bouna in each case. Pozdhyakov and
Filiminovl74 apreed, but claimed thaﬁ there was another dissociatively
adsorbed form of ammonia also present on Ni and Pt, as well as on Fe,
Pd and Ru.

In studieé on Fe/SiOz, Nakata and Matsushital75 have observed
similar spectral features to those of Pozdhyakov and Filiminovlya, but
instead attribute them to an amine (—NHZ) specles, on the basis of
isotopic substitution data.

Contour and Pannetier176 have observed the deformation bands
at 1615 and 1250 c:tn-l for NH3 adsorbed to Ir/A1203 surfaces and attri-
buted these to a co-ordinated speciles ﬁhough a band due to NHZ was
also identified at 1460 cm .

In order to resolve the qﬁestion of the mode of chemisorption

‘ 6f ammonia on platinum, and to distinguish between a co~ordinatively

bound specles and imine or amine fragments resulting from the
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dissoclative cbemisorption, some'isotopically subatituted ammonias
were reacted with Pt/SiO2 catalysts and the adsorbed specles were
studied using Infrared spectroscopy. It was conclﬁded that ammonia
. is only co-ordinately bound to platinum.

Various oxygen treatments of ammonia over Pt/SiO2 produced

new infrared bénds‘showing that a range of adsorbed intermediates

exist on the surface prior to the formation of oxidation products.

Experimental

A 40 ng cml_2 Pt/SiO2 éample‘was used, except where denoted,
and contained 16% Pt by weight after reduction. Spectra were obtained
with spectral slit widths <5 em L over the range 3800-800 em L,

Bands appearing in the range 3400-3200 cm T were calibrated
against HCN vapour, and between 2550-2300 cm_l, against HBr gas.

All spectra were measured at room temperature.

" PtOH I.and PtOH II surfaces were prepared as described by

177, and Pt0 was obtained by degaséing the

Morrow and Ramamurthy
Pt/SiO2 sample at 300°C to remove all surface hydrogen, cooling to

room temperature, adding 20 torr of 02 for 10 min, followed by pumping

at room temperature for 10 min. ///’\\

A totally deuterated surface was prepared by introducing

several doses of D2 (30 torr) at 200°C.

Results and Discussion

A. Adsorption of NH3

As previously reported by othersng"lBl, ammonia was found

to be only hydrogen bonded on silica (provided there were no active
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sites, see Chapter 4) with bands appearing near 3400, 3320 and 1625
cm-l as well as a band, envelope near 3000 cm—l.due to the hydroxyl
stretch ?f Si0H ﬁertu ed by ammonia (SiOH--°NH3). All bands could be
removed by degassing th&\gurface at room temperature for 1 min.
The above bands also.appeared upon the admission of 10 torr
of ammonia to a Pt/SiO2 sample but were accompanied by a new band near
'3260 cm—l. Degassing this surface at room temperature did not remove
all the bands and three new features weré found at 3372, 3268 and
3155 cnrl (see Figure B8-1B).
As well, a very weak band at 1600 cnrl was observed when a
compensating dehydrated silica pellet was placed in the reference beam.
No other bands were observed*.
The intensity of each of these bands was found to be in-
dependent of the adsorption time (from 1 min to 5 hr) and even heating e
the surface in 10 torr a.%:onia at 300°C had no effect on the intensity. ‘
" The éame bands could élso be produced when the admitted pressure of |
ammonia was 1 torr. |
Thé peak height (and integrated band intensity) of. the 3372

o
cm-b band decreased rapidly as the degassing temperature was raised to

100°C. (Spectra were recorded when the surface had cooled to room

-1
temperature) . Conversely the peak heights of the 3268 and 3155 cm

*Sometimes bands were observed at 3444 and 1550 cmfl, but these were
attributed to a surface SiNH, specles that can arise if the Pt/S1i09
surface is degassed at temperatures beyond 400°C prior to adsorption.

On occasions when it was necessary to railse the temperature beyond

400°C, it was found that the active sites formed on silica which give
rise to this species (see Chapter 4) could be removed by treating the
surface in 300 torr of Hy at 350°C. No bands could be observed in the
980-800 cm—1 region when a 10 mg cm—2 Pt/S107 sample was used (Platinum
apparently catalyses:the reaction of H, with the active sites, since on &
pure silica surface, the sites are not consumed in HZ’ even up to 600°C).
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bands were observed to increase slightly although the integrated peak
intensity for each of these bands may not have changed, since in the
case of the 3268 cm-l band, the half intensity band width was larger
prior to degassing at elevated temperatures (compare Figure 8-1B with&
Figure 8-1D).

Beyond this degassing temperature all three bands diminished
relatively uniformly and at 300°C, no bands remained.

Adsorbed ammonia was not displaced by the addition of water
vapour (saturation vapour pressure for 3 hrs).

The addition of 30 torr ofCO to chemisorbed NH3 apparently
displaced the latter species because’ the absorption bands at 3372,
3268 and 3155 cm-l all disappeared, and a band appeared at 2065 cm_l
which is the typical absorption frequency for chemisorbed CO at total J—

surface coverage. ‘

When NH3 was 'adsorbed on a CO covered surface only one weak
band was observable in the N-H strétching region at 3268 cm L. The
addition of NH3 to a partially CO covered surface resulted in a con-
ventional spectrum of adsorbed ammonia though the bands were weaker.
Apparently the enhancement of the NH band inteﬁsity observed by Bly-
holder ana Sheets170 for NH3 adsorbed to partially CO covered Ni and

Pd surfaces does not apply in this case.

Isotope Studieg

If a deuterated Pt/5102 gsurface was prepared, a similar
series of spectra were obtained in the N-D stretching region when ND3

was adsorbed; degassing at room temperature removed all physically

x
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FIGURE 8-1 - - -
Desorption of Chemisorbed Ammonia

A. 40 mg cm'2 Pt/SiOZ.
B. Admitted 10 torr of NH3 to cell for 5 min, then pumped for 5 min

at room temperature.
C,D.Evacuated for 1 hr at various temperatures; C, 120°C; D, 200°c.
E. Evacuated for 16 hr at 200°C.
Al1 spectra were reco¥ded a% room temperature.

Scan speed was 20 cm  min .

Spectra C, D and E were displaced for purposes of presentation.
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adsorbed specles, but bands remained at 2515, 2375 and 2315 cmbl until
the degassing temperatur; surpassed 200°C, Again, the high frequency
band (at 5515 cmhl) was preferentially removed up to 100°C. (The
spectra obtained after degassing at this temperature is shown in
Figure 8-2B). ?ubsequently, when a small amount of H, (of the order
of 0.5 torr) was added.to the deuterium substituted species a new band
appeared at 2410 cm_l (Figure 8-2C). Further increments produced
-another band at 2460 cm-l (Figure §-2D,E).

In order to obtain these spectra it was necessary to
eliminate "negative absorptidn" dué to atmosphere o, by placing a
matching blank cell in the reference beam of the spectrometer, in
addition to the precautions usually taken to compensate for atmosphere
bands. (This is described fully in Chapter 3).

The reverse experiment was -also performed, that is, the ‘

addition of D2 to a surface containing only chemisorbed N-H species,
and again the 2550-2300 cm-l region was monitored. In this case the
first band to appear was 2460 cm-l, with further additions producing
2410 cu™t and then 2515, 2375 and 2315 cm .

To complement these results, a 1:1 mixture of_NHalND3 was
adsorbed to a surface containing sz Si0D and a spectrum very similar
to Figure 8-2E was obtained.

Similar features were not observed in the 3400-3100 cm-l
region during the mixed isotope work because the broad closely over-
lapping bands which resulted were generally not resolvable. . (Better
separation is expected in the N-D region),

' -2
Finally, an experiment was performed with ND3 on a 10 mg cm
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FIGURE 8-2

Production of mixed isotopes of chemisorbed ammonia
A. 40 mg e 2 Pf/SiOz (surface containing Si0D only).
B. Admission of 10 torr of ND3; jeft in cell for 5 min then
pumped for 5 min at room temperature. ’
.C-E. Successive doses of H, (<1 torr); left in cell for 1 min

then evacuatéd for 1 min,
Spectra C-E were -displaced for purposes of presentation.
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Pt/SiO2 disc which dontaiggd_only S10D-species. In this way i(;waa i
possible to observe the 950-850 t:m“1 window region and a band at 833

curl.‘ No band was observed for ﬁH3 on a normal (SiOH) Pt/SiO2 sample

in this region. A B . ,

- -

Treatment in Hydrogen - ' .

.

When small amounts of hydrogen (<1 torr) were éddeq to the
gufface ?ontaiping the chemisorbed ammonia spgﬁies; no change occurred
in’ the iﬁtensity of'frequency of the bands, but if the gpeciés were ‘.
exposed to 60 torr of h&drogen, all three bands at 3372, 3268 and 3155

-
cm_l immediately diminished in inteésity (Figure B8-3B).

Pozdhyakov and F:Ll:hninow.rl7"'I had observed that’for NH3 adgsorbed.
on Pt,é band near 3280 cqfl dimiyished iy 60 torr of hydrogen, but, th;t
a band near 3380 cm-l had an énhanced_ intensity. I;_:'i the present case v
both the 3372 and 3268 cm-; bands were observed to be shifted by about
10 cmrl to higher frequencies, (the 3155 cﬁfliband became too weak to
measure 1lts shift‘accurately) and # band appeared at 2120 cm—i.due to
pe-u'82, ‘ .

Pumping out Fhe hydrogen for one'minute at room temperaturé
produced the spectrum shown in Figure 8-3C. The intensity of all three‘
bands was increased, though each band was slightly‘smaller £h?n in the -
orlginal spectrﬁﬁ (Figure 8-3A) probably as a‘fesqlt.of some desorption
of ;he species over the period of time that hydrogén was in the cell
(15 min). -

Another series of treatments with hydrogen and adsorbed

ammonia 1s shown in Figure 8-3.



- 225 -

0.4
0.3
o 0.2 -
=
[)=]
e
[
(=]
a
=
0.1 A
0.0 | | Y | | | |
3400 3350 3300 3250 3200 3150
' cn”] T
FIGURE 8-3

Treatment of chemisorbed ammonia'with hydrogen usﬁng 40 mg cm‘2 Pt/SiOz.

| A. Admitted 10 torr NH, to Pt/s10, for 5 min then pumped for 5 min at
room temperature. ‘
Admitted 60 torr of Hz; spectrum immediately.

C. Hydrogen removed after 15 min (pumping time 1 min)

A'. New Pt/SiOz‘samp]e. Admitted 10 torr of NHj for 5 min then pumped

~ for 16 hr at 200°C. '
B', C'. Same as. B'and C above.
The spectra of the primed.series was displaced for purposes of presentation.

-

The scan speed was 20 L
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Ammonia was adsorbed for 5 min, then degassed to 2003C for
16 hr, and, as shown in Figures 8-3A',B',C', there is wvirtually.no
absorptionﬂat 3372 cm—l, only the 3268 and 3155 t:m_1 bands are stili
prominent., The addition of hydrogen diminished the intensities of the
two lgtter bands, but once the hydrogen was removed, the two bands
increased in intensity althUgh, as before, the intensities were not
as great as in the original spéctrum (compare Figure 8-3A' with 8-3C').

It was notable that the 3372 Cm_l band did not reappear.

Comparison with Previous Work
. o "
It is puzzling that only a #reak band appeared at 1600 cm
for adsorbed NHS' Nakata and MaCSuchital75 observed a medium strength

174

band in this region for NH, on Fe/S510 Pozdhyakov and Filiminov

3 2°
reported a deformational vibration band at 1630 cm.ul which they attri-
‘buted to ammonia co-ordinated tb;Pt/SiO2 althoygh no spectra were

17B‘made no mention of such

shown., On the other Hand, Griffiths et al
a band.f

In the present work, the partial deuteration experiment
where the ﬁD stretching bands we?e dpserved indicate that the cheml-
sorbed specles is Pt:NH3 since the two new bands in this region at
2460 and 2410 cm_l correspond to the N-D stretch in NHzD and the
symmetric stretch of NHD2 respectively (t@e antisymmetrﬂ? N-D st?etch
is expected to be virtually coincident with the frequency of the high
wavenumber E mode of ND3 and is therefore not distinguishable). An

2

partial deuteration experiment, as was observed for isotoplc work with

-NH épecfbs would be expected to produce only one new band in the

the SINH, specles (Chapter 4).
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Nﬁkgta and Matsuchital75 found bands for ammonia adsorbed on

Fe/s10, at 3380, 3290,' 1610 and 1550 cm *. They also conducted a
-partial deuteration experiment but instead monitored only the deforma-
ti;n region (because transmission from 4000-2000 cmfl was poor) which
yielded a new band at 1400 cm-l, and was attributed to a GNHD mode of
Pt NHD. However the band at 1550 cnfl in the spectra of NH3 on Fe/SiO2
is due to SiNH'2 and this species is aleo known to have an infrared band
around 1400 cm—l when partially deuterated (see Chapter 4). Hence the

argument for an Fe NHé specles is weakened because of interfering
species adsorbing on the active support. That they made this error is
surprising because they were aware of a band at 1550 cm—l due to SiNHi.

In the present work, no bands could be found which could be
attributed to a mixgd isotope deformation mode when a NHBIND3 mixture -
was adsorbed, but since only a very weak band was found for NH3 on
plaiinum, this is not surprising.

Pozdhyakov and F:L]..’Lm:l_nmar:l'-i4 noted similar changes to those
shown in Figure 8-1 in the relative intensities of their higher wave-
number stretching band (3380 cnrl) and their lower wavenumber band
{3280 cmfl) on degagsing. They attributed this phenomena to the
existence of two surface specles, one involving a surface "N-H" species
absorbing at 3280 émﬂl and the other, a co-ordinatively bound Pt:NHB,
absorbing at 3380 and 3280 cm-l. (They were also able to observe a bapd
at 1200 cm-l on an MgO substrate characteristic of the symmetrical
deformation mode of ammonia in co-ordination compoundslza.) However,
in the present work it has been found that when the adeorbed species

had been degassed to 200°C (Figure 8-1F), and small amounts of D2 added

-1
(0.5 torr), a small band still appeared initially at 2460 cm



- 228 -

corresponding to the N-D stretcﬁ in NHzﬁ and then. further addition of
D2 developed the other mixed isotope bands as listed in Table 8-1,
although the band at 2515 c:m_1 was weak. According to the postulates
of Pozdhyaqu and Filiminovl74, degassing at 200°C 1s tantamount to
removing all co-ordinatively bound ammonia from the surface since the
intensity of the 3372 cm-l band (corresponding to their 3380 cm-l band)
becomes very weak, but the above resﬁit shqws that Pt:NH3 is still )
present and there is no evidence for any other ;dsorbed species.

It cannot be argued that the addition of D2 might be reforming
a co-ordinated ammonia from a dissociated ads&rbed species since experi-
ments with small amounts of Hz (<1 torr) added to adsorbed NHB did not
change the intehsity or frequency of the NH3 absorption bands and
neither were any new bands formed.

A small band at 3155 cmfl, which has remained unnoticed by
other workers, was observed to behave in an identical manner to that
of the 3268 cm—l band both on degassing and with treatment in hy@rogen.
This suggests that both bands are related to the same speciES; further
discougting the concept of an 'N-H' species.

" The band probably represents an overtone of the weak anti-
symmetfic‘deformation mode of Pt:N‘H3 at 1600 cm_l, enhanced in intengity
by Fermi;rgsonance.interaction with the 3268 cm_l'band.

The band at 883 cm_l for ND3 adsorbed to a deuterated Pt/S:LO2

"is probably related to the gsymmetric deformation mode of Pt:NDB. The

-1
analogous mode for.Pt:NH3 is expected to be between 1100 and 1300 cm .
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TABLE 8-1

Infrared Stretching Bands for Adsorbed
Ammonia on Platinum (cm—l)

' 15
NH3- ND3 NH3/ND3 (1:1) NH3
3372 2515 2515 3365
2460
3268 2375 2375 3265
2410
3155 2315 2315 3155
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) Intensity Effects

The fact that the 3372‘cmr1 baﬁd diminiéhes on desorption
up to 100°C and that ;he 3268 and 3155 cm_l bands increase slightly,
does not appear to be indicative of a separate species, since partial
deuteration produces only baﬁés which are consistent with a Pt:NH3
species.
‘The unugual band inteﬁsity changes observed on degassing
the surface Speéies, or when hydrogen is added might be related to the
fact that dipole interactions between neighbours altef with surface
coverage.
The same anomalous intensity effects have been noted for the
symmetric and antisymmetric stretches of SiNH, (see Chapter 4), and
for surface methylene groups (M-CHZ—) on platinum and nickellgo.. In ‘E;\\&w$ﬂ
all of these cases, including the present, the low wavenumber band ‘
corresponding to the symmetric stretching mode is much more intense
than the high wavenumber band due to the antisymmetric stretch, con-
trary to the normai situation in the infrared spectra of free AH2 or
AH3 type compounds.
Dipole imaging may explain these observations. The gquare
root of the intensity of an absorption band (Ui) is related to the
change in dipole moment with respect to its normal co-ordinate Q, as

follows

1/2 oy _
7o G5 (=a))
3Q, 1

where the change in dipole moment Aui is glven by

By = a,Qy

and Qi defines its direction.
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The direction of change of the dipole momen£ for the anti-
symmetric stretching mode 1s parallel to the surface. Therefore, the
magnitude of Aﬁi of adsorbed NH3 would be expected to be smaller than
Aui of an unperturbed or free molecule because of cancellation due to
surface imaging. That is, ay wlll decrease relative to that of the
free molecule., On the other hand, Aui for.the symmetric mode is per-
pendicular to the surface, and in this case will have an image in the
same direction (see Figure 8-4). Hence the intensity would not be
expected to be diminished relative to the free molecule. In such
cases therefore, the intensity of an antisymmetric mode of an adsorbed
NH3 may be anomalously low, even to the point of being leés intense
than that of the symmetric mode.

A similar argument can be applied to explain the intensity
variations in each mode as coverage decreases.

When the surface coverage is high, the adsorbed species are
in close proximity and induced moments can be formed in neighbours.

In this situation the reverse of surface imaging occurs; the Aui of the
symmetric mode induces a dipole in the opposite direction, whereas the

direction of Aui of the antisymmetric mode is in the same direction as

it 1g for the induced dipole (Figure 8-4).

As the distance between neighbours increases, the spectral
' intensity of the symmetric mode (the 3268 cmfl band) might be expected
to be increaseg as the opposing induction decreases, whereas for the
antisymmetric mode (the 3372 cm—l band), the intensity should decrease.
This is what is observed.

Once the surface had been degassed beyond 100°C, all three
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o ANTISYMMETRIC ' SYMMETRIC
STRETCH ' STRETCH
a —_— | /]\
X —_— 11\
b TTE- a
]
1

FIGURE 8-4
Chemisorbed ammonia (Pt:NH3)

a. Direction of dipoie moment -change with respect to
surface. ' ’

b. Surface imaging.

c. Induction due to neighbour interaction.
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*

bands decreaéed in intensity at a relatively uni}orm rate. Hence the
surface populgtion of adsorbed ammonias after degassing at 100°C pro-
bably represents the maximum coverage at which the distance between

the adsorbed species 1s sufficient to make an induced dipole effect
negligible. Any further drop in intensity with subsequent degassing
may be then directly related to the poﬂulation decrease of the adsorbed
Specieé.

The addition of hydrogen lowered the intensity of all three
bands. On this basis it is difficult to envisage how diﬁole effecés
due to hydfogen adsorption could equally effect the antisymmetric and
symmetric modes of chemisorbed ammonia. Furthermore, adsorbed hydrogen
is unlikely to have a strong dipole moment.since the difference in
electronegativity between H and Pt is small (Pt = 2.2; H = 2,1) and
any inductive effect on neighbouring adsorbed NH3 species should also ‘
be small.

It is also unlikely that intensity changes in the N-H
stretching bands can be attributed to the instant dissoclation of NH3
by hydrogen (and then instant re-association when hydrogen is removed)
because no new bands are formed during or after the admission of
hydrogen, and further, the re-assoclaticn of dissociated residues back
into a co-ordinated NH3 is unlikely to be instantaneous.

A possible explanation for the observed intensity changeq
may be drawn from the theory proposed by Blyholder and Sheetsl70. 1}

/

They observed that NH3 adsorbed on Ni and Pd exhibited
d

stronger absorption spectra when N'H3 and CO co-existed on these sur-

faces because CO behaved as a sink for the charge donated to the surface
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.by co-ordinately adsorbed NH

/

3
I the present work, the adsorption of NﬁS to platinum pro-
duced strong spectral bands without CO and the addition of small amounts °

*
of CO, sufficient to form only a submonolayer (8 % 0.1) , produced no

changg in the NH3 band intensities or frequencles. But, further

Y

additions of CO reduced the intensjty of these band7 and at a pressure

of 1 torr of CO no bands for NH3 remained.

However, on surfaces where CO was pre-adsorbed (6 % 0.1) Veo
shifted to lower frequencies (2060 — 2025 cm—l) when NH3 was sub-
sequently adsorbed,which is indicative of the acceptance of charge by

the CO ligand from the surface.

The frequencies of the valence vibrations v(Al) and v(E) of
N

NH3 are known to decrease with co-ordination to a metal due to a
weakening of the N-H bond as a result of withdrawal of elactrons from
the nitrogen atom to form the metal-nitrogen bond. The intensities of

the bands though, becomes greater as a result of an increase in dipole '

moment in the N-H bond and an intensification of Au1183,184

In the case of H2 adsorption, if H donates charge to the

- ‘ 182
surface (Pt —H+), as was observed with studies of Hand CO co-adsorptiog~s ,

then the Pt-N bond would be weakened. As a result the dipole moment in

adsorbed NH3 would also be weakened as would the change in dipole

moment of each mode and intensities of the valence vibrations v(Al) and

V(E) would be lowered. Furthermore, a weakening in Pt-N bond strength

would result in a stronger N-H bond and a shift to highex frequencies

for all N-H modes.

i L |
3

* )
0 1s the fractional surface coverage of adsorbate.
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Since these effects were observed, then it is proposed that
on a Pt—NH3 surface, hydrogen éan c;—adsorb and is bonded as Pt--H+.
(By comparison, no changes were obserﬁed in the intensities of the N-H
bands of EaSi-NHz gpecles on silica surfaces when hydrogen was added,

but hydrogen is not adsorbed gn_siliéa).

A Cautilonary Note

The use offsilic; supported metal catalysts ﬁas been wide-
spread in recent years, mainly because silica has been regarded as
inert apd unlikely to affect the properties of the metal. However, if
these catalysts are degassed at temperatures above 350°q, active sites
are created on silica (see Chapter 4) at which chemisorption can
readily occur. Under these circumstances the infrared spectra of an-
adsorbed species on a metal/5102 catalyst may be confusing, especially
1f the properties of the adsorbing species on active silica have not
been previouély investigated.

Furthermore, the possibility that products formed qum a
surface inéeraction with silica may then react with the metal (and
vice versa) and make interpretation.of surface behaviour unnecessarily
comﬁlex.

‘ 174
For example, the spectra shown by Pozdhyakov and Filiminov

Griffiths et 31173 and Nakata and Matsuchit3175 for ammonia adsorbed

on silica supported metals, indicate that in each case their supported
silica was active, because spectral features for S:LNH2 appear.

The observed differences in their spectra (intenslty and

frequency) and the different interpretations given by these authors




T - 236 -

may be related to differences in surface properties resulting from
the presence of these sgites.

For this reason it is felt that 1t is wise to veact the
metal/SiO

2 surfaces in hydrogen after any high temperature pretreat-

*
ments in order to ensure that such sites are removed .

L ]

B. The Oxidation of Adsorbed Species on Platinum

To the authors knowledge, there has been juat one infrared

investigation of the reaction of adsorbed NH3 with 02; that of

3

Griffiths et 3117 . They obsexrved the formation of an N20 product,

concomitant with the decrease of the absorption features due to Pt:NH3,
) \

however this species was not chemisorbed and could be removed at 25°C,

No intermediates were observed. One of the reascons for the absence of

observed intermediatqg is that high pressures of oxygen are invariably

used to force product formation. TFor example, Griffiths et 31173 uged

’

10 torr of 12:1 02:NH3 mixture-atltemperatures up to 150°C.

In the present work, only very small amounts of oxygen (0.5
torr) were added to the-~cell, sufficient to just partially oxidize
the :chemisorbed specles, and new bands were observed which replaced

the Pt:NH3 features (Figure 8-5C). As well the D and N-15 isotopes

of NH3 and the 0-18 isotope of O2

nature of the new bands. These bands are also shown in Figures 8-5

were used to further elucidate the //

*

and in 8-6B.

*With reference to the study of the active sites on gllica it would be
interesting to study the effects of hydrogen on thin Pt/S109 discs
(10 mg cm ©) when sites are present. The formation of a new OH
analagous to the 3741 el (see Chapter 4) would be difficult to
observe due to the broadness of the S10H profile when metals are
present.
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FIGURE 8-5
Treatment of chemisorbed ammonia with oxygen
A. Background spectrum of_ 40 mg em-2 Pt/$10,.
B. Admitted 10 torr of ammonia for 5 min, then pumped for

5 min at room temperature.

C, D and E. Addition of small dose of oxygen (n1 torr).
Spectra C refers to the addition of 0-18 oxygen to an N-14
chemisorbed ammonia. D, 0-16, N-14;7E, 0-16, N-15. ]
Spectra B-E were displaced for the purpose of presentation.
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FIGURE 8-6 .

Treatment of chemisorbed ammonia with oxygen (40 mg cm'z'Pt/SiOZ)..

A.

a, Background; b, admitted 10 torr NH3 5 min, then pumped for
5 min at reom temperature. c-f, successive additions of

“oxygen. FEach dose <1 torr.
" Addition of oxygen. (0-16 or 0-18) to various isotopes of

chemisorbed ammonia (N-14, N-15, H, D).

a, 0-16, N-14, H; b, 0-16, N-14, D; ¢, 0-18, N-T4, H;

'd, 0-16, N-15, H.

The same increment of oxygen was added in each case. In the
spectra both A and B a silica pellet was placed in the reference

~.beam thnu111fy a strong absorption band due to silica.
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Care had to_be taken so that the amount of oxygen added to

'the chemisorbed ammonia did not exceed a certain critical level, other-

wise the band near 1600 o } which appeared for each isotope, tended

to ‘shift to higher wavenumber. Figure 8-6A shows the sequence that ‘ : o

the band profile follows. ‘
The.dGOO cm-1 pelsted specles is a transiept intermediate}

the sddi:ésp of:n1. torr of oxygen remove ‘all bands from the spectrum

but the subsequent addition of 10 torr of hydrogen reverted the species

back to adsoEEed NH "It is apparent that the 1600 cm -1 band represents

a partially oxidized intermediate between NH3 and a.free oxide of

nitrogen, hence it is to be expected that beyond an optimum amount of

added oxygen, the 1600 curl band should begin to decrease ip idtensity

corresponding to the fully oxidized product.

The accempanied shift to higher frequency may be ascribed

to the formation of Pt0 {or PtOH I) once all of the 1600 cm_l related
intermediate has formed, which tends to draw charge from the surface.

.An analogous case is the adsorption of oxygen {small amounts)
to chemisorbed CO on platinum. The frequency-of the VC=0 band moved
to higher values due tc the withdrawal of charge from the surface by
the oxygen in PtOlBg. The surface 1s then limited in its capacity to
donate charge back into the antibonding orbital of the liéand, resulting
in a stronger -CZ0 bond.

The frequeﬁcies in toﬁ 1 of Table 8-2 are due to an hydroxyl specles
whicﬁ forms when small amountsﬁgf oxygen are added to a platinum sur- s
face containing residual adsorbed hydrogen. If the Pt/Sin surface

was degassed at 400°C prior to the adsorption and oxidatlon of ammonia
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TABLE 8-2

Infrargd Bands for the Okidation of
Adsorbed Ammonia on Platinum

14 . a 15 . a 14 a T b

NH3 NH3 . ND3 NH.3
1 " 3549 ' 3549 L 2620 3537
2 3265 3265 2397 3265
3 ' 1605 1580(25)¢ 1605(0)€ 1574(31)°¢
ayith 0-16 0,3
b ith 0-18 0,

_ Cthe bracketted values indicate a shift\ffom the normal isotope
| N
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(most surface hydrogen being removed) the hydroxyl band subsequentiy
formed was much weaker. Further, the shift to 2620 -::m_1 on déutera-
tion is exﬁected for a hydroxyl group tﬂat is bound to platinum177'178.
The frequencles in row 3 show'tha£ an oxidized specles.is
formed which is sensitive to N;iS and 0-18 substitution. The species

must contain N and O and its frequency ia;indicative of an N=0 con-

taining sp;cies.

Two mixed isotope experiments, one inyolving a 1l:1 mixture
of, N-14 and N-15 NH3 isotopes, the,other using a 1:1 mixt fé of 0-16
and 0-18 oxygen ,would serve to show whether more than one N on O atom

is involved, but in the absence of this data it is reasonable

suppose that there is only one atom each of N and 0, on the basis of
the relatively large shifts observed for these'isotopes.

No band shfft is apparent for the deuterium substituted
species although an adsorbed species of the type Pt:NHO may not be
expected to exhibit large frequency shift for the deuterium analogue,
and the above mentioned effect of excess oxygen to move the band to
higher frequenéies may mask a small shift due to an isotope effect.

There is some eyidence that the band at 1605 cnrl may be

-

related to a hydrogen containing species because of the existence of

a small band remaining in the N-H stretching region at 3265 cﬁfl. It
could be argued that this band may only représent resianl chemisorbed
&n—oxidized ammonia species, however it persists throughout the addi-
tion of oxygen but disappears when excess oXygen is add?d, ag does the,
1605 curl band, Also, the deuterium analogue produces a band at 2397

c‘.tn_‘l and is clearly distinguished from the 2375 cm_'1 of the chemisorbed

ammonla speciles.
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*

The addition of small amounts of'hydtogen when tﬁe_1605 cm-1
Band is present restores the origingl spectra of the chemisorbed NH3.

The intermediate formed seems to have some similarity to an
intermediate formed in the case of nitric oxide chemisorption. Nitric
oxide chemisorbed to Pt is known to absorb at 1800 cm_lls7 Sut un-
published works in this laboratory have indicated that the addition

. .
of hydrogen to chemisorbed Pt:NO also produces a band in the 1600 cm 1

regionias

~

The oxidized species is therefore tentatively assigned to
. /}L_
either at Pt:NO or a Pt:N:§§ species. If the former specles is the
0
correct assipnment, then one must also assumed that another species

also exists which has an absorption band indicative of an N-H con-

taining species.

In reactions occurring where NH3 and 02 are simultaneously

passed over a catalyst, the possibllity of oxygen being pre—adsorbed
before reaction with ammgnia, may lead to adsorbed intermediates other
than that proposed above, in which:.ammonia was pre-adsorbed. Therefore,
a study of the infrared spectra of ammonia adsorbed to various oxidized

states of platinum was made.

Adsorption on PtO and PtOH (I and I1)

Morrow and Ramamurthy177’l78 have described how two types-of
PtOH can be formed on platinum. If these two species were formed
separately, it was found that on PtOH II (platinum purported to be in
'a low oxidation state, UGH = 3544 cmfl) ammonia was adsorbed as it does

-1
on a nmormal surface with bands at 3372, 3268 and 3155 cm ~, but, on

A
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PtOH I (platinum in a higher oxidation state, Vou

= 3497 cm“;) a new
profile appeared with bénds initially appearing at 3345, 3265 and 1490 cm-l
(Figure 8-7 shows the O-H and N-H stretching regions). This new préfile
was also obtained if NH3 was ad;orhed to a suffabe of Pt0. Hence NH3 .

' may not be interacting with PtOH groups and therefore the observed

decreage in intensity aﬁd shift to higher wavenumber of the PtOH band
(34933520 cm-l), which occurs when NH3 is adsorbed to a PtOH I sur-
face'is probably just a reflection of the ch;nge in oxidation state of

the Pt surface when NH3 is‘adsorbed; rendering a new environment for

PtOH. This experiment indirectly confirms the theory proposed by

178

Morrow and Ramamurthy ~, that the two "types' of PtOH (I and II) are
A

inherently the same but appear in different oxidation states of the
,\ .

surface. The following scheme 1s proposed:

« NH

%
NH

. ' | 2 | 2
0 OH O . H 0 OH O H
i NH, N N
Pt—Pt—Pt—Pt—PL _r Pt—Pt—Pt—Pt—Pt

Type I
-1 -1
(3497 cm ) ) (w3520 cm )
broad

[

The shift of the PtOH band is smaller than the PtOH I -
-PtOH I1 frequency separation178 but this is probably due tojthe pre-
sence of an adjacent chemisorbed ammonia species. Also the region of
PtOH absorption became indistinct (Figure 8-7D) and 1t was impossible
to determine whether any PtOH I remained.

" When the adsorbed species on PtOH I were degassed upito 100°C, \

*
Evidence for PtONH2 is presented later.



Absorbance

= 244 -

o
(3]

0.4

0.3

0.2

T L ‘-l | 1
3800 3600 3400 3200
c:m'1

FIGURE 8-7
20 mg cn™2 Pt/Si0,.
A. Spectrum of PtOH I (see text)
B,C. Successive doses of NHg (<1 torr)
D, Addition of 1 torr NH, for 1 min then pumped
1 hr at room temperature.
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new bands grew together at 3308 and 1425 cm-1 as 3345 and 1490 curl.
were rem;ved. Further degassing to 200°C removed 3308 and 1425 cm-l
%eaving bands which appear on a normal platinum su?face (i.e., 3372;
3265 and 3155 cm ). Figure 8-8 shows the spectra frOQ 3500-3100 cm
during these degassing steps. |

Isotope substitution of NH3 (§-15 and D) and of the surface
(0-18) rendered extra data. Table 8-3 has the'freq?eﬁcy values obtained
for all isotopes used.

The 3308 .and 1425 cmfl bands disappeared when a small amount
of hydrogen (1 torr) was added to the cell, and bands appeared at 3372
and 3268 cnrl; char;cteristic of ammonia adsorbed on a normal platinum

surface. The addition of oxygen (1 torr) also rgmoved the 3308 cm-l

band but the only one new band appeared (at 1605 cm_l).WhiCh was probably
formed as a result of the oxidation of ammonia species formed on platinum
and not platinum oxide. (There does not appear to be a uniform oxide surface

as evidenced by the appearance of Pt:NH3 bands at 3372 and 3263 cm_l when

the species adsorbed on the PtOHI surface were Qegassed at 200°C.)

The adsorption of an'NHSIND3mixture produced only one new
band in the N-D stretching region at 2440 cmfl. -

A possible model for the initially adsorbed speciles iB-
PtONH,. The shifts expected in the N-D stretch of this model, for N-15
and 0~18 substitution are expected to be small for the symmetric mode
and larger for the antisymmetric mode, which is what was obgerved, A

singleinew band at 2440 éur% appearing on partial deuteration supports

such a structure (analogous to the SINHD spectra in Chapter 4) though
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3300 3100
cm
| FIGURE 8-8
Desorption of chemisorbed ammonia from a
PtOH I surface (40 mg em~2 Pt/SiOz).
A. Background spectrum of PtOH 1.
B. Admitted 10. torr NH3 for 5 min, then
pumped 15 min at room temperature.
C-G. Different stages of degassing, C, 16 hr
at room temperature; D, 1 hr at 100°C;
E, 1 hr at 200%C; F, 16-hr at 300°C;
G, 1 hr at 300°C,
Spectra B-F were displaced for purposes of

|
3500

, presentation.
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TABLE 8-3

;ﬁfrared Bands for Ammonik Adsorbed on

Oxidized Platinum (PtOH I)

(Vg "Band Positions (cﬁfl)
L b a 150 a8 lég, b 14y, 14, a,c
3 3. 3 3.
Initial 3345 2487 3338 3338 - 2440
adsorption 3265 2375 3265 3263 - 2375
1495 - 1495 1495
New bands 3308 2420 3305 3305 3305 2420
after de- 1425 - 1425 1425 1425
gassing at i
100°C -

8Adsorbed on 0-16 PtOH I surface

bAdsorbed on 0-18 PtOH I surface

€A 1:1 mixture. The N-H bands were closely overlapping in the
spectrum of the initially adsorbed-species. :
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the equivalent band expected for GNHD was not observed probably be- -
cause 1t absorbs below the transmission cut-off at 1350 cmwl. Also
the appareﬁt co-existence of a platinum—a%monia species with the species
adsorbed on platinum oxide makes measurement of band positions for the
latter specles difficult. ‘

The spgcies absorbing at 3308 and 1425 cm_l geems to be
bonded to Ptd since no bands arise at thesg frequencies when a platinum—

amnonia surface is degassed to 100°C. This gpecies may be multiply

bonded to the surface.

Pt

The partial deuteratipn experiment shows that this species
contains just one hydrogen atom and only small shifts for N-15 and-
0-18, expected in a framework of this type, were obgserved in the high
frequency mode, The 1425 cnfl shifted into the total absorption reglon
of silica in the fully deuterated case, indicating that it represents
a mode Involving hydrogen. |

The shift with deuterium may appear to be inconsistent with
the above structure, however there is evidence for large deuterium .
shifts in molecules'of.the same symmetry. For instance V. of N\
' ig the antisymmetric SNHF mode and shifts from 1425 to 1042 c:'m—1 upen
' 187 188

deuterationlsﬁ. In HBF2 and NaHCO2

from 1402 to 1195 cnrl and 1380 to 1028 cmnl, respectively.

the same mode is shifted
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Summary ' ; : '
On the basis of isotopic substitution studies, ammonia appears
to be co-ordinatively bound to platinum without dissociation.. Oxidation
of this species produces a surface species which is altered by either -
hydrogen or oxygen treatment, énd is assigned to either Pt:NO or Pt:NHO.
.0n a Pt0 (or PtOH I) surface there 1s some evidence for a

PtONH2 species which, on degassing, becomes Pt202NH.
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CHAPTER 9

PYRIDINE ON PLATINUM

In recent years, pyridine has been used extensively as a
probe molecule to ascertain the-acidity of surfaces, as well as pro-
"vide a measure of the distribution of acid sites present, and since

v

it.is both a Lewis and Brénsted base it has been used to characterize
the type of acidity exhibited by oxide surfaceslla’lglns. _¢

The most easily ldentifiable bands in the infrared spectrum
of pyridine are those due to riﬁg deformation modes. Parryll3 has
shown that when pyridine was adsorbed to either Lewis or Bré¢nsted
‘acid sites of an oxide surface, sharp bands were produced in the
infrared region between 1650—1350"9$:l,yhiph depended on the nature
of the solid oxide used. A prior analysi; of chloroform solgtiohs of
each of pyridine, pyridine co-ordinatively boﬁded ﬁo BCl3 and of
pyridinium chloride; enabled Parry113 to quaiitatively assign sur-
face species to these forms.

Table 9-1 lists typlcal band positions of pyridine on écid
solids. Barrow196 has alse observed differences in the specfra of
co-ordinatively bonded pyridine and of the pyridinium ien.

) On normal silica surfaces there are no acidic sites and
pyridine is 6n1y'weakly bound by hydrogen bonding (Figure 9-1B), how-
ever on a highly depassed sillca (800°C), as mentioned in Chapter 4,
pyridine exhibits bands which indicate that it is’co—ord;nativelf

bound to a Lewls acid site, and is related to the formation of active
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TABLE 9-1 ‘ ) R

: *
Infrared Bands of Pyridine on Acid Solids

Hydrogen bonded . Bound as a Lewis base Bound as a Brénsted-base

(en ™) R (em )
1440-1447 (vs) ©  1447-1460 (vs) 1485-1500 (vs)
1485-1490 (w)  1488-1503 (v) o 1540 (s)
1580-1600 (s) 1580 (v) . 1620 (s)

1600-1633 (s) 1640 (s)

<%k
From reference_113.

* vs = very strong; & = strong; v = variable; w = weak
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sites on silica. Prov‘l_ded that .pretreatment temperatures are.kept
below 400°C, and no actlve sites are formed, then for a siiica sup-
ported metal, one should see bands which are only characteristic of
the metal once hydrogen bonded species are removed (at 150°C).

. To the authors knowledge the oni& ;nterprétive stud&rof

pyridine adsbrbed to a supported platinum was conducted by Primet

l .
et al 97 using a partially CO covered Pt/A1203 surface. The band

*

for PtCO was observed to shift from 2065 to 1990 cm"1 as pyridine was

L}

adsorbed and strong bands appeared‘in the 1650-135@ cmfl region at
1620, 1565, 1535, 1490, 1450, 1430 and.l&OS,cm—l.. In a separate stﬁdy
of pyridiné adsorbed on A1,0,, bands were found at 1620, 1576, 1490 and

1450 cﬁtl which were attributed to-pyridine co-ordinated to A1203. The
L -7 .
bands at 1535 and 1430 cmrl in the-Pt/A1203 spectra were assigned to a

2,2" dipyridyl speciés on the basis of a comparison,wi!ﬁ_the spectral

features of some metal cbmglexes of this compoundlgs, a band at 1490

cm * was ascribed to pyridine on A1,0, and bands at 1620, -1565 and.1450

em ~ were assigned to either pyridine on A1203 or 2,2' dipyridyl on
. : B -

platinuh: A 1405 e’ band was unassigied. The choice df.A1203 as a

support has prevented Primet et allg7

from making defin#Slve assign—
ments, and-interpretations other than those pfopésed by tﬁese authors
are possible. .For example, %%ere is a possibility that pyridiue could
Bg. co-—ordiﬁated to platinum, {gving bands at the same frequencie_s as
those for pyridiné on A1203. A; well, Pénds at 1&20, 1535 an@ 1490 cnrl
might have gqually been assigned to a byridinium.ion. These ambipguities
cotld have been averted b& using an inert supporf like Filica. .

The initial.reason for studying the adsorption of pyridine
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in this laboratory was to explore the possibility that a pyridinium
ion might'fofm as a result of reaction with surfaée adsorbed hydrogen. ' -

It was felt that if such a species could be observed then it would

shed light on the much discussed pfoblem of the nature of adsorbed
hydrogen on platinum. . ' K !

&

v

. Hydrogen on Platinum

In recent years much work has been published concerning
b

A

the question of the nature of adsorbed hydrogen on platinum aqg
although it is fairly well established that two types of Pt-H are

identifiabie by the technique of infrared spectroscopy, the manner in
&.-

which these hydrogens are bound is still unresolved,.
)

& YA weakly bonded Pt-H species is known to adsorb at 2120 cm?l

and a'strbﬁgly'bound species, with an absorpéion band near 2040 cm“1

- 200
has been postulated by Eischens and Pliskenlgg, Palazov et al and

Dixon et¢a1201, although Primet et al20 contend that the band is

'attributable to a CO impurity. . .
R ) 4

Both forms of'adsorbed hydrogen are thought to be due to an

199
atomic Species'since no band for PtHD has ever been found
Migholet203 has studied the adsorption of hydrogen on
- ' H

platinum by folloving the Shange of surface potential. A strongly
bonded form prquced a negati?e-surfece potential'and a weakly bonded
form gave rise to a positive surface potential. Although, at best,
only two forms of hydrogen are identifiable by infrared spectroscopy

.for supported platinum catalysts, up to five different. adsorbed : .

hydrogena have been observed by the method of temperature programmed
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204 P
desorption” ', and by potentiodynamic studies of platinum single

crystalszos.

Eischen3206 believed that hydrogen could be adsorbed to
platinum as a proten because the addition of H2 to a Pt/8102 surface
containing a partial monolayer of CO lowered the frequency of the CO

~-

stretching mode which he claimed was due to H atoms donating chargé

back to the metal.

7

Eley20 , on the other hand, thought that hydrbgen was found

as a hyd;ide because pretréatmant of the surface with oxygen enhanced
the intensity of the 2120 cm_l band for weakly bonded hydfogendand

that the hydrogen may be bound to patches of oxidized platinum. This
idea was rejected by Eischenslag because he ob;erved that the intensity

of a band for adsorbed CO was also enhanced by oxygen treatment but

the position of the band indicated that CO was not bound to oxidized

platinum, _ - . ‘~
It was %elt that since pyridine is an excellent monitor of

protonic hydrogen then it might elucidate the question of the polarity

of adsorbed hydrogen.

Experimental

In each experiment for bpth silica and silica supported
platinum, 40 mg cm'-2 discs were used in cell A, Band positions from
1650-1350 <:m-1 were calibrated against water vapour.

Results and Discussion
)

Studies of pyfidine in this laboratory were initlated with

an examination of the infrared absorption features obtained when
- —

. ) .
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. , .7
pyridine (10 torr) was adsorbed to a silica disg which had been pre-
viously degassed to 300°C (to remove.moisture), Very strong bands
' appearéﬁ in the 1650-1350 cm T region, (Figure 9-1B, Table $-2), com-
parable tolParry;sli3 obsexrvations for pyridine ;dsorbed on silica,
and in the 4000-2000 em L region, a broad absorption band appeared
near 3000 cm—l which was attributed to the hydroxyl stretch of the
hydrogen bonded hydroxyl groups of silica. All of these bands dis-
appeared when the surface was degassed at 150°C for 1 hr.

The addition of 10 torr of pyridine to a Pt15102 surface,
followed by evacuation of the excess g;s phase pyridine_for 5 min
revealed a s?ectrum containing some of the bands'abserved in the
_pyridine/SiO2 specgrum.(ﬁiéure 9-1C) ﬁlus new bands at 1565, 1536, 1431
and 1410 cmfl. Furfhér pumping at room temperature for 30 min‘graQually

. lowered ‘the intensities of the bands of the hydrogen bonded species,

but;the new bands were unaltered (Figure 9-1D). The hydrogen' bonded
épecies could be totally removed by pumping for prolonged periods
(>24 hr} at room temperature, or by pumping at 150°C for 1 hr. In
both cases, the new bands remained u;affected iﬁdicating that they

could be attributed to % strongly adsorbed species. Some weak bands
2

in the v(CH) reglon at 3072, 3040 and 3018 cm.  were also observed - o,
after the hydrogen bonded species had been totally evacuated which’

are apparently related to those in the 1650-1350 cm—; region. (No bands were
° '

-1
observed in the v(CH) stretching reglon below 3000 cm .) The new

bands persisted until the degassing temperatute was raised to 300°C.

T

A If only small déses of pyridine were added (<1 torr instead

of 10 torr) the initial spectrum was different in that the banﬁsoof

-
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FIGURE 9-1
Pyridine adsorbed on sﬂica,'Pt/SiO2

A. Baékground spectra of PtéSiOg (40 mg-cm'a). A similar background was
pbserved for a 40 mg cm~2 silica whith had been degassed at 300°C for 1 hr.

‘B,C. Admitted 10 torr pyridine for 10 min then evacuated for 30 min at room
temperature. B, on silica sample; C, on Pt/5i07

D. Pt/Si0, (c) evacuated at 150°C for 30 min.
Spectra C and D were disp]aCed for purposes of presentation.
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TABLE 9-2

u

Infrared Bands of Pyridine and Pyridine-ds

on Silica and Platinum, in the 1600-1350 cm_1 Region

Physically adsorbed Strongly bound
species specles?
(en ™) (em )
‘-
510, 1596 1582 1485 1445
Pyridine '
Pt/SiO2 1624 1595 1578 1487 1445{1567 1536 1431 1410
. 3102b 1565 1558 1547
Pyridine-d b
Pt/SiO2 1565 1558 1547 1533 1506

a5pe.cies which remain after degassing at 150°C are regarded as
strongly bound.

bsurfaces deuterated prior to adsorption.
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the hydrogen bonded pyridine were very weak whereas:those of the

strongly bound species were relatively strong with aﬁout one-third

of the intemsity of that shown in Figure 9-1. -However, on repetitive

scanning frﬁm 1650-1350 cm — (5 min per scan) the bands due to hydrogen
bonded pyridine were obgserved to gradually diminish as tﬁe new bands
intensified such that after 1 hr only the new bands were obgerved.

The bands representing thg strongly bound specles appear
at about the same frequencies, and/have the same relative intensities,

as those observed by Primet et 31197 for pyridine adsorbed on Pt/A1203

-though none of the new bands correspond to the ranges given for either

Lewis or Brénsted adsorbed pyridine on acid solids, as given In

Table 9-1, Also, a comparison of the obserﬁed frequeﬂﬁies in platinum-
pyridine co-ordination #omplexes does not:immediately identify the
bands of the strongly bound species as those of a co-ordinated pyridine.
Typically the main bands in the 1650-1350 cn region in [Pt(P}:)A]K2
ccmplei:eszo8 (x=£alide) are at 1610, l4§5 and 1450 cmfl. Nevertheless,
it is obvious that species other than hydrogen bonded pyridine do ;xist
on platinum. Rll the bands in the 1650-1350 cﬁnl region observed for

pyridine adsorption to'Si0, and Pt/SiO2 are listed in Table 9-2.

Hydrogenation of Adsorbed Pyridine

When 300 torr of hydrogen was added to a surface containing
only the strongly bound pyridine séeciea, small amounts of desorbed
product wére obtained, insufficient for gas phase infrared identifilca-
tion but sufficlent for mass spectroscopic examination. Prominent

peaks at mfe = 85, 84 and 57 indicated the presence of piperidine
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v

(CSHIIN)' ;hé resultant adsorbed species had infrared bands at 2950,
2865, 1525 and 1460 cmwl. These latter bands were also, observed to
appear when 10 torr of piperidine was adsorbed to.a fresh Pt/3102 surface,
then degassed for 1 hr at room temperature. Further degassing at ;oom
temperature for 12 hf praducea small bands at 1567, 1536, 1431 and 1410 cm-l,
indicating that pyridine, or a pyridine related mole e 1s a dehydrogenation
pgoduct. The phenomegon of reversible hydrogenati n and dehydrogenation is
commonly observed for adsorbed saturated and unsaturated aliphatic and cyclic
‘hydrocarbonslgoland is not unexpected for”pyridinezog.
-1If a surface containing dhly;strongly bound pyridine was
heated to'ISOOC‘in 300 torr of hydrogeﬁ, the subseﬁuent pioducts

identified by mass spectrometry and infrared spectroscopy were

n

exclusively ammonia and n-pentane. No infrared bands due to the sur- '

face species were observed after this operation.

Spectra of Adsorbed Pyridine-d5

When pyridine—ds was adsorbed on a deuterated Pt':/SiO2 new

bands appeared, some of which could be attributed to a physical adigrption
on deuterated silica and others which persisted even after degassing at

'150°C for 30 min (see Table 9-2). These latter bands were at 1533 and

1506 cn~! and exhibited an identical profile to the 1567 and 1536 cm

pair of bands of strongly bound CSHSN' Absorptions corfesponding to

the 1431/1410 em ) bands of adsorbed C H.N could not be observed, .

presumably because they had shifted into the total absorp;ion region

of silica (< 1350_cm_l).

: - G
- The observed deuterium shift from 1567 cm 1 to 1533 cm ~ 1is

|2
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consistent with the obsgrved Ve mode of pyridine210, though a similar
shift on deuteration might be expected for the Ve mode of 2,2'-dipyridyl

_1198,211

which also hbsotrbs near 1567 cm . 'The 1536 cmrl gshift to 1506

]
-1
Cm  may P°351b1Y_be assigned, on the basis of literature value3212'213,

to an adsorbed 2,2'-dipyridyl since bands appear near these frequencies
in the normal and deutérated molecules, but an assignment of the 1536
cm-l band to a pyridinium ion species is unwarranted sin;e a band

which appears at 1532 cmrl for tﬁe pyridinium ion ié known to bé shifted

to 1307 cm * upon full deuteration,210’214

and no band was observed

.at 1490 cm—‘1 which is expected for a pyridinium_specieazio. Further-

more, when the surface was degassed at 400°C prioxr to the room tempera-

ture adsorption of CSHSN, ensuring that all physically and chemically

adsorbed hydrogen was desorbed, the 1536 cnfl band had tﬁe same

intengity as it did on a hydrogen covered sutface, making it unlikely

that CBH6N+ is formed under these circumstances. Nevertheless, it is

possible that small amounts of hydrogen could result from the dis- ‘
soclative chemisorption of pyridine on platinum. Indeed if a
dipyridyl is formed from pyridine, then hydrogen-atamsmmight become
available for adsorption to the surface or for further reaction with .
the adsorbed species.

_ lWhen pyridine-dg was adsorbed on a hydrogen covered ft/S:LO2
{nstantaneous exchange between the H of the S1i0H groups and the D of
deuterated pyridine was obserﬁe&. This exchange could be taking place
as either (a) direct exchange between the H of the S10H groups and

pyridine-d5 or (b) as exchange between surface hydrogen on the metal

and pyridine-dg with the resulting deuterium exchanging with S1OH
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groups (catalyzed by platinum), When pyridine—zd5 was‘adaorbed on a
surface that had been treated with carbon monoxide, or on one which
had been degassed at 400°C for 50 hr‘(tolremove surface h}drogen),
‘very little deuteration of the Si0H groups took place. This means
that (b), above, is the probable route for the exchange of ring
hydrogens with S10H hydrogens and also infers that pyridine may not
be dissociatively chemiso;bed (which would be required for the forxrma-
tion of a dipyridyl). On the othér hand if the extent of exchange is
limited, say to one H atom per pyridine molecule, then the nﬁmber of
deuterium atoms forming SiOD speciles may be éery small because the
number of adsorbed pyridine molecules is minor compared tb the number

' of S1i0H groups present. Thus exchange may be occurring but may hot be

manifested as a noticeable change in S10H or S1i0D intensity.

Oxygen Addition

An experiment with oxygen seems to indicate that two pyridine
related specieﬁ are present on platinum, which will be tentatively
referred to below as specles I and species II.

Wﬁen 15 torr of oxygen was gdmitted to a surface céntaininé
only the strongly Eound speciles, the 1567 and 1410 cnrl bands ,(species 1)
were initially diminished in intensity with respect to the 1536 and 1431
cnrl bands (species II). ‘As well, all bands of the chemisorbed specles
(I and II) were shifted by about 3 em T to higher w§venumber, and new
bands appeafé& at 1610 and 1459 cm-l (see Figure 9-2). When the
oxygen was removed by degassing for 5 min, no {rmediate change occurred

in the intensity of the specles T and IT Qggctral bands, or of the
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FIGURE 9-2 -

Treatment of chemisorbed pyridine in oxygen
using 40 mg cm-2 Pt/si0,

Background |
Admitted 10 torr of pyridine for 5 min, then degassed at
150°C for 1 hr. :

Added ~ 1 torr of oxygen; spectrum immediately.

‘After 10 min.

After 12 hr.

Spectra C, D and E were displaced for purposes of presentation.
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N 1610 and 1459 curl bands,but further pumping at room temperature
(1 hr) caused the bands due to species I to be again enhanced. The
1610 an& 1459 cm-¥ bands could only be completely ;émoved by degassing
at 150°C. These latter bands may represent weakly bound species, but
a comparison with the spectra of pyridine hydrogen bonded to silica
(Figure 9~3ﬁ,0) shows that the band positions are not the same. How-
ever they are at tpe game f?equency of the known bands of pyridine .
N-oxide which may indicgte that this substance is physically adsorbed
on the catalyst215’216. |

When the strongly bound species were exposed to 10 torr of
oxygen for longer peripds (24 hr) all the infrared bands disappeared.
Short exposures of oxygen and subsequent degassing to 150°C always
resulted‘in the appearance of a band to 2060 cmrl probably due to a
PtCO species arising from crackipg and reactioﬁ with oxygen. A similar.
band appeared on non-oxygern treated surfaces only when degassing Beyond.
200°C.— In this case, the band is probably due to a PtCN species.
In. the reverse experimeﬁ;, the only bands which appeared when pyridine was
adsorbed on‘; PtO/SiO2 s;fface were those due to the species which is
physically adsorbed on silica, that is, 1596, 1485 and 1445 am T
(Figure 9-34).

' Tf 10 topr of oxygen was admlttéd’to a Pt/SiO2 surface_con—
taining just the strongly bound species, the 1565 and 1410 cm—l bands
immediately diminished, as’obaerved,hefore, but then 1f the excess 02
was removed by degassing at room temperature for .5 min,no furtherrrapld
changes in band ingénsity were observed. When ,the Pt/SiO2 disc was

left in a static vacuum for 12 hr, the ratio of species I and II band



C - 264 -

Absorbance

L

L 1 ! ! !
1600 1550 1500 1450 1400

0.0

em™!

FIGURE 9-3

A comparison of band positions of pyridine adsorbed on Pt0/Si0

A.
B.
C.

and of pyridine chemisorbed on Pt/SiOZ then treated in oxygen

Pt0/Si02 surface: 10 torr of pyridine admitted for 5 min, then
degassed for 30 min at room temperature.

Si0p surface: degassed at 300°C, cocled to room temperature then-
pyridine adsorbed as in A. ‘ :
Pt/Si02 surface: 10 torr of pyridine adsorbed for 5 min, then degassed
at 150°C for 1 hr,-cooled to room temperature then 1 torr 07 added
spectrum after 1 hr. )

Spectra B and C were .displaced for purposes of presentation.
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intensities returned to approximately the same as it was prior to.the

oxygen addition, although the absolute values of the band intensities
were lower. . ' « -

~ This phenoﬁenon suggests fhaq there may be some preferred:

equilibrium concentration ratio of species I and II. However the

results of the following experiments tends to refute this argument

-
. N

and to belie the exlstence of two species. .

Temperature Effects ' . .

Pyridine was adsorbed to a Pt/SiO2 disc in cell B and the’ !
b :

spectra were studied over the témperature range -70 + +150°C. Though

v

there was a narrowing of all bands, there was Ho evidence tth one-
"gpecles" was favoured over-ghe other at any of these temperatufes
{(i.e. the ratio of“Bpecies 1:IT band intensities remained constant). -
Hence if there are two distinct ‘spec.ies then it i's;_ improbable that they “‘
exist in equilibyium with each other. If this is so then the apparént.
'equilibrium effect' with oxygénv(befqrei m;y not be related to the

existence of geparate species'aftg;'all, but is poaqibly a manifestation

of unusual intensity effects upon selected modes: of a single specles

(i.ém not all modes are expécte@ to be affected equally when oxygen

ig added but in this instance the effect ig guch as to almost halvé

. - -1 .
the intensity. of the 1567 cm 1 pand but to leave the 1536 cm ~ band

virtually unchanged, see Figure 9-2). \\\\__//
T another experiment pyridine was adsorbed to a plﬁtinum
surface whicﬁ,had been preheated to 150°C and the spectrum was‘exactly

. P
the same as for the room temperature adsorption experiment.
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Adsorption of Pyridine om a PtC0O/S10, Surface

g
- . e

o L . When a Pt/SiO2 surface was left in contact with.30 toir.of -

o - b ) L e .
- €0 for 12 hr, then excess. CO removed at room temperature, all sites

. were blocked for the subsequent ehemiserptionfof pyridine on platinum,

f n and the 'only’bands initially'present in the spectrum of the adsorbed
4 - "
' species were. thos‘e due to pyridine adsorbed on silica, and a band at

2060 cm_ ! due to PtCO._ _ o

o

If the 'reven;:ﬁréxperiment wae..perfomed, where'by pyridine

"‘kas adsorbed to Pt/SiOz,

- the intensity of each of the bands of. chemisnrbed pyridine was slowly
diminished by about 5_02- over a 2.5 hr_period and a band appeared at

LN v

!
CO) '

Thf:ré ‘was no obvious trend for the preferentiel removal of
y p . ‘ i

" abou? 20 m L

species II compared to species I bands.’
D e

i

% pdditlion of BF, to Adsorbed Pyridine o

g3 R

When BF (1 torr) was added to a Pt:/SiO2 gurface containing

hydrogen bonded pyridine and the strongly boumd species I and II, the
bands due. to hydrogen bonded pyridine innnediately d peared but those

@ due to’ species I and IT remained unaltered. New ban -‘appeared which

o
El

61 .
&z . indicated that BF3 had reacted, +with the ‘gilica supp t.' . ‘
ﬁpparently in both species I and ﬂ:’.le nitri;gen lone pair

is unayailable for attack by a Lewis acid. ‘ .

. .
b * L N . t
. Fl . a
. . - . P ‘ .
. - . . . . ; L.
.

degassed to 150°C and thén'CO admitted (8 torr)

Q .
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Reaction with NH3
7

-~

Ammongﬁ had no tendency to displace chemisorbed pyridine
but conversely chemisorbed ammonia was rapidly displaced by pyridine.

Since pyridine is known to have a greater nucleophilicity than

: 2 '
ammonia 7 toward platinum, this result is not unexpected.

-

iy,

¢

Formation of Pyridinium Ion by HCl Addition

, Pyridine wags adsorbed to Pt/SiO and the hydrogen bonded
soecies pumped out.' Sugsequently 1 torr of dry HCl was “admitted to
the cell, which immediately altered the spectrum of_the_chemisorbedﬂ?
pyridine species, the béﬁdé at’1§57, 1431 andﬁ}&lo cm—l being reduced
fn intensity. A large new'band'appeared at 1487'cm71 accompanied by
the growth of a medium intensity band at 1536 cm_ (Figure 9-43). .No

further change occurred i1f HC1 was left in the cell for 2 hr. De-

_gassing at 75°C removed the new 1536 cm = and 1487 cm,l bands and

restored the intensities of the original bands. This indicates that ...
. . Co 1 )

]

the 1536 cm-1 band formed under these circumstances is not a chemi-
sorbed species and is therefore not related to the band initialiy

formed A: that frequency, but is very likely due to a pyridinium ion

210
-1
which is known to have‘prominent bands- at m1530 and 1490 cm

The 2,2'-dipyridyliup ion is known to have strong bands at 1600 1500

212
sand 1432 cm -1 -so 1ts qxistence {and 2 2'—dipyridy1) can probably!
' &

*

be discounted . It would s em from this experiment that the species
:lidine molecules onlyr %

adsorbed to platingmvare p

?

¢ .
-
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FIGURE 9-4 .

Treatment @f chem1sorbed pyridine with HCT'
p using 40 mg cm-2 Pt/Si0,
Admitted 10 torr pyridine for 5 min then pumped 150°C for 1 hr
and cooled to room temperature.

B. Added ~ 1 torr HC1; spectrum immediately.

After 2 hr.
Pumped at 75°C for 12 hr and coolgd to room temperature. .

Scan speed was 20 eV min”!

».

N
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Conclusions :

1. On the basis of the observed frequencles of the spectral bands of

chemiéb;Ped pyridine it would appear that a simple co—ordinated pyridine

does not form on platinum. Hetal complexes of co- ordinated pyridine-

208
have major bands near 1620, 1490 and 1450 cm -1 and similar bands

are-formed for pyridine co-ordinated to silica (see Chapter 4) and to

2 ‘
nickel la,wwhereas in this work the bands are at much lower frequencies.

However, the fact that BF3 had no measurable éffept on chemisorbed
pyridine would appear to Indicate that pyridine is either bound through the

nitrogen atom,'or that the reaction is;stérically hindered.
s ' '
I
2. The strongly bound species is not 2,2—dipyridyl because of the

absence of the expected two strong bands, one near 1620 cm-l and the

other 15 the range 1480-1450 cﬁLl. Therefore, the bands observed by
Primet et 31197 at 1620 and 1450 cm—l for pyridine on st/Al203 must
be assigned to pyridine co-ordinated to A1203. Indiroct chemlcal
evidence which suggests that the. assignment to 2,2'~-dipyridyl is in-
correct is provided by the following observations; ' (a) the formation'
of pyridine N—oxide whenlo2 is added; (b) the formation of piperidine
when H2 is added or of n-pentane and NH3 when heated in H2 at 150fC;
(c) the formation of pyridinium ion when HC1 is added and not the
2,2'-dipyridyliuﬁ'ion. Further, ﬁhere are no literature refe:enceé

»

to indicate .that dipyridyls can be formed from pyridine over a platinum
catalyst. In fact platinum‘is used for the dehjﬂrogenoiion of pilperidine
to pyridino219 and PtO is-o recommended catalyst for.the hydrogenation
of 2,2'-dipyridyl to 2,2'—dipiperidy1220 which suggests that a conversion

of pyridiné to dipyridyl or vice-versa does not occur.
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3

3. There is no evidence that a pyridinium ion is formed when pyridine

is adsorbed on a hydrogen covered platinum surface,

o

The Identity of the Strongly Bound Species

The “‘slterations in relative band intensitie§ when 02 is
added to strongly bound pyridine would seem to indiqate that two
distinct species are preseﬁt, yet the welght of ﬁther evidence con-
tradicts this as éhe following points show.
(1) PFour bands appear in the 1650-1350 cm.’l region, the same number
as appear in the spectra of liquid pyridine or of compléxéﬁ pyridine210
(vsa’b'and UlQa,b)' yet the oxygen e#periment impliés that there might
be two pairs of bands belonging to two adsorbed species. On the other
hand, it is difficult to account for the»exigtence of only two bands
for each specles, when it is known that the adsorbate must be a
pyridine.like molecule ;ince-pyridinium ion, pyridine N-oxide or
piperidige can be readily.formed. |
(1i1) The ratio.of the intenéities of the so-called species I to II
bands remained constant during th% following: (a) as the temperature
for éeéassing (accompAnied ﬁy desorption) was raised from 150 to 300°C;
{(b) when the temperature was varied from -70°C to +150°C; (c) when CO
was added, whereupon the adsorbed species was slowly desorbed; (d) when
adsorption was carried out at 150°C instead of at 20°C; (ej'wheﬁ small
doses of pyridine were added so as to slowly bﬁild up the’surface'con-

centration to its maximum; (f) when the O2 treated pyridine was de-

gassed, the anomalous intensitias slowly reverted to normal.

-
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If two distinct specles were present, one would have expécted

-

some clear indication of this in some of the above sequences.

The following can be considered as possible species which

fit the spectroscopic observatioms,

e N// \\ ﬁ/ \\. | N \\ )
\N/ QJ_ /L_lr_

Pt Pt

Y = —
rt
o
T
o
[ad
rd
"
o
rr

@ . ® © (D) (E)

The structures A and B are proposed to lie "edge-on" with

respect to thé surface whéreas C, D and E are involvéd in T bonding

and lie fiat. Structures A, B and D have é conventional Pt-C o bond
at'ﬁhe '2'-position, The reaso;s for postulating binding at this
position are two-fold. Firstly;‘it }s known that pyridine is a poison-

’* of platinum surfaces, yet 2,6-dimethyl pyridine is much less 30209,
which implies that the "2"-position op pyridine has some spécial
significance in connection with the mode of bonding. Thgre are also
closer spectral Simila;iﬁies with the known spectra of a ''2-substituted”
pyridine and that of the adsorbed species.. For example, liquid :2-
chloropyridine has bands at 1580, 1570, 1450 and'1420 cmfl compared
with 1580, 1570, 1480 and 1440 for liquid pyridine. Nonetheless,

species A, above, can probably be discounted because there was no

. evidence for the existence of an aliphatic Ven gtretching mode.

’
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When CO was preadsorbed on a Pt/A1203 surface, Primet et 31197
observed a shift of the vCO band to lower waﬁenuﬁber when benzene was

subsequently adsorbed-which they considered as strong_evidenné_;
supporting the idea that ﬁenzene was 1 bonded to the su;face'and
thus denating electrons. ﬁowe§ér, in the same‘paper they also reported
arshift when pyridine was adsoxbed ﬁhich they attribufed to electron
donation from the nitrogen atom of pyridine or 2,2'-dipyridyl, not
'considering the possibility of w donationfin this case. ¥Each of the
structures B to E provide charge to the platinum, either by dona;ion
from'tﬂe.nitrogén atom or from the ring. On the basis of the spectro-
scoplc and chemical eﬁidence so far. discussed, it is not possible to
choose between these. However, structures D and E would -appear ﬁn—
reasonable on steric grounds since the conventional bond with the
surface’ (the Pt-C @ bond in D or the Pt-N co-ordinate bond in E) would
have to be at an appreciable angle with respect to the plane of the
molecule. Therefore, struct;res B and C are the most 1ikgly ones and
there 1s no reason to strongly favour one over thé'other on the basié
of the present work. However, the fact that pyridine N oxide and
pyridinium chloride weré appareﬁtly so readily formed when 02 or HC1
were added, might favour structure C for which it could be assumed-
5 :

. ‘ Y
that the failure to co-ordinate with BF3 is a steric reason if

the ﬂ]g;ndedpyridine is lying flat with the surface.
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CHAPTER 10
NITRILES AND AMINES ON PLATINUM

This chapter is concerned with the adsorption arious
: . . .
carbon and nitrogen containing molecules on silica supported plati-
num surfaces. : -

There is surprisingly little published work which has been

concerned with the adsorption of amines and-nitriles on Group VIII

-
I

metals. In view of the increased usage of metal catalysts for
treatment of pollutants from industrial processes, such studies be-
come important. Therefore, a study of the adsorption of nitriles
and their amine analogues has been attempted in this laboratory in
order to éevélop an understanding of thé behaviour of C-N groups on
a catalytic surface. Ié is known that Group VIIL metals are active

@
221

catalyéts for the hydrogenation of nitriles and therefore it was

expected that similar surface intermediates might be formed from
nitrile and amine adsorption.
The early inerSed studies of adsorbed nitriles and amines

" on Group. VIII metﬁls generally lack detail. One of the reasons for

"this is undoubtedly due to the multitude of bands that axe often
222-7

obtained for even the simplest nitriles . Also a speciles which

A

‘may represent just a fraction of the adsorbates present may have
group which exhibits atfong infrared bands (e.g. —-C=N) whereas other

species which may be present in at least equal concentrations may
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have no infrared bands at all (e.g. surface.carbides or nitrides).
_fecause of this, surfﬁce-poisona may be preseﬂ; which cannﬁg be
detected by infrared spec;trosco'py and in order .tr; acquire a repro-
ducible sét of adsorptiﬁn data, a freshly prepared cata;yst 1s often
required for each experiment. The éonditiqns for adsorption are also
Iimportant, and any slight varlations in pressure,temperature or
adsorption time may alter the type and relative concentradtions of

the adsorbed speciés,

In order to u@derstand the spectra of adsorbed C~N containing
molecules, the bonding capabilities of cyanide ion to metals will-be
- briefly discussed. The outer molecular orbitals of fhe CN ion may
be represenfed in molecular orb?tal symbolism as KK(st)Z(O;S)ztczp)2
(HZP)A(“;p)O' One_of the Eonsequences of efficient ligané—metal g
bonding is that the donor atom becomes more élect;gpositive.and there-
fore more recéppive to back donation from the metal dm electrons into
Fhe-w;p orbital. This relleves the metal of some negative charge

28

which accumulates as a result of O bdnding2 . Hence CN is capable

- of stabilizing metals in low oxidation states, but in this respect it

* ) a

is not as good as CO, RCN or RNC because it carries a nepatlve charge
and is therefore a poorer acceptorzzg. ‘The'strength of the -“C=N boand
then, is dependent upon the streng;h}of e o bﬁn& which is formed
between metal and the ligand230. :Eéne323l.has formulated relation-~

ships to describe the force constants of metal cyanides, viz.

FHC = a(So‘)MC + b(STr)MC ‘ (1)
Foy = c(S0)ye ~ d(s“)Mc | _ (2)
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wheré F 1s the force constant, (So)MC and (8. the atrénéths of
the ¢ and 7 bonds in the metal-ligand bond, and a,b,c and d are

arbitrary constants.

“

' Thus when a bond 1s formed between a nitrile (RCN) and'a

" metal, the VN abso}ption mode would be expected to shift to higher
frequéncies 1f the bond were formed-only with the unpaired electrons /
of the'nitrogen atom as a result oflthe C=N force constant i#creasing,
but the formation of an additional dative bond from the metal to the
antibonding ﬂ;p orbital of the Fitrile tends to lower the CZN force

. econstant and the frequency may be‘10wered232.

For example, when nitrilés are adsorbed to metal oxide
adsorbents, they may form only a co-ordinate bond233uk and the C=N
frequency can be higher than the frequency of the free nitrile, but
on metal surfaces there is the possibility of back donation and the
frequency 1is generally Lowpr 222,229,234~ 6. If the adsorbing nitrile
is only physically bound, as it is on the hydroxyl groups of silica
then the frequency is generally higher due to the formation of a weak*
hydrogen bond. . |

One of the earliest studies of the adsorption of C-N con-
taining compounds was.conducted by Kemball and WolerBT'who found
that the exchaﬁge of methylamine with deuterium was self poisoning
and that.this arose from the formation of strongly adsorbed residues.
In subsequent studies of methylamine adsorbed on an evaporated platinum

238

film,. Kemball and Moss determined that fission of the C-N bond was

the rate determining step fb: all pfodﬁcts formed when HZ was co-

adsorbed. The main prodﬁcts were NH3 and CH4 but di- and trimethylamine
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. @
‘were also formed (identified by mass spectroscoéy) which they attri—‘
"buted to the slower rate of hyérogenation of C ff;gments into CHA
than of N residues into NHB'
| To the authors knowledge there have been no infrared studies
. of the direct adsorption of methylamines (mono-, di-, or tri-) om
plétinum, but there have been some studies involving the aésorption
of HCN on platinum whereby surface adsorbed amines have been proposed
to exist. Dunken and Hobert225 investi;a}ed the adsorptionm of HCN oﬁ
various silica supported metals (Rh, Pd, Ag) and 1ike Kortum and
Delfs227 they observed that there remaigéd a cheﬁisorbed specles which
had two broad bands near 3280 and 3340 cm_l and a sharp band in the
C=N stretching range (2160 cm;l for Rh, 2080 and 2125 cmfl for Pd and
2120 cm.""L for Ag). They only concluded that HCN had dissociated into
H and Cﬁ groups*. '

A more comprehensive study Jf HCN, BrCN and C,N, adsorption
on metals by Muller Litz and Hobért226 confirmeq.that an Initlal dis-
sociation took place to produce -adsorbed cyanides (MCN where M = Ni,
Ir, Rh, Pd and Os and M was 257% by wt) but that, as W;ll, a second
slower process also occurred involving the production of polymers by a
further dissociation of the initially a@sorbed species. No attempt

3
was made to identify these secondary products. They obgerved that

.

HCN, BrCN and C2N2 produced siﬁilar\isﬁdéral bands and they proposed

ﬁIt was also contended that a slow pol erizatiop of HCN occurred on
gilica alone after an_adsorption period\of 3 days which was evidenced
by a band at 1690 cm — that they attribuhbed to a -C=N specles. As
mentioned in Chapter 6, no reaction was o served with HCN on silica
at ambient temperatiures in this laboratoryy even for adsorption
periods of 3 days.
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that this could only arise if each molecule had dissoclated into a CN
radical. The reacti&h of HCN at higher temperatures produced new CN .

banig at higher frequency and it was proposed that either a metal

catalyzed reaction occurred with Si0H groups, or that this species -~

was somehow fofmed on the metal itself.

x
HCN + SiOH + SiOCN + H2

. Bands in the 2100-2170 cm—1 region were formed when

oxygen was adsorbed to a nitrile covered surface, or alternatively
r

if a nrtrile was adsorbed to an oxygen covered surface. The lowest

-

frequency CN related bands (2000 em ) were thought {o be due to MCN .

speéles adsprbed at defect zones in the metal where the electron densify ‘
of the metal is higher. A*Sable of frequencies from reference 226 is
' -~
shown. '
In a separate wotk, Anderson and Clark248 also found that there

were two processes for the reaction of‘HCN end H2 over e;aporated metal
films (Pt, Pd, W, Co,'V and Cu). Preducts were formed over a 50-110°C
temperature range and were deduced (by mass spectroscopy) to be; a) CHoNH,
by simple hydrogenation;, b) C-N bond rupture to'produce NHB and carbidesa
(slowly forming CHA); c) C-=N bond formation producingl(CH3)2NH, (CHB)BN’

CZ’ C3 hydrocarbons, CZHSNHZ and CHBCN They found that HCN partially

inhibited the H/D exchange process and concluded thaF a strongly

.o ~
.
&

+hound specles was formed as well as « weakly bound species. They

“proposed that initially HCN could adsorb as either:

'

#This species does not exist,as shown in Chapter 6, but SINCO may
be formed.

1
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TABLE 10-1

Frequencles of Metal Cyanides

c:m"1 Structure
2000-2100 M-CZN (at defect sites
&100-2170 M-C=N

C=N . M-C=N
2170-%250 n or .
. No M—0
2250-2350 £ Si~0CN or M-OCN-
[ p
[

N

<



\:

v R - 279 = N

g

. ' HCN exchgnge= ?EN
+ ' [H] -
MM o : :

Diggram 10-1
Infrared spectral studies of higher molecular weight amines
and nitriles however, indicate that the surface specles which form

are not so vadlegated as with HCN and CHSNHé adsorption.

Oranskaya et al222 adsorbed caprylonitrile (C7H156N),

hutyronitrile (C,H,CN) and benzonitrile {CcHSGN) on Pt/510, 'and Pd/si0,

samples and found bands for each, in the region 2220-2190 curl which
. A .'.' v

they attribdted to a co-ordinatively bended molecular nitrile. They

reasoned that the species was not a metal -CSN species because the

frequency was slightly different for each adsorbate. However a bgnd

- at 2160 cmfl for butyronitrile was thought to be due to a su face

f

cyanide. This band was distinguished in that ¢ unchapged

with the adsorption of CO whereas the Yooy frégggncy of the

ordinatively bonded species was shifted to higher.wévenumber, cor-

responding to a decrease inTthe degree of dative back bonding from the

239

metal to the nitrile,‘(as a similar dative bond forms in M-CO" " 7).

Caprylonitrile and its hydrogenated analogue octylamine produced.an

\

idesiicalqﬁﬁﬂes of stable surface compounds on Ptl~SiO2 which could

be interconverted by pumbihg out the excess and. then. treating with .

hydrogen . Thé?gzz proposeduthat the following series of cpmpounds
: : !

were formed. * . P



X

- 280 -

R-C=N

. 1
* R-CH,~NH, = R—CHZ—TH = R——CI:=NH = R-;‘FI*{ |
(TA) Pt Pt ’ ?t Pt
or R-CH-NH (fI) (III)
ot Pt
(1B)

Diagram 10-2

[y

The adsorption of either octylamine or gaprylon:i:trile on &
a.freshly ;Eepared 12% Pt{?ioz (degassed at 300°C to remove surface
hydrogen) led,to the appearance of a compound of type I (vNH band at
?280 cm_l). Further‘pumping at 150°C shifted the equilibiium in tﬁe

direction of the formation of surface compounds II (NH band at53320 cm_l),
* .

band at 1660 cmnl ) and caprylonitrile.(\)c=N band at 2258 cm-l).

111 (deN‘

‘Other compounds were also formed but could not be identified.

A’ IB species was also 'thought to be formed when benzylamine was

a4

adsorbed but with benzonitrile, the same compound could only be formed

2

when hydrogen was added 24 (unlike caprylonitrile and butyronitrile,

which underwent self hydrogenation). Apart from this feature, the

same sequence of hydrogenation and dehydrogenation shown in Diagram 10-2

: S

was thought ‘to occur. The aromatic ring was also observed to be

}éversibly hydrogenated.

In this laboratory some attempts were made to vefify the

9
observations of Muller Litz and Hobert with HCN 6 and of Oranskaya

224
2

other nitriles and amines, including CHBNHZICH3)2NH, (CH3)3N, CH3CN'

et g} with benzonitrile on Pt/Si0 and also to expand the study to

*The strong 1660 c:m-l band was not asgribed to C=C because such
vibrations have notably weak absorption bands.

v
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CHBCHZNHZ’ CZN2,'CH3NC and CF3CN in the hope that a clearer pattern
of the adsorptibn characteristics of nitriles and amines might emerge.

Each molecule was adsorbed on-a silica supported Pt catalyst.

Experimental

All platinﬁm samples were prepared as described in Chapter 2.
The percentage of the metal was 16%.
Except w%ere specified, the surfaces'used were degassed at 300°C prior
to use to remove adsorbed H2. In some spectra spown, the absb;ptioh |
‘.baﬂdsvof the:supporting sllica were compensated for By placing a
silica disc in the refereﬁce beam. éand frequenéies in the 2200-2000

cm - region were calibrated with DCL.

Results and Discussion

A) Adsorption of Methylamine (mono-, di- and tri-), HCN and C2N2
on Pt/Sio

2

Methylamine

An investigation of the adsorption of methylamine revealed

-1
that dehydrogenation occurred immediately because a band at 2070 cm

appeared, characteristic of a —-C=N containing species. With 10 torr

of CH3NH2

42900 {(broad), 1590, 1478 and 1437 cnfl could all be assigned to CHéNH2

in the cell, the only other identifiable bands at 3387, 3323,

hydrogen bonded to silanol groups of the supporting silica. -
Pumping for 5 min at room temperature removed virtually all

physically adsbrbed species, but a complex series of bands remained

(see Table 10-2 and Figures 10-1(i) and 10-1(1i1)) which are not

. 4
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0.5

0.4

0.3~

0.317

0.05 [ i 1 I ‘1‘ 0.15/{ l 1 L
TTT2400 2200 2000 1650 1600 1550

cm ..
i FIGURE 10-1(3)
Adsorption of methylamine
(see also Figure 10-1(ii))
A, Bapquound spectra of 40 mg cm'2 Pt/SiOz.
B. Admitted 10 torr of CH3NH2.
C,D. Degassed at room temperature; C, 5 min, D, .15 hr,
E. Denassed at 100°C for 2 hr then cooled to room
temperature. '
F. Admitted 150 torr of H2 for 10 min then pumped for
10 min at room temperature-
Spectra B-E have been displaced for purposes of presenta-
tion {(also F in the 2400-2000 cm'1 region).

.‘ ,
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FIGURE 10-1(ii)
Adsorption of methylamine L ' z
(see also Figure 10-1(i) where sequences are described).

Background spectrum (A) is not shown.
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associated with a simple chemisorbed CHBNH2 species., Pumping for

prglonged periods (Figures 10—1(1)C,? and 10-1(i1)C,D) produced new complex °
features in the N-H stretching region as well as bands ;t'2183 cm,_l
and 1590 cm_l. These latter bands disappeafed when H2 ﬁaé added -
(Figure 16~1(i}F) but reappeared upon prolongéd pumping‘(not shown) .,
When D2 was admitted to the cell, again these bandsldisqppeqred but
the 1590 cm_l band did not reappear after prolonged degaésing-(lB hr
at room temperature) which suggests that th;é band has its origin in
a SNHZ ﬁode'rather than a VosN mode. (Adsorption of CD3ND2‘verified
this point, no band was produced near lGOG\cm-l on degassing). The
2070 cmfl band shifted to 2062 cm-l in hydrogen and remained at this
frequency when H

2

~ mixtures of H2 and CHBNH2 to check whether the dehydrogenation of

was removed, Experiments were also conducted with

Cl’-IBNH2 could be suppressed by the presence of an excess of H2' It was
observed that -dehydrogenation was suppressed only with a forty-fold

excess of H,, but a 2062 cm_1 band immediately formed when H, was

23
removed .
Tt is very difficult to determine what species are present
on the surface but from the multiplicity of bands appearing in the
N-H stretching region it is clear th;t geveral specles may exist. It
is believed that no simple fragm;nts exist on the surface and that
even the band at 2070 cmﬂl is not representative of M~CN because of
the shift to 2062 cmfl wheﬁ H2 was added. (This is discussed later in
connection with HCN .adsorption). The bands at 3300, 2i83 and 1600 cm—l

appeared to grow together as the surface was degassed and may possibly

be associated with a polymeric HCN.product; however, the absorption



. - .
: .- - _f
I
I

bands do not seem to coincide'ﬁith the bands.of diamino-maleonitrile
240 ' : L

» -

which is a well known poi&mef product of HCN

.
-

The C-H region remained‘relatively unchanged throughout the

degassing cycle except for a decrease in.the intensity of a band at

¢

2938 cmhl, which may be related to —CH2-’groups. The addition of

hydrogen caused ‘the band to increase which suggests that a surface

skeletal C-H specles may exist which can be reversibly hydrogenated

to a _CHZ_ species.

*

Dimethylamine and Trimethylamine

I3

The adsorption of dimethylamine prohuced only one band due
to chemisorbed species in the w{NH) region, several in the v{C-H)

region, and, after prolonged evacuation, two bands in the v(C=N) region ‘1

at 2153 and 1963 cm-l (see Table 10-3), This suggests that dimethyl-
amine also undervent dehydrogenation to give two distinct surface C=N
containing species. The appearance of only one b§nd in the v(N—H)Vregion
indicates that only a secondary amine is present. Bands at 1483, 1440
and 1424 cﬁfl are probably due to C-H bénding modes. i
The hdsorption‘éf‘trimethylamine pfoduced one band in the

v(NH) reéion (but only after prolonged pumping), several in the v(C-H)
reglion and two bands were observed after ghort periods of adsorption
in the v(C=N) region. A stromg band at 1561 cm-l may be ‘due to a

(=N stretching mode. Again, lower frequency bands at 1498,1456 and 1490 cm_l
are probably due to €-H bending modes. Thé‘productiQn of unsafurated
groups (C=N, CEN)}and an N-H band suggests that trimethylamine is dis-

gociatively chemlsorbed.: . . -
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_ Table.10-3 lists the absorption bands observed at various

; 'htages of degassing and for the addition of H2 to the adsorbed.species

for both di- and trimethylamine. Three bands appeared in the nitrile

region when hydrogen added to eithor‘adsofhed di- or trimethylamine.

As mentioned in Chapter 6, no reaction took place when HCN
was adsorbed on silica although. there was o weak interaction w;th the - -
/éiOH groups, producing bands at 5250 and 21090 cmﬁl for physically
adsorbed HCN, and afb?no ofﬂh3500 cm—l.due to hydrogen bonded silancls.

However, an instantaneous reaction occurred when HCN was adsorbed on

: . -~
. Rt/SiOz. Varied results were cobtained depending on the conditions.
Small amounts of HCN (1 torr) gave rise to prominent bands in the N-H

stretching region and the Voo region which could be attributed to -~ ‘1
' -1

strongly‘oound.species‘(Figure 10-2¢1) and (ii)). A band at 2070 cm
was similar in shape and intensity to the band observed for the

adsorption of CH,NH (see Figure 10-2(ii)B). The presence of N-H

3
stretching bands indicates that HCN dissociates on platiﬁum, howeve{

-only a single weak\?—g stre,Ehing band appeared at 298Y cm_l (Figure' ‘ |
.10-2(1)B) accomﬁhniog by a and at 1465 chl. A band at 1610 cnrl kn,e
increased .in intensity with progreasioe pumping at ;oom temperature

‘but immediately disapoeared when H, was added. (Figure 10-2(i1)D).

Pumpiﬁg out'H2 for one hour at room temperature produced a new band

+
-

. -1 .
at™1590 cm {(not shown) which could then be successively removed or reformed
. ‘ . . _1 .
in the presence or absence of hydrogen (similar to a 1590 em = band
for CH NH ) However; the band could not be.regenerated after D2

Y
DAY
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) FIGURE 10-2(1)

Adsorption and hydrogenation of HCN

(see also Fiaure 10-2(ii)).
A, “
B.
C.
"D.

i

Backaround spectrum.

Admi tted ] torr of HCN.

Evacuated for 1 hr at room temperature.

Admissiep of 300 torr of H2 for 5 min, then evacuated for 15 min

at room temperature. 6

-~
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. © FIGURE 10-2(ii) - o y

Adsorption and hydrogenétion of HCN 7
(see also Figure 10-2(i) where sequences are described).
Neaative absorption in the 2400-2000 e region is due to presence
of C02 in the refer&nce beam of the spectrometer. ' '
‘.- . .
Absorption due to Si0, has been cancelled out in the 2400 - 2000

€

region by placing a disc in the reference beam.-. -

&
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was added then pumped out which suggests that an —NH2 specles 1s

Tesponsible for this feature. * -
. . )
THE addition of hydrogen produced new bands in the NH

_ stretching iegibn but the bands ﬁére indistinct due to, a broad band

near 3100 cm -1 resylting from tfle production of a physically adsorbed.

)

species which formed hydrogen bonds with silanol proups. Three pro-
ninent C-H hands grew at 2970, 2936 and 2905 cm* and the 2070 em
band shifted to 2060 cmi} (Figure 10-2(1)D and (ii)D) At this stage, _

the spectrum closely resembled that obtained after CH3NH2 was adsorbed,

treated in H2 and pumped for 10 min (compare Figure IU-Z(i)D with

10-1(i1)E}. The band freqpenéies for HCN adsorption are shown in
; ‘ _ B .. ) N
Tdble 10-4. Since no band was observed to form at 2183 cm 1 on pumping

RS

(as it did with CH NHZ) then a band at “1590-cm-lrcomﬁon to HCN and \

Ky | 1“.l

CﬂaNHé spectra 1s probably not assoclated with a species absorbing at

2183 cm—l (despite the fact that these two bands‘grew togethér in the

-

CHBNH2 series). . . .

It is apparent that the specles formed on initial adsorptiom -

and after H2 is added are similar when either HCN or CHBNH2 react with

Pt/SiOZ. In fact if larger amounts of HCN were adsorbed (V1O torr),

.

the épectrum obtained was almost identical to the initial adsorption

*

spectfum for CH3NH2,.probably because more H atoms are available from
the dissociation of Hcﬁ, It should be noted that the spectral bands

listed for adsorbed CH3NH2 and HCN (in Tables 10-3 and 10-4) were
-

obtained from the same Pt15102 sample. It was fognd that the spectra

of the adsorbed specles was very dependent upon the sample used. For

some samples, the v band of adsorbed HCN was found to be as high as

C=N
2090 cm_l, but the equivalent band for CH3NH2 was also found at this .

~N .
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frequency. Hence the valuéé~ﬁisteaféhduld not be regarded as the

definitive frequencies, R
. v . : B

,Fhén DCN was adsorbed on a silica disc containinguodly'$iOH :

- groups,instant exchange of the silanol groups occurred. Similarly:on

Pt/SiOz-a rapid exchange Fdok place, and a large band appeafed at -

“wu

2060 cmfl. No band appeared near 1610 émfl which confirms thas,the
bands which appear at this fréquency fo?.HCN adsorption is probably
related té én -NH, mode.‘.Thg.baﬁd.at édéb cm_l was broader than iﬁ
the HCN case. j
Muller-Litz and ﬁobéft?zs had‘assuméd that a band formed
'ﬁear‘2070 cnrl could be attributed gélan M-CN sgecies,.however,there
.15-;gg§qn to su5pq§;_that this is not so because of tﬂe band shift
whean2 1s added aﬁéithé éiffgfént frequency for|aasorbed DCN. It
" might be reasoneé?fha; éﬁcﬂ a Bhift‘éould-be related to the co-
adsorption of H atoms at adjacent Pt sites?‘\ﬂowever! a serles of

2

isotope experiments tend to belie the existence of a simple M-CN

ey

species upon initial adsorption as discussed below.

Isotopically substituted hydrogen cyanides wer;iédsoébed
and the observed shifts did{hot fit a simple_MéCN or M-NC model.
(Thls 1s shown in Table 10-5). Care was taken to adsorb exactiy the
_pame amounts of eéch isotope. The saﬁe surface was use&'in each case
and' regenerated in 0, at 200°C then H, at 400°C. Mixtures of;C:12
and C-13 HCN .-were . used so that the freque?cy shift'could'be
directly meagired, however with N-14/N-15 mixtures of HCN, the bands
were too broad to be resolved and separate adsorptions had to be per-

: .

formed. This was repeated several times to ensure that the frequency

shifts were not due to a change in sample condition.

-
»
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A program was used to solve the quadratic equation for fre-

quencies arising from a 2x2 matrix of potential and kinetic energy

terms. e

‘

The calculation was perforﬁed with. the M-CN model, for
ex;mple, using the following information: 1) The three required forée
' constantglFMC, FCN and FRR {the interaction force constant) and 2) the
appropriate G matrix elements (similar to those used in Chapter 6 for.
the SiCN and SiNC problem). The three force constants were
sYétematicélly varied wiﬁhin limits and frequencies.for the normal

molecule computed. If the computédﬁfrequency was within 1.0 t:m-'1 of

N

»
the observed, then the calculation was extended to the other two -" .

isotopes, and the shifts computéd, A range of ffequencies was obtained,

ﬂ\‘_/gbrre3ponding to the many combinations of the three force constants

3

v

which produce reasonable solutions. The mass of the surface was given

. . a - B
a value of 1000, and the limits to the force constants used were FRR’

. 1.000 + -1.000; F. , 18.500 + 15.000; F, ., 5,000-2,000. A similar

MC*
. computation was set up for the M-NC model. : )

CN!

It can be seen f:oﬁ Table 10-4 that the models chosen do not
fic the‘dbserveﬁ frequency shiﬁts. The M-CN ﬁ del may .appear to pré—
duce shifts close to that_oﬁ)the obéerved'valuga for the N-15 and C-13
shifﬁs but these latterfvalugs both fall abﬁﬁhé lower end of 'the
allowed ranges which is not tenable. When one shift is at the low end
of the range, the other should be at the déper limit. |

The calculated values obtained for the shifts are compatible
with those obtatned in the S1CN, SINC prbblém, though in this case the

program calculated a range of acceptable values compared to

1

¥
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"TABLE, 10-5 ~

Calculated and Observed Frequency Shifts

for Isotopes of Adsorbed HCN

(em b .
Model? -
R wa  weNc Frequemey | SHIES
c-12, N-14 - - 2076.7 -
c-13, N-14 50,8-44.6 37.0<43.8 2033.7 43.0
c-12, N-15 26.5—31:5 38.4-32.6 2050.0 l

26.7 “.III

%The values listed are the ranges of frequency shifts possible

for N-14 =+ N-15 and C-12 + C-13 isotopic substitutions.
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Schachtschneider's program which evaluates single acceptable fre-

quencies,
-

Hence, éontrary to Muller-Litz and Hoberts226 proposition
it appears that a simple M-CN product does not form. It had been

-

assumed by these authors that the chN baﬁd represented a .separate .
and distinect specles because no. changes were observed in the band -,3‘
despite changes in other regions of &he spectrum. However, in this

work 1t has been found that the band does tend to increase in intemsity
along with other bands in the spectrum as the surface is depassed

(séé Figures 10-2(i} and (i1)). Since the band is affected.by hydrogen
addition it is tentatively proposed that the species may be of the

type ) . .

H

_
-HzN—T—CEN
Pt 2
producing bands at 3413, 3308 and 1610 cm = (NH,); 2981 cum

1 (C-H) and

2070 cmbl {C=N). The addition of H2 then produces an irreversible

change; the Vv band shifts to 2060 cmfl and remains even when H2

(C=N)

is removed. It is proposed that this may correspond to a cleavage of

the above species, and that on successive pumping the following species

f-1)
are formed
H
L RAS RN e B H
H.N-C-C=N —== W~ + ¢/ + c=n 2B=lBs “N.¢” + C=N
2 o | | addm, | \
Pt Pt Pt Pt . Pt Pt .

Diagram 10-3
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The band. at 1590 cm * which is formed when H, is removed may

be due to the GNHZ mode of a dissociatively adsorbed methylamine.

This band was seen to form immediately when CH3NH2 was adsorbed then

pumped out. No deformation mode of an adsorbed Pt:NH, could be

E e R

identified but this is known td be:of weak intensity (see Chapter 8).
' The appearance of a 2969 cmﬂl band when H2 is added is indicative of
a methyl group. One inconsistency'in this scheme is that the —CHz—
stretch (at 2938 ém-l) increases in intensity after H2 is added, but
this.could be due to the hydroéenation of other carbide type residues.
Also a broad band at 1465 cm-l appearing upon initial adsorption

remains unidentified. i

No gas phase products could be observed following the
addition of hydrogen to the adsorbed species.*

&his scheme proposés that an M-CN specles does form when H2
is added. Unfortunately no isotopic shifts were measured for this band
(at 2060 cgﬁl) to support this contention. Other aspects of this woré
make it difficult to be assertive about the nature of the adsorbed.
species. For example, the V(CEN) band was sometimes found to have a
shoulder on the high wavenumber ;ide (see Figure 10-2(ii)B) and when_H2 was
added a broad feature was found on the low wavenumber side of the tband
l(Figure 10-2(i1)D). It was probable that thére 15 more than one -E=N con-

taining species, but band broadening may alsc be due to a surface hetero-

genelty. This was illustrated by adsorbing HCN, removing the gas phase

*The gas phase was desorbed by pumping through a liquid nitrogen trap:
and then transferred to an infrared gas cell (10 cm length) for a
study of the infrared spectra of the products. A vacuum stopcdck
outlet on this cell permitted the admission of any products into a
mass gpectrometer. '
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.

4 .

then heating the surfacetto 100°C. It was_found that the half band
width of the 2070 cm_l baﬁd (measured at room.temperatufe) was smaller
after the surface'had’been heated. h

Another band also formed near 2140 c*m_1 after Ehislheating

process which was not identified.

Cxapogen (CZNZ)
| Four bands were observed in the V(C=N) region ranging from
2230-2070 cm_l when 3 torr of CZN2 was adsorbed on P{:/Sio2 but no other
bands appeareh. Cy§hogen is known to form radical cyanides when re-

acting with metalsZAl. The addition of 300 torr of H, produced an

- T~
'HCN-type' cyanide band located at 2060 cm L and complex bandfs sub- ‘

i

sequently appeared in the N-H and C-H stretching regions. Nﬁ.further

experiments were attempted with dyanogen because of the complekity of

the bands observed. In order to Ffurther resolve the adseorption
characteristics of nitriles, several other molecules were chosen for

study with which it was felt that the poséibility of obtaining many

surface speciles would be more restricted than in the case of HCN, e

CH3NH2 and C2N2'

B) Trifluoroacetonitrile, Acetonitrile, Benzonitrile and their

Amine Analogues

i} Trifluoroacetonitrile (CF3CN)

Part of the reason for the complexity of adsorbed specles
obtained with HCN appears to be related to the dissociative chemi-

soxrption resulting in the production of H and CN radicals which further
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react. This problem is aver:Ed with CF3CN and a far simﬁler spectrum

was observed following its adsorption on Pt/Si0 On sllica alone

2"
CF3CN was only physically adsorbed and could be rapidly removed after
pumping for 5 min at room temperature. .Very 1itt1é hydrogen bonding
was observed and only a weak band ;as observed at 2270 chl (the
equivalént gas phase band appears at 2271 cm_l)242_3. When small
amounts (1 torr) of CF3CN were adsorbed to Pt/SiO2 however, a strong {
band was observed at 2265 cm-liwith smaller bands at 1615, 1555 and
1455‘cm—1 (Figure 10-3). Pumping at room temperature decreased the
_ intensities of each of the band§ in unison and no new bands appeared.
The 2265 ctn_l bagd was still detectable after 24 hrs pumping at room

'temperaturé but was removed when the temperature was raised to 80°C

and the cell degassed for 1 hr. It is apparent that CE3CN is molecularly

bound to Pt involving a weak dative bond resulting in a decrease in ‘
frequency of only 5 cﬁ—l*, but the ban¥ at 1615 cmrl is suggestive of

a C=N species. The. 1555 and 1455 cm—l bands are probab;y reﬁresenta%

tive of overtones agd combinations of C-F modes, If the 1615 cm_l

band is not a deformational mode then one is tempted to assign two

surface speciles to the spectral bands observed.

’ (I‘,'FQ : A CF3—¥C=N A N
(A) c and (B) Pt Pt
il ,
N
Pt +

. /
*The donating N lone pair is weakened by the strongly electron with-
drawing CF3- group and only a weak co-ordinate bond is expected.
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: FIGURE 10-3

Adsorption of CF,CN to a degassed Pt/Si0, (no surface hydrogen)
A. Background spectrum.
B. Admitted ~1 torr CFCN.

Negative absorption in 2400-2000 em”!

region is due to presence df 002
in the reference beam of the spectrométer.

-
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The existence of specles (B) is supported by the results obtained when

1 torr Cf3CN was adsorbed to a Pt/SiO2 surface containing pre-adsorbed
hydrogen (i.ej, thé reduced surface was not degassed at 300°C prior

to adsorption of CFBCN). In,this instance no v(C=N) band appeared,

but other bands were observed at 3393, 3320 and 3270 tm_l (N-H species),
2915 cufl (C-H) and a broad band near 1520 cm_1 (see Figures 10-4(1)

and (11)). The absence of a band for v(CZN) shows that CF.CN does not

A 3

co—ordinatively bond to hydrogen covered Pt., The readdition of CFBCN

(10 torr) did not alter the aforementioned bands but a band did appear
at 2270 cnrl_which'could be removed by pumping at rdom temperature for
5 min. Subsequently, the addition of H2 (400 torr) immediately re-
moved the band at 3320 cnrl, butsﬁhe 3393 and 3275 cm—l bands remained
and weak bands formed at 2960 and 1393 cm & (Figures 10-4(1)C.)

In a separfite experiment a mixture of H2 and CF3CN (100 tqr;?

10 torr) was admitted to a Pt/S1i0, surface and bands instantly formed , .

1

2
at 3393, 3320, 2900 (broad), 1690, 1665, 1608, 1493, 1446 and 1393 cm

(see Figures 10-5(i) ;:;m(ii)). After 12 hrs in HZ’ the 1690, 1665 and
1493 curl bands disappeared indicating that they are due to a transient
species but the 1608 cmbl bénd was larger and a band appeared at 1755 cm_l
(Figure 10-5(ii)C,D). The gas phase was trapped and analyzed by infra- ‘
red spectroscopy and mass spectrometry. The major product appeared to
be CF3CH2NH2* indicating that the nitrile bond had not cleaved, but
trace amounts of other species were identified at_low electron voltage

" on the AEI MS 10 mass spectrometer at m/e 17 and 30, which are probably

due to NH3 an@ CZHG' | R

*This species 1s not formed in the absence of catalyst.
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Adsorption and hydroaenation of CF3CN

375 3550 3356 - 3150 2950

=1
. cm

FIGURE 10-4(1)

(see also Figure 10-4(ii)).

A.

Background spectrum of 40 mg crn‘2 Pt’/SiO2 (hydrogen covered _
surface).

Admitted ~1 torr of CF3CN.

Admitted 300 torr of H2.
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* Absorbance

0

. ' '
1700 1600 1500 1400

FIGURE 10-4(ii)-

Adsorption and hydrogenation of CF3CN.'

(see also Fiqure 10-4(i) where sequences are described).
1 ’ (

Scan speed for 1700-1350 em”! region was 20 em ) min!, |
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Adsorption of a CF3CN/H2 mixture.

I I. 1
1500 "1400

1800 1700 1800
. ) cm'] 3 ;\\
S FIGURE 10-5(i1) h\,)

) -

0.0 L -

__ /}«(

(see also Figure 10-5(i)). =

A. Background spectrum of 40 mg o2 Pt/Si0,.

B. Admission of 100 torr of a 10:1 mixture by volume of H2:§F3CN;
spectrum immediately.

C. After 12 hr, |

D. Ebacuated for 5 min at room temperature,

Negative absorption in the 2400-2000 <:m-1 region (see Figure 10-5(i))

_is due to presence of C0, in refetzgggzggam.
Spectra B-D in 1800-1400 and 2400- en! regions were displaced

for purposes of presentation.
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The bands remaining after this desorption stepiwefe at 3393,

4
3320, m3000 2960, 1985 (1arge) and 1393 cm l,)
It is proposed therefore, that the addition of CFBCN to a
hyergen covered Pt/SiO surface results in the formation of & physically

adsorbed product CF3CH2NH2 (3393 3320, 2960 1608 and 1393 cm ) two

surface species Pt: NH (3270 cm 1) and Pt Pt (v = 3000 cm 1, v(C=C) =

1755 em B and;;partially @ehydrogenated species which absorbs at 3370

cm-l. (Note that the ratio of the intensitfr;%-the 3393:3320 cmfl bands

L

“..is too low to be due to a CFBCHZNH2 species alone.) The structure may
B ¢

be CF3—?=NH. _ ‘.

t o1 &
The band at 1985 em ~ is difficult to assign, being too low -

A '

for a PtCN species (assigned to the 2060(tmf1 band for HCN adsorpti;;l;/, ™

A PtNC species m&g&f be expected to absorb at“a lower frequency th#g

PtCN (on the basis of SiS¥ and SINC £ ies, discussed in Chapter 6).

The species is resistant to attack B§ hydrogen, which may be expectéd

for a charge separated species {see section on CH3NC adsorptig%). - -
Bands at 1690 and 1665 cﬁ_l are proposed to be due to.j;C=N N -
modes. Evidence for the existgpce of a physically adsorbed sufface //w
(;\\_— specles CFBCHZNH2 formed by hydrogenation of CFBCN was provided by
adsorbing CF3 Bands were i @iigsly formed ag 3393, 3320, 2960, '\\

1608 and 1393 cm 1. No —CEN or C=C modes were observed indicating

that, once formed, CF3CH2NH2 is resistant to dehydrogenation. The bands

could be removed by pumping at room temperature for several hours.

Admittedly there is no direct proof for gome of the species cited in

the scheme and species such ad CF.-Pt and CF,CH,-Pt are included so that

37y w32
~
the formation of other products (e.g. /p qi ) can be rationalized.
- Pt Pt ;
No CF3H species was identified in the gas phase products by magﬁﬁi‘””
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. The numbers in boxes are frequencies.

- 1446
. 1493}  [(1615] .
' 2
s 83 CF y—g=N o
¢ : Pt Pt route)
2265 M A
SN |
. Pt k] H2 (major
L lH route)
'_}.i,\_;l. . ' 2
1665 ™ [1520,1690, 3320
N CF ,-C=NH
1 37
Pt : Pt
_H
5\\\gi r/ﬁz
CF 3 CH,—1H,
[1450] [2960] [3393
1393| (3320,
1608 .
Another minor process may be: )
CF
.y N é + C H
cCH, + NH, -+ T, +
Pt Pt Pt Pt Pt
(1985
1

*

Diagram 10-4

-

They refer to the group frequencies
assoclated with the species shown.

. $F3

2+,

Pt R i} .

HC|2=(|3H + 2(|3F3 + Iil
Pt Pt Pt Pt

o

CoHg
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spectrometry which suggests that if the C-C bond .is,cleaved, that the

CF3 group is subsequently bound to the surface.  There was no evidence -

of C-F cleavage. The adsorption ‘scheme for CFBCN 1s summarized in
Diagram 10-4.

(ii) Acetonitrile (CH CN) o . . ‘ f\\\\H

Acetonitrile is known to bond to solid oxide adsorbents such

as silica, porous glass and 8i1lica alumina 233 2644 by interaction with

the surface hydroxyl groups, and, in the case of silica alumina, by

attachment to acidic ites®3d, Rapid desorption of CH,

CN from a silica
surface can be achieved by pumping for a few minutes at room temperature

beéause oni& weak hydrogen bonds, are forme&.

The main spectral features ¢f the CHBQN/S:LO2 system are -

bands at 3430 cm—l (perturbed silanols), C-H band at 2950 cm—l and a

strong —-C=N stretching band at 2268"cm-} (the pas phase band is at

2267 cm ¥).

.A band at 2292 cnrl has been attributed by Low and Bartner244

"to be a combination of tl}e'CH3 symmetrié deformation mode and the C-C

i ) _ . P
stretching mode (1394 and 912 cm l). Conway et al 45 have studied the

adsorption of CH,CN at Pt electrodes and determined that the following

3

seguences occurred

o £ a .

e /3 ity e /3
CH,CN + Pt > m et B ﬁ B H-g\
| N ‘ N—H
™ ;’*\\' 'L
Pt pt Pt ‘Pt Pt ) Pt Pt- Pt z

(1} (11) ' (ii11)

Diagram 10-5
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It was congidered that no dissociative adsorption via the methyl
carbon took place and by analogy with H-blocking effects with benzonitrile

and terphthalonitrile it was decided that in general nitriles do not
CHj : ) . '
assoclatively adsorb as \\C=N at'Pt electrodes. (/’”’_
. .' / '\ P . .
Pt Pt .
However, to the authors knowledge there have been no infrarkd

‘studies of the adsorption of vapouf phase CHBCN onr Pt. It has been found in

this laboratory that the adsorbed species obtained on a%t/SiO atalyst are

quite diffe&nt from those formed on oxides such:as silica, porous glass or

silica alumina and although bands can be found which are attributable to

CH3CN:HOSi specieé, other bands are formed which cannot be rémoved by pumping

‘

at room temperature, indicative of chemisorbed species (Figure 10-6). A dis-

sociative chemisorption apparently occurs, involving the methyl group "because

q

the adsorption of CDSCN to a degassed Pt/SiO2 immediately results in the ex-
change of the surface silanblsa a phenomenon which does not occur on silica

along} In other respects, acetonitrile behaved quite unlike CF3CN. No bands

wefe observed in the 2300-2100 c:m_l region due to CH,CN co-ordinatively bonded

3 .
CN in complexes such as

3
PtClz.Z(CH3CN) and PtBrz.Z(CHBCN) are-known to be weak236. The expected fre-

l235—6

to Pt, although bands for the nitrile stretch of CH
A :

quency of a metal complexe& CH3CN is ~ 2300 cm

On a degassed Pt/S5i0 the adsorption of CH_CN ﬁroduced two very

2? 3
weak bands in ﬁhe NH stretching region near 3300 c:m_1 but three fairly prominent

. ’ -1
bands appeared in the CH stretching region at 2880, 2932 and 2965 cm ,

(Figure 10—6)(The'NH bands are not shown.). Other bands were at 1507
and 1483 cmql. The profile in the C-H region is very much like that

of adsorbed momoethylamine (CH3CH2NH2) (Figure 10-7(i) and {(ii), which
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Ab%orbance

0 0.0 [ 1 1
3000 2900 2800 1600 1550 1500 1450
cn”! ’
FIGURE 10-6
Adsorption and hydrogenation of CH,CN.
A. Background spectrum of 40 mg om-2 Pt/Si0,.
B. Admitted 20 torr CHBCN for 5 min then pumped for 30 min at room .
temperature.
C. Admitted 100 torr of H2.
D,E. Evacuated at room temperature; D, 5 min; E, 16 hr.
F. Readmitted 100 torr of H2'
Spectra B-E were displaced for purposes of ‘presentation.
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probably means that CH,CNTIS" dissociatively adsorbed and is capable of
self hxﬁrogeﬁationf As shown in Figure 10-6, the band at 2965 cm-l is
initialiy lower in intensity than the 2880 cmfl band but the addition

of hydroéeh‘then pumping, produces an almost identical profile to that
&S

of adsorbed CHBCHZNH2 in which the 2965 cm -1 band becomes larger than

the 2880 cm band (compare Figures 10-7(1)%5;Ed 10-6D). At least two
species must exist upon initial adsorption of CHBCN in order that a
"methyl' asbsorption band at 2965 cnrl can simultaneously appear with
other C-H bands that are not related to the absorptidns of a methyl

group. A band at 2880 ::m_l is generally indicative of a bound -CH2—

specie51 A bound Pt—CHz—species would be expected to have absorption

-1190
bands near 2920 and 2880 cm 1 and perhaps the observed 2932 and 2880

cmnl bands can be assigned to it. However the changes in the intensity
ratios of these bands which occur upon hydrogenation implies that the

2932 cm._1 band is also associated with another species, possibly a -CH-

group. (This was found to be the case for CZH4 on Pt or Nilgo)

The 1507 and 1483 cm._l bands are difficult to identify, being
too high for kmown -CH,- deformations and too low for the symmetric

~NH, deformation. On hydrogenation the 1483 ém—l is shifted to 1455
cm_l which is the range of -CHZ— absorption, however, the 1507 cm-l
band shifted to 1520 cmfl. A similar band was found iIn the spectrum

of CF3CN adsorbed to a hydrogen covered surfaLe (Figure 10-4(i1)B).

The low intensity of the NH bands indicate that few NH con-
taining species are formed, and since sdfface hitrogen is more readily
hydrogenated than gurface carbon237, then it is likely that a fully

hydrogenated nitrogen containing product may be formed and desorbed.
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FIGURE 10-7(i)

Adsorption of monoethylamine.
(see also Figure 10-7(ii)).

A.
B.

Background spectrum of 40 mg em™? Pt/Si0,.
Admitted 10 torr monoethylamine for 5 min then evacuated
for 10 min at room temperature

L
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:ﬁ Adsorption of monoethylamine.
{ Vs (see also Figure 10-7(i) where sequences are described).
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L.

When mixtures‘of CHBCN and Hz‘were admitted to a Pt surface the
resulggnt gaseous products were NH3 and CZHG indiéating that C-N bond
cleavage is favoured (contrary to CFBCN hydrogenaéion).

The following surface species possibly exist though those
" marked with an asterisk are thought to be transitory species only or

3

present in very small concentrations.

H
| * * *
CH2——C“NH CH3 CH CHS—CH-NH2 C-=C HZC——CH2
S I | //\\ ||
Pt Pt Pt Pt Pt Pt Pt Pt Pt
' Pt Pt
Pt Pt

There is no evidence for C=C or C=N species in the spectrum,
The band for the former is penerally a weak feature and may not be
observed, but a C=N band is expected to be intense, and its absence
is construed as being due to lack of such a species.

Ethylamine, on the other hand, does seem to adsorb via a
dehydrogenation of the -C-N grouping, indicated by a strong band at
1672 cu™l, although strong bands at 3375, 3315 and 1610 cm = indicate
that a surface ~NH2 also exidts (Higure 10-7(i) and (ii)). The only
other features in the spectrumjwere bands at V1460 and 1395 cm_l indica-
tive of —CH2 and —CH3 deformation modes. The absence of a band for an
:)N—H specles probably indicates that for the unsaturated species, the
nitrogen atom is bound to the surface. The following species are thought
to be present fo; adsorbed ethylamine, |

Y o S . Y1 5 A, . —CH—N
CH, cl: 1;1 ; (IJHZ C1!H NH, ; CH, (IIH H,

Pt Pt ' Pt Pt : Pt
The 1672 curl band immediately disappeared when H, was added to the
surface, confirming that it is due to an unsaturated group, probably

~C=N-.
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Even though CHBCN would be expected to be more strongly co-
ordinatively bound to Pt than CF3CN, this mode of adsorption does not
occur because the methyl group of CH3CN apparently preferentially inter-
acts with the surface (unlike that observed for adsorption on Pt elect-
rodes)245 and ultimately results in the hydrogenation of the other atoms
of the adsorbed species. As well the ~Cz=N group.is more susceptibie to

total hydrogenation in CH —CH, and NH, as the main

3 373 3

products, which may be reléted to a preferred horizontal orientation

CN resulting in CH

of the molecule involving multiple points of surface binding.
*
In both CF3CN and CH3CN , no nitrile band forms near 2070
ﬂ//jcmr such as was found with HCN, which is undoubtedly due to the

maintenance of the C-C bond in both cases.

-~ .

(111} Methylisonitrile (CHBNC)

One of the reaéons for choosing to study this molecule was
because of the potentially strong co—érdinating ability of the iso-
nitrile groupzzg. It was felt that only a simple adsorbed species
might be formed, and that a frequency could be established for an
adsorbed isonitrile.

The adsorption of CH,NC on silica resulted in strong hydrogen

3

bonding, probably of the type CH3—+NE_C:HOSi, with prominent bands
at 2160 em ™t (gas phase band at 2145 curl) and 2960 cm T due to the
C=N and C-H stretching modes respectively and a band at 3345 cm_l

due to perturbed hydroxyls. The species could be removed by pumping

* Z
Occasionally a band formed at V1990 cm l, espectally if pas phase
CH3CN was left in contact wlth the surface f ong periods (1 hr)
and is perhaps assignable to a Pt-tN="C species.

|-
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at room temperature., However, the adsorption of‘CH3NC on Pt/Sio2 pro-
duced a str§ngly bound species in addition to this hydrogen bonded

specles but\the.spectra was dependent upon the time of adsorption. -

For short perio

adsorption an apparently simple spectrum was
obtained with bands ag 2935, 2862, 2245 and 2172 cm_l (Figure 10-8),

but for longer periods these bands were all more intense and other

bands appeared at 1450, 1430 and 1400 cm_l, accompanied by variable beoad
bands in‘the 1600-1700 curl and 3000-3400 cm-l reglons (not shown). The
following discussion is concerned only with the spectra obtained after
short period adsorptions.because of difficulty in interpretation of

the three lower wavenumber bands. It is apparent that further reactioﬁ
occurs to form complex products.

Unlike chemisorbed CH3CN, the C2N bond remained intact, as
evidenced by bands at 2245 and 2172 cu L.

If mixtures of CHBNC and H2 Qere adsorbed, the same spectra
were obtained as for CH3NC adsorbed alone and an analysis of the gas
phase subsequent to adsorption,revealed only CHBNC. Changes in the
spectrum did occur if HZ was left in contact with the chemisorbed species
and in particular, two bands grew at 2060 and 2000 em L as 2245 and 2172
cmfl bands diminished. The 2245 curl band is apparently not.related to
the specles absorbing at 2172 cm—l since the ratios of the intensities
of these bands was altered when hydrogen was added. A mnew band also
appeared at 1485 cmfl and in the vCH'stretching region the profile was
‘gimilar to that obtained for CH3CN adsorption.,

The addition of D2 instead of ﬁ; had a similar effect in

producing new bands at 2060 and 2020 cm_l but no exchange of 2935/2862

cnrl bands occurred.
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FIGURE 10-8

Adsorption of CH3NC.'

A. Background spectrum of 40 mg cm'2 Pt/SiOz.

B. Admitted 10 torr CH3NC.

C. Evacuated for 15 min at room temperature. '
Spectra B and C at left were displaced for purposes

of presentation.
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} Even though only four bands appear in the spectrum of the
initially adsorbed CH3NC, the interpretation is decéptively complex.
Assumiﬁg that the 2245 cmfl band represents a separate specles, then
2935, 2§62 and 2172 cm—l might be supposed to represent a simple co-
ordinatively bonded species (A) Cﬁ3—+NEC + " Pt, Put the Vou bands are
at low frequencles for a CH3— mode. Alternatively a -CH2~ mode might

be expected to absorb at these frequencies but tie intensity ratio of

the bands is unusual. For instance, if a species such as (B), ?H2—+NE_C,

Pt

were adsorbed, then a much stronger band would be expected near 2860
120

cm ! . However, in view of the known versatility of RNC compounds

to facilitate a bond with most metalszzg, it may be naive to assume

that there is no interaction of the isonitrile group with the surface.
A possible reason for the U(CEN) abéorption mode being close to v(C=N)
the gas phase band is that the effect; of the strength
of the Pt-C bond upon the frequency of v(CEN) " may be offset by the

back donation to the ligand (see equation 2, before). The identity of

the 2245 cm'l band is unknown.

The species resistance to hydrogenation may be related to the

strong charge separation effect whereby the addition of one hyd&ogen
atom to either the N or C atoms of the nitrile group would create a
net charge. The slow formation of new bands in the 2100-2000 cm-l
region may be related to a flipping of the nitrile group to form a
cyanide which can be subsequently dissociated or hydrogenated, viz

CHZ—CEN This would account for the formation of a CHB—CN like

Pt
C-H stretching region that appears after the surface specles have

spent long periods in hydrogen.
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(iv) Benzonitrile (CGH CN)
> 5

The spectral features observed for benzonitrile adsorbed

224

on Pt/SiO2 were gimilar to those reported b& Ofanskaya ﬁnd Filiminov
the key feature béing a v(CEN) absorption band at 2220 cm—1 which could
not be removed by degassing at room temperature. The frequency v(CEN)
of a 1% CClA solution of benzonitrile is at 2230 cmﬁl whilst for
benzonitrile adsorbed on silica the band is at 2238 cﬁ_l. The lowered
Voo freque;cy of the species on Pt/SiO2 suggests that benzonitrile
forms a weak dative bond with platinumzza. Other bands appear at 3070,
1600, 1495 and 1450 dm_l which are probably all associated with
aromatic ring vibrations (Figure 10-9(i) and (ii)). As observed 5y
Oranskaya and Filiminovzzd, no disscciation of the aromatic C-H groups
appeared to occur upon adsorption as evidenced by the lack of any bands
due to a partially hydrogeﬁated intermediate. This was confirmed in
this laboratory by the observed lack of exchange between the adsorbed
specles and a Pt/SiO2 surface containing exclusively 510D groupsiﬁany
H atoms formed by dissociation would have exchanged to produce SiOH
groups).

Unlike Oranskaya and Filiminovs spectra, the intensgity of the
2220 cm_l nitrile band due to a co-ordinated species was very weak and
disappeared on ;umping at 100°C for 5 hr compared to 250°0224. Also
the hydrogenation of the surface specles was observed with smaller
pressures of Hz than that used by Oranskaya and Filiminov224 and as
a result, a step-wise hydrogenation was observed, with the nitrile -
group being preferentially reacted. -(This was also observed by Volkova

et 31246 for hydrogenation of ethanol solutions of benzonitrile over a

platinum powder). Figures 10-9(1) and (1i) show the hydrogenation
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Adsdrption and hydrogenation of benzonitrile
(see also Figure 10-9(i1)).
A. Background spectrum of 40 mg em~? Pt/Si0,.
Admitted 0.2 torr of benzonitrile.
Admitted 10 torr of H,. 7
Evacuated for 16 hr at room temperature.
Admitted 400 torr of H,; spectrum after 12 hr.

m o O W



Absorbance

- 321 -

cm-l

FIGURE _10- -9(i1i)
Adsorption and hydrogenat1on of benzon1tr11e
(see also Figure 10- 9(i) where sequences are described).
In the 1750-1400 cm -] region, spectra B-E were displaced
for the purpose of presentation. ;
The negative absorpt1on in the 2400-2000 cm -1 region
ref]ects_the presence of C02'1n the spectrometer.
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sequence. A broad band near 3460'cmr1 indicates hydrogen boﬁding of
surface silanols by the nitrile group producing a band at 2238'ém71
‘due to Vey® The nitrile band indicative of co-ordinated benzonitrile

is barely discernible at 2220 cm -

.. Following the addition of 10 torr

of Hy,both 2238 and 2220 cqfl bands disappearal and the 3460 cm  band

was replaced by two broad bands at 3630 and 12900 cn - (Figurello;'ﬂ(i)c

and (i1)C) and new Bapds appeared at 3370, 3500 and 1590 cmnl‘(N-H),

© 3090, 3065 and 3030 en~} (aromatic C-H}. 2930, 2860 ané.lhsq em & (;CHZ). ]
| - These cﬁanges mean that both hydrogen;bonded-énd co-

ordinately bound benzonitrile are converted into partially ‘and/or fully

e

ﬁydrOgenateH products. In both instances the nitriie group is com-
pletély hyﬁrogénated. A hydrogen bon@ed hydroxylsat 3630 cm-l247 is #
indicative of an aromatic T electron iqteraction with the_hydr.c;xyl'whilst .‘
the 2900 cm-1 featufe can be éssigned‘to the‘strong interaction be-

tween -NH, and SiOH. The 3090, 3065 and 3030 en™t bands are - -

characteristic of the ring C—ﬁ‘ﬁﬁdes of adsorbed benzylémine, whereas

2930, 2860 and 1430 em L can be attributed to the CH, modes of .
saturated cyclic structure. Pumpipg on the cell for 16 ﬁrs removed |

some physic;lly adsérbgd spébiés. The gas phaée p;o&ucts arising from
hydrogenation were analyzed by masé_spectrométry,-infrared spectroscoﬁy

;nd NMR and found to be mainly tolugne and NH3, b?t no benzyla$ine was
identified.* Neither of these prohupté apbear as‘adsorbed apecies.

(Toluene wds adsorbed in a sepavate experiment and found to have bands

“at 3130, 3120 and 3080 em ). A band at 1650 — (Flgure 10-9 (11)E)'

*The adsorption of benzylamine on Pt[SiOz also resulted in the pro-
duction of gas phase toluene. . s
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is probably due to the C=N mode of a partially dehydrogenated benzyl—
amine ( <:;>}C=N Pt), but unlike Oranskaya and Filiminov!sg 224 spectra, no band
was found at 3320 cm L which they attributed to.this species.

The readdition of 400 torr of hydrégeﬂ completed the hydro-
genation of the aromatic ring and‘conseqqeﬁtly bands at 3630, 3090,
3065 and 3030 cm._1 diaappeéféd as 2930 and 2860 cm—; bands increased
in intensity. At th%s stage the cell was again degassed and the main
products were methylcyclohexane and NH3 {(by mass spectrometry). The
' _1659 cm;l band Qisapggaéed!corresponding to rehydrogenation of the
side chain. ' .

It is apparent that the hydrogenated specieé adsorbing on

platinum are dééorbed as further dissociated products, viz

.

CHNH 2 7 N\CH, + NH ' ‘
: — 3 .3
- {i:j>_CH2 2 excess H3 + NHS

Diagram 10 6

One other feature of the adsorption of benzonitrile was that,
occasionally a 1990 cm-l band appeared during the initial adsorption
step, whose occurrence seemed to be related to the presence of pre-
adsorbed hydrogen. It is possible that, m:ﬁ?small extent,a secondary
. reaction takes place involving cleavage of the C-C bond;

+ C'-
I .
- .o CsN:Pt >+ N +
‘ |+

Pt
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Summary
' \
The adsorption of wvarious nitriles and amines has produced different

results in each case. For HCN, CHBNHzand C2N2, strongly adsorbed
species were formed and a large band at 2070 cnrl was always present.
This band does not appear to be characteristic of a simple PtCN species.

v Adsorbed di— and trimethylamine exhibited complex spectra
énd no attempt was made to characterize the specles present, other thaﬂ
to recognize that dissociation and dehydrogenation had occurred. The
adsorption behaviour of CHjCN is quite different from that of HCN in
that no strong v(CEN) features were observed and, upon the addition of
HZ’ a surface adsorbed ethyl group was formed. As well, gas phase

products were observed (ethane and NH3) which reflect a cleavage of

the C-N bond. Benzonitrile reacts somewhat similarly to CH3CN because

it produces gas phase hydrogenation products which also reflect C-N - ‘
cleavage (toluene and NH3), but whereas surface adsorbed benzylamine
was definitély fprmeﬁ as a partially hydrogenated surface specles, the
equivalent amine {ethylamine) was not'preseﬁﬁ in the CH3CN hydrogenation
experiment, Furthermore, benzonitrile is incapable of partial self
hydrdgenation, unlike CHBCN: Oranskaya and Filiminovz24 had observed
that the alkyl cyanides, caprylonitrile and butyronitrile could co-
ordinatively bond to Pt, However, in the present work, no band could
be found to indicate that CH3CN wag also co-ordinatively bound.

The reaction of CHSNC may result in the molecule being co-
ordinatively bound, though other assignments are possible. The species

is intially resistant to the addition of hydrogen but converts slowly

into other products containing the nitrile group and to some "CHS-CN—
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like" hydrogenation productg. The mode délidsorpfion.of-CFacN

appeared to be through a co-ordinate bond and unlike CH.CN no C-N

3
cleavage occurred. It is.believed that the lack of interaction of

the CF3 group with the surface, say, compared with the CH3 group in
CH3CN, is responsible for this mode of adsorption, and foE the sub-

-

sequent formaﬁion of an undissociated hydrogenation product

-

AN

<CFBCH2NH2)'
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